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ABSTRACT: Owing to the advantages of cellulose such as
exceptional biocompatibility and biodegradability, we synthesized
cellulose-grafted bisindolyl methane (BIM) (1. Cell) composite.
This biobased smart material was used as an effective colorimetric
and fluorescent sensor for hypochlorite in the aqueous medium
with a detection limit of 0.02 μM. Interestingly, cellulose exhibited
inherent clusteroluminescence in solution, which was further
intensified by the probe acting as a dopant. Both the boronic acid
and bisindole groups in probe 1 are essential for this enhanced
fluorescence, as boronic acid enables boronate ester formation with
cellulose, while the bisindole groups facilitate additional hydrogen
bonding interactions. This unique dual functionality produces a
strong, solution-phase clusteroluminescent effect, creating a rigid microenvironment that promotes long-range exciton migration and
an amplified fluorescence response. Furthermore, the 1. Cell exhibited ∼2.8-fold quenching, while probe 1 alone exhibited negligible
fluorescence change in the presence of hypochlorite. Mechanistic investigation reveals that the probe formed a boronate ester via the
interaction with cellulose, which was subsequently cleaved in the presence of hypochlorite. The differences in the response might be
attributed to the distinct nature of their self-assemblies; 1. Cell could form long-range highly ordered aggregates, while probe 1 alone
in the aqueous medium resulted in spontaneous random aggregates. Additionally, we employed cellulose paper strips to explore the
practicability of the probe as a paper-based sensor. The chemically modified paper strips, grafted with probe molecules, were found
to be stable for a week and could effectively detect hypochlorite in the presence of interfering analytes via the naked eye and
fluorescent color-changing response.
KEYWORDS: templated aggregate, hypochlorite, paper-based device, boronate ester, BIM, loose-bolt effect, clusteroluminescence

■ INTRODUCTION
Clusteroluminescence (CL), typically a property observed in
solid-state or highly aggregated systems, arises from tightly
packed clusters that limit molecular motion and enhance
radiative decay. Upon excitation from the ground state (S0) to
the excited state (S1), some excitons release energy via a
through-space conjugation (TSC) radiative pathway, emitting
short-wavelength light. Others relax to a lower-energy state
through TSC, producing long-wavelength CL. The CL
efficiency depends on the strength of TSC interactions and
the stability of the conformation, which is influenced by a rigid
molecular structure and intermolecular interactions.1 Cluster-
oluminogens show promise for encryption and bioimaging but
require significantly higher concentrations for imaging, limiting
practical use. Additionally, poor analyte interaction in solution
reduces their sensing effectiveness. Therefore, new strategies to
enhance the clustering-triggered emission (CTE) effect are

crucial for achieving strong luminescence at lower concen-
trations in solution.2,3

Unlike conventional aggregation-induced emission (AIE)
materials, CTE luminogens are inherently hydrophilic, easy to
synthesize, and exhibit high biocompatibility, providing
significant advantages for functional materials in biotechno-
logical applications.1,4 Unlike other polymers, cellulose and its
nanoderivatives exhibit clusteroluminescence due to their
unique molecular structure, characterized by dense hydrogen
bonding and organized aggregation. This tightly packed,
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hydrogen-bonded network restricts nonradiative pathways,
stabilizes exciton formation and enhances emission, allowing
faint blue emissions in solid states without aromatic or
conjugated systems. As a natural, nontoxic, and biocompatible
polymer, it is highly valued as a functional material due to its
structural strength, durability, and flexibility, making it suitable
for flexible wearables and electronics.1,4

On the other hand, many ICT-based boronic acid
fluorophores have been developed as hypochlorite sensors,
which mostly exploit its potent oxidizing ability.5 However,
these probes face challenges, including low water solubility,
background fluorescence, interference from other reactive
oxygen species (ROS), complex synthesis, and a limited pH
range. Therefore, there is an ongoing demand for fluorescent
chemosensors with better water solubility, sensitivity, and
selectivity for hypochlorite. Supramolecular and dynamic
polymers, known for their reversible and degradable properties,
offer promising avenues in polymer science for the creation of
innovative sensing materials. Dynamic covalent chemistry has
become a key strategy for designing such functional polymer
networks, merging the robustness of chemically cross-linked
systems with the adaptability of physical cross-links.6 In
dynamic covalent chemistry, reaction pathways are governed
by thermodynamic control, resulting in products that are both
reversible and robust, maintained by strong covalent bonds.7 In
this regard, boronic acid derivatives, upon reversible
interaction with diols, have led to the formation of cyclic
boronate esters and are useful to construct reversible molecular
assemblies and a wide range of hierarchical structures.8 The
dynamic nature of boronates often results in predictable
geometries of large molecular aggregates and assemblies. This
capability allows researchers to finely tune the structural,
electronic, catalytic, sensing, and other chemical properties of
these compounds. Most studies in this area have focused on
aqueous systems, particularly exploring reactions between
boronic acids and aliphatic 1,2- or 1,3-dihydroxy motifs in
saccharides and glycosylated biomolecules.9

Inspired by both the CTE phenomenon and dynamic
covalent chemistry, we propose a novel approach to enhance
the CTE effect of cellulose in dilute solutions (Figure 1). We
developed a biobased smart composite (1. Cell) by
functionalizing cellulose with easily synthesizable BIM-based
boronic acid probe (probe 1) for the detection of hypochlorite
in the aqueous medium (pH 7.4). The probe incorporates a
bisindolyl functionality and a boronic acid functionality, which
forms hydrogen bonds and boronate ester (via chemo-
dosimetric interaction) with the cellulose, respectively, and
further promotes the inherent clusteroluminescence of
cellulose. The 1. Cell composite displayed a significant
fluorescence quenching (∼2.8-fold) in the presence of
hypochlorite, accompanied by a fluorescent color change
from bright blue to faint blue. Mechanistic investigation
confirms that the hypochlorite-induced fluorescence changes
of the 1. Cell composite was due to the cleavage of the
boronate ester moiety to the phenolic −OH moiety, resulting
from the oxidative transformation of the electron-withdrawing
C−B bond to the electron donating C−O bond. Unlike the
synthetic probes, the cellulose-based sensor, , is biodegradable
and biocompatible, aligning with green chemistry principles
and providing a sustainable alternative.10 Our system leverages
the enhanced clusteroluminescence of cellulose by using the
probe as an organic dopant within the cellulose matrix. This
dopant effect increases the inherent clusteroluminescence of
cellulose through a structured aggregation of BIM chromo-
phores, promoting exciton migration and signal amplification.
As a result, the sensor exhibits enhanced fluorescence
sensitivity and selectivity via cluster luminescence, which is
rarely achievable in solution-based systems. Finally, unlike
many traditional sensors that lack stability in practical
applications,10 our cellulose-based paper strips offer stable,
portable detection with visible color and fluorescence changes
and remain effective for up to a week, thus supporting on-site
testing of hypochlorite. This article presents the potential of
BIM-cellulose complexation as a novel approach to modulate

Figure 1. (a) Schematic representation of the mechanism of hypochlorite-mediated response of the 1. Cell and probe 1. (b) Dynamic covalent
nature of the probe in the presence of cellulose, followed by the mechanistic pathway of hypochlorite detection.
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the clusteroluminescent properties in these systems and further
be employed for hypochlorite detection.

■ EXPERIMENTAL SECTION
All chemicals were procured from reputable chemical vendors. FTIR
spectra (in wavenumbers (cm−1)) were recorded on a PerkinElmer
FT-IR Spectrum BX system. Meanwhile, 1H and 13C NMR spectra
were obtained with a Bruker Avance Neo 400 spectrometer operating
at 400 and 100 MHz for 1H and 13C NMR spectroscopy, respectively.
Mass spectra were recorded using Shimadzu LC-MS.
Spectroscopic Studies
The UV−vis spectroscopic studies were conducted on a JASCO
(model V-650) UV−vis spectrophotometer with a slit-width of 5 nm.
Sensing was performed by adding requisite amounts of sodium
hypochlorite to aqueous solutions of probe 1 (10 × 10−6 M).
Fluorescence experiments were carried out using FluoroLog-TM
(Horiba Scientific), maintaining a slit-width of 5 nm for both
excitation and emission. The excitation wavelength was set at 390 nm.
Fluorescence Decay Experiment
Fluorescence lifetime values were recorded using a time-correlated
single photon counting fluorimeter (Horiba Jobin Yvon). Average
fluorescence lifetimes (τav) were calculated from

(a a a )/(a a a )av 1 1
2

2 2
2

3 3
2

1 1 2 2 3 3= + + + +

where a1, a2 and a3 are the relative amplitudes and τ1, τ2, and τ3 are
the lifetime values, respectively. Data fitting was performed by using
EZ Time software.
Dynamic Light Scattering Studies (DLS)
DLS measurements were conducted using a Malvern Zetasizer
NanoZS particle sizer (Malvern Instruments Inc., MA) instrument.
Two mL of probe stock solutions (1 mM) was prepared in DMSO
and diluted with water to the final concentration of 10 μM with/
without cellulose. Before recording, the samples were mixed
thoroughly to obtain a uniform suspension in water.
Scanning Electron Microscopy (SEM)
Samples for SEM were drop casted on a silicon wafer with the
required concentrations, and the solvent was allowed to evaporate
overnight. The silicon wafer was then sputter-coated using a Leica
Ultra Microtome EM UC7, and the stubs were loaded into an FEI
Apreo LoVac to obtain images at 1 μm magnification
Small/Wide Angle X-ray Scattering (SAXS/WAXS)
The Nano-inXider SW-L SAXS/WAXS System with dual detector
(Xenocs SAS, France) was used for WAXS measurements for the
probe 1, cellulose and probe 1. Cellulose. The data obtained were
analyzed using Xenocs XSACT Software.
X-ray Photoelectron Spectroscopy (XPS)
Thermo Fisher Scientific K-Alpha instrument (Thermo Fisher
Scientific Pvt. Ltd., UK) was utilized to conduct XPS measurements
for probe 1, cellulose, and probe 1. Cellulose.

■ RESULTS AND DISCUSSION

Design and Synthesis of Probe Molecule
The probe 1 was synthesized according to the procedure
reported in literature (Scheme. S1),11 and was characterized by
1H NMR, 13C NMR, and LC-MS.12 Bis(indolyl)methane
derivatives (BIMs) have been employed as valuable hydrogen
bond donors in sensor applications. Notably, the color and
optical properties of BIMs are markedly influenced by the
extent of π conjugation within the system, electronic properties
of the aryl moiety positioned at the meso site, and the inherent
conformational flexibility. On the other hand, boronic acid
serves as an active intermediate with notable water solubility
and photostability. This Lewis acid−base interaction prompts

the boron atom to undergo interconversion between an
uncharged trigonal planar structure and an anionic tetravalent
borate species.13 The probe 1 features two distinct receptor
sites, namely, the boronic acid (for boronate ester formation)
and indole (via -NH interaction), that can bind with cellulose
chains via covalent and noncovalent interactions, respectively.
The dual binding capability of probe 1 creates a robust,
multifunctional interaction framework ideal for high-perform-
ance, biocompatible sensor systems, thereby enhancing its
selectivity and responsiveness in sensing applications.
Investigation of Photophysical Properties
In the aqueous medium (pH 7.4), the UV−visible spectrum of
probe 1 displayed an absorption band at the 495 nm region,
attributed to the intramolecular charge transfer (ICT) from
indole substituent to the phenylboronic acid functionality.
Additionally, a prominent tailing was observed on the lower-
energy region of the absorption spectrum, which is quite
expected for colloidal chromophoric aggregates due to Mie
scattering in the aqueous solution (Figure 2a).14−16 In

addition, the absorbance at ∼280 nm is attributable to the
electronic transitions associated with the indole units.
Furthermore, the solvatochromic behavior of probe 1 was
investigated in a broad range of solvents such as hexane,
tetrahydrofuran, dioxane, acetonitrile, dimethylformamide,
dimethyl sulfoxide, ethanol, and methanol (Figure 2b). We
observed the broadening of the fluorescence spectrum in polar
solvents along with a red shift (∼33 nm) of emission maximum
from 430 to 463 nm upon moving from THF to water.
Additionally, there was a significant diminution in the
fluorescence intensity of the probe in the water medium,
attributed to the increasing solvent polarity, which stabilizes
the excited state of the probe and reduces its emission energy.

The fluorescence spectrum of 1 (λex = 390 nm) displayed
vibronic bands, along with a small hump at 434 nm in THF
medium. Nevertheless, we observed a broad fluorescence
spectrum with emission maxima centered at 460 nm in
aqueous medium. To know whether this broad spectrum in the
aqueous medium is due to emission by single or multiple
photoactive species, we recorded the excitation spectra of 1
over the emission wavelength range from 425 to 490 nm. We
observed that the excitation spectra corresponding to the
longer wavelength region exhibited very distinct features
compared to the spectra obtained at the shorter wavelength
region (Figure S1). For instance, the excitation spectrum
corresponding to the 460 nm emission band showed a major
peak at 285 nm, whereas the excitation spectrum assigned to
the 494 nm band showed an additional peak at the ∼375 nm
region, which suggests the presence of at least two photoactive
species in equilibrium. Nevertheless, we performed DLS

Figure 2. (a) UV−visible spectra of 1 (10 μM) in THF and water.
(b) Fluorescence spectra of 1 (10 μM, λex = 390 nm) in different
solvents.
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studies of 1 in aqueous medium (PBS buffer, pH 7.4) and the
hydrodynamic diameter was found to be 156.4 ± 11 nm. This
indicated the formation of nanoscopic self-assemblies, which
was further evident by the FESEM images (Figure S2).
Additionally, fluorescence lifetime experiments (TCSPC) were
conducted for probe 1 to understand the decay kinetics of the
excited-state photoactive species. The compound exhibited a
biexponential decay profile in THF with an average lifetime of
∼5.02 ns, while a multiexponential decay with an average
lifetime of ∼3.72 ns was observed in the aqueous medium. The
multiexponential decay curves in water are interpreted as a
convolution of multiple continuous components, reflecting the
presence of diverse molecular environments within the
amphiphilic aggregated structures.17

It was observed that the probe exhibited a low inherent
fluorescence and hence low quantum yield in aqueous
medium. The O−H bond vibrations in water can quench the
fluorescence of the probe by converting electronic excitation
energy to vibrational energy. Similarly, intramolecular alcohols
or carboxylic acids can absorb this energy through internal
conversion, thereby reducing the fluorescence quantum yield.
This is known as the “loose-bolt effect” where, like a loose bolt
absorbing energy from a motor’s vibrations, a high-frequency
rotor in resonance with an excited state absorbs energy. Thus,
the loose-bolt effect enhances internal conversion by
dissipating electronic energy through vibrations of -B(OH)3

−

in aqueous medium.18,19

Design and Characterization of Composite Materials

Lately, researchers have surface-modified cellulose to improve
hydrophobicity, adhesion, and solubility for applications in
bioimaging and diagnostics.20 The large surface area and
abundant hydroxyl groups of cellulose enable easy modifica-
tion, making it ideal for incorporating fluorescent probes for
bioimaging, and diagnostics. However, strong hydrogen
bonding and high crystallinity still pose challenges in
synthesizing fluorescent cellulose derivatives with good
solubility.21 On the other hand, in aqueous environments,
the free diol (here, cellulose) and the diol bound in the
boronate ester exist in dynamic equilibrium, with a kinetically

controlled dynamic exchange between the reactants (free diol
and boronic acid) and the products (boronate ester) through a
low-energy transition state. The ease of exchange between the
bound and free species classifies boronate and boronic esters as
“dynamic covalent” structures.22

Thus, herein we have prepared a composite of the probe
with cellulose in a pH 7.4 medium. Upon incremental addition
of cellulose to the aqueous solution of the probe, we observed
a broadening of absorption spectra along with prominent
tailing extending into the longer wavelength region (Figure
3a). This could be attributed to the aggregate formation due to
Mie scattering, as expected for colloidal chromophoric
aggregates.23 In addition, the observed aggregation could also
be due to the result of reduced electrostatic repulsions relative
to van der Waals attractions.24 Additionally, a change in the
surface charge of cellulose upon incorporation of the probe
would have influenced aggregation.25

Furthermore, upon excitation at 390 nm, probe 1 exhibits
∼29.3-fold fluorescence enhancement along with a concom-
itant blue shift (∼8 nm) with maxima centered at 440 and 418
nm in the presence of cellulose (Figure 3b). The fluorescence
enhancement is primarily due to the increased clusterolumi-
nescence of cellulose facilitated by boronate ester linkages.
These linkages rigidify the cellulose matrix, restricting
molecular flexibility and amplifying the luminescent efficiency.
Higher densities of cross-links further reinforce the network,
promoting intermolecular and intramolecular clusterization
and thereby yielding sharp emission bands. Additionally,
extensive hydrogen bonding in the cellulose matrix contributes
to conformational rigidification, enhancing fluorescence.3,4

Notably, the probe itself exhibits negligible fluorescence in
the aqueous medium, confirming that the observed fluo-
rescence enhancement originates exclusively from the
increased clusteroluminescence of the cellulose matrix.
Furthermore, the solvent-dependent fluorescence behavior of
the probe suggests that the fluorescence enhancement in the
presence of cellulose cannot be attributed to a shift in the
solvent polarity but rather to the enhanced clusterolumines-
cence of cellulose upon probe binding. Therefore, the
templated aggregate of 1. Cell rely on synergistic noncovalent

Figure 3. (a) UV−visible spectra of probe 1 (10 μM) upon cellulose addition (0−1 mg/mL) in water. (b) Fluorescence spectra of 1 (10 μM, λex =
390 nm) upon cellulose addition (0−1 mg/mL) in water. (c) Temperature-dependent fluorescence spectra of probe 1. Cell (10 μM, λex = 390 nm)
in water. (d) Change in fluorescence intensity of probe 1 at 440 nm upon addition of various biopolymers (10 equiv) in water.
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interactions, such as electrostatic interaction, hydrogen bond,
coordination interaction, hydrophobic interaction, van der
Waals force, and so on.

To confirm the role of boronic acid moiety in enhancing the
clusteroluminescence of cellulose, we conducted fluorescence
experiments with probe 3 (benzene ring in the meso position
of BIM) in the presence of cellulose (Figure S3a and b). While
the incorporation of probe 3 led to some enhancement in
cellulose fluorescence, the extent of enhancement was
significantly lower compared to that of probe 1. This highlights
the critical role of the boronic acid functionality in the
fluorescence enhancement of cellulose. This functionality
facilitates boronate ester formation, which rigidifies the
cellulose matrix, suppressing nonradiative decay pathways
and thereby enhancing clusteroluminescence.

Furthermore, to confirm the importance of incorporating the
indole moiety, we conducted fluorescence experiments with
phenylboronic acid (probe 2). Upon introduction of cellulose
into the solution of probe 2, we observed an increase in
fluorescence intensity. However, the degree of fluorescence
enhancement observed with probe 2 was less pronounced
compared to that with probe 1. This suggests that while the
boronic acid functionality is crucial for inducing clusterolumi-
nescence, the indole groups play a pivotal role in amplifying
the luminescent response. The bisindole functionality likely
participates in additional interactions, such as hydrogen
bonding between the −NH groups of indoles and the hydroxyl
groups of cellulose. The incorporation of such polycyclic
aromatic hydrophobic moieties fosters stronger noncovalent
interactions, with the cellulose matrix, facilitating better
alignment and rigidification of the framework.

These results indicate that neither the boronic acid nor the
bisindole groups alone is sufficient to maximize fluorescence
enhancement. Instead, the combination of both functionalities
in probe 1 i.e., boronic acid groups for boronate ester
formation and bisindole groups for potential hydrogen
bonding creates an optimal interaction with cellulose, resulting
in a marked increase in clusteroluminescence. This unique dual
functionality enables probe 1 to effectively enhance the
inherent clusteroluminescence of cellulose, underscoring the
critical role of both boronic acid and bisindole groups in
achieving a strong, solution-phase fluorescence enhancement.

Compared to the free probe 1 (τ= 3.72 ns), the 1. Cell was
found to show a longer fluorescence average lifetime (τ= 5.68
ns). The prolonged lifetime infers a slower decay, due to the
mobility-restricted region whereas the shorter lifetime of the
free probe is a result of nonradiative pathways present for
fluorophores owing to an increase in mobility in solution.26

This promotes energy loss to the surrounding medium via
nonradiative processes.27 In addition, the formation of
boronate ester has been reported to show a longer fluorescence
lifetime.28,29 Additionally, we investigated the temperature-
dependent fluorescence response of the 1. Cell in aqueous
medium (Figure 3c). Upon increasing the solution temper-
ature from 20 to 80 °C, the fluorescence intensity decreased,
plausibly due to the disruption/dissociation of the 1. Cell
templated aggregate.23 At elevated temperatures, the non-
covalent interactions, particularly hydrogen bonding, between
probe molecules and cellulose weaken, leading to the
dissociation of the structured aggregates, thereby reducing
clusteroluminescence. The disruption of this ordered assembly
diminishes the spatial confinement and local rigidity required
to sustain efficient clusteroluminescent emission. Conse-
quently, the fluorescence intensity decreases with increasing
temperature as the molecular environment becomes less
favorable for sustaining efficient clusteroluminescent emission.
Nevertheless, we also checked if other biopolymers such as
Chitosan and synthetic polymers such as PVA (Poly (vinyl
alcohol)), HEC (hydroxy ethyl cellulose) could induce a
similar fluorescence response as that of cellulose upon binding
to the probe (Figure 3d). We observed that these biopolymers
exhibited a turn-on fluorescent response with the probe, but
the extent of interaction was quite less as compared to the
cellulose. The selective fluorescence response with cellulose,
unlike that with chitosan, PVA, and HEC, is due to dense
hydroxyl groups and the inherent clusteroluminescence of
cellulose. These hydroxyl groups form strong boronate ester
linkages with probe 1, enhancing the inherent fluorescence of
cellulose by leveraging its compact hydrogen-bonded network.
Additionally, only cellulose allows probe 1 to utilize both of its
binding sites: the boronic acid site for ester formation and the
indole site for interaction via −NH bonding. This dual binding
is unique to cellulose and significantly contributes to its
enhanced fluorescence response. The flexible torsion angles in

Figure 4. (a) FTIR spectra of 1. Cell. (b) WAXS pattern of probe 1, cellulose and 1. Cell. (c) TGA profile of 1, cellulose and 1. Cell. (d) EDAX of
1. Cell and FESEM images of (i) Cellulose (ii) probe 1 and (iii) 1. Cell.
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chitosan, PVA, and HEC result in weaker fluorescence and lack
clusteroluminescent enhancement. In contrast, the fixed
torsion angles of cellulose provide a rigid, ordered structure
that promotes stronger interactions and fluorescence enhance-
ment upon binding with probe 1.30

The FTIR analysis of the composite reveals the broad band
around 3370 cm−1 due to the O−H stretching.31 The
characteristic bands at 1437 and 680 cm−1 are ascribed to
the B−O and B−O−C stretching vibrations respectively
(Figure 4a). In addition, the broad IR range from 1355 to
1422 cm−1 was attributed to the B−C stretching of the
boronate ester. The IR bands at 1162 and 1241 cm−1

correspond to C−O stretching of the boronate ester
ring.32,33 Furthermore, the FTIR spectrum of the probe
exhibits peaks at 1310 and 1086 cm−1, which are attributed to
B−O stretching and C−B stretching and disappear in the
FTIR spectra of the composite.33,34 The broad IR band
(3266−3666 cm−1) suggests the presence of hydrogen
bonding interactions, likely involving the NH group of the
indole moiety with the hydroxyl groups of cellulose.

Furthermore, WAXS analysis revealed that the incorporation
of the probe into the cellulose matrix decreased the crystallinity
of the formed composite (Figure 4b). The WAXS pattern of
pristine cellulose shows that the diffraction pattern exhibiting
peaks at 1.56, and 2.44 was ascribed to the crystalline regions
of cellulose, and was superimposed by a broad amorphous halo
at 1.03.35 The highest peak (q = 1.56) of pristine cellulose
corresponds to the [002] crystallographic planes, whose
intensity gives information regarding the extent of crystallinity.
On the other hand, the peaks of the 1. Cell composite was
quite broad (q = 1.3), with lower peak intensities, signifying
that the original crystalline structures of the cellulose were
destroyed upon binding with the probe. Additionally, the
broadening might also be attributable to the finite sizes of the
cellulose crystallites and imperfections in the crystals upon
composite formation.36 These findings suggest that the
diffraction peaks significantly reduced upon grafting, and the
composite comprised a less ordered cellulose crystalline
structure than that of the pristine cellulose. These findings
unequivocally confirm the successful integration of the
recognition sites of the probe into the cellulose structure.

Cellulose, a linear polymer of glucose units, forms crystalline
regions easily, and hence, its thermal stability can be altered via
chemical modification. The 1. Cell composite was found to
show superior thermal stability when compared to the probe
and pristine cellulose, as evidenced by the TGA profiles
(Figure 4c). Before 380 °C, the weight loss of the composite
and cellulose is similar, but at higher temperatures, the thermal
stability of the composite is quite higher than pristine cellulose.
This increased thermal stability was possibly due to the altered
chemical structure and crystallinity of cellulose in 1. Cell.
Furthermore, the FESEM images of the composite reveal that
the surface was observed to be rough, multilayered, and almost
lost the original spherical structures and fiber-like structure of
the probe and cellulose, respectively (Figure 4d). This could
probably be due to the damage of the microstructure of
cellulose upon grafting the probe onto it. Additionally, the
EDAX of 1. Cell confirms the increase in the amount of
carbon, oxygen, and boron upon interaction with cellulose
(Figure 4d). Upon comparison of elemental analysis of the 1
with the 1. Cell, it was found that the carbon content of the
composite increased from 39.54 to 82.19%, and the oxygen

content of the composite also increased (from 8.02 to 8.94%)
and boron content from 8.24 to 8.87%.

Furthermore, XPS analysis was employed to comprehen-
sively characterize the surface composition and electronic
states of the constituent elements in the composite. The XPS
survey spectra of the composite specify the presence of the B,
N, O, and C elements. In the B 1s spectrum of probe 1, the
peaks at 187.78 eV and 190.1 represented the B−C and B−O
bonds,37 which increased to 190.96 and 192.85 eV upon
composite formation (Figure 5a). In O 1s core-level spectrum

of the probe (Figure 5b), the peaks at 530.6, 532.3, and 534.22
eV are ascribed to O−H, O−B, and C−O bonds respectively,
which further changed to 529.92, 533.5, and 536 eV in the
composite.38,39 These results confirmed that the probe and
cellulose were cross-linked by the boron ester bond, which was
consistent with the elemental analysis.
Optical Response to Hypochlorite
As a constant effort in designing probes for the detection of
biologically relevant analytes, we investigated the sensing
behavior of the composite toward hypochlorite in a pure
aqueous medium (pH 7.4). The pKa of HOCl is 7.5, which
indicates near equimolar concentrations of both HOCl and
hypochlorite anion (OCl−) at physiological pH. The probe
exhibited significant fluorescence quenching (∼2.8 fold),
accompanied by a fluorescent color change from bright blue
to faint blue in the presence of hypochlorite (Figure 5c). The
saturation in the emission signal was reached at ∼50 μM of
hypochlorite addition. On the other hand, we did not observe
any significant fluorescence quenching of the probe (without
cellulose) upon hypochlorite addition, owing to the sponta-
neous aggregation of probe molecules in the aqueous medium,
which makes the binding site inaccessible to the incoming
analyte (Figure 5d). Additionally, in aqueous medium, the
probe formed spontaneous agglomerated structures, while the
1. Cell adduct assembled in a templated ordered arrangement.
This change in the morphology/assembly of the probe and 1.
Cell elicited a differential fluorescence response toward
hypochlorite.

Figure 5. (a) XPS spectra of B 1s of 1. Cell composite. (b) XPS
spectra of O 1s of 1. Cell composite. (c) Fluorescence spectra of 1.
Cell (10 μM, λex = 390 nm) upon addition of hypochlorite (0−50
μM) in water. (d) Change in fluorescence intensity of probe 1 and 1.
Cell (at 440 nm) in the presence of hypochlorite (0−50 μM) in
water.
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Additionally, the interaction between hypochlorite and
probe 1 may yield a structurally distinct product, therefore,
the observed fluorescence quenching. This agrees with the
well-documented literature, which demonstrates that redox
oxidants like HOCl commonly induce oxidative deboronation
in arylboronates, leading to the formation of phenolic
products. The ultrasensitive naked-eye and fluorometric
response of 1. Cell toward hypochlorite plausibly arises from
the amplification effect within the orderly arranged cellulose
polymer chain. The 1. Cell composite utilizes the synergistic
effect of multiple number of recognition sites along the
cellulose chain to efficiently bind hypochlorite at low
concentrations.40−42 The increased response to NaOCl is
attributed to the amplification effect provided by the cellulose
polymer chain, which facilitates long-range exciton migration
within the templated aggregates. The supramolecularly
assembled CTE system in this study is expected to exhibit
several distinctive features: Noncovalent interactions facilitate
the CTE effect even at low concentrations, enhancing emission
efficiency without the need for high molecular density; the
incorporation of organic fluorophore induces structural
rigidity, promoting effective spatial conjugation and enhancing
emission stability; and the self-assembled CTE system
demonstrates responsiveness to stimuli (analyte), providing a
versatile platform for sensing applications and adaptive
luminescent materials.43 Additionally, cellulose itself remains
inert upon the addition of hypochlorite (NaOCl), indicating
that the enhanced fluorescence response is specific to the
structured interactions within the composite system, with both
the probe and cellulose maintaining stability unless in the
presence of targeted chemical stimuli. Furthermore, the DLS
and FESEM experiments revealed that the hydrodynamic
diameter of the composite decreased from 372.17 ± 1.3 nm to
128.25 ± 5.6 nm and the composite dissociated into dispersed
small rod-shaped structures in the presence of hypochlorite
(Figure S4). This suggests the dissociation of the preformed
aggregated composite in the solution, or the distinct product
formed might have different self-assembly behavior in the
aqueous medium.

Furthermore, the average lifetime of the 1. Cell in aqueous
medium decreased from 5.68 to 4.31 ns upon hypochlorite
addition (Figure 6a). Despite the significant reduction in
emission intensity, there was only a marginal decrease in the
average lifetime of the composite, which continued to exhibit a
multiexponential decay pattern upon hypochlorite addition.
Furthermore, we also checked the reaction kinetics between
the composite and NaOCl via time-dependent fluorescence
response in the aqueous medium. The composite could
achieve the detection of NaOCl via a decrease in fluorescence
intensity (at 440 nm), within a rapid response (1 min), thereby
confirming the real-time detection of NaOCl. This could
probably be due to the long-chain cellulose biomacromolecule
appended with the probe in the 1. Cell framework, which
makes it easier to interact with NaOCl. Structured aggregation
of probe molecules along the cellulose backbone enhances
clusteroluminescence via rigidification and enables long-range
exciton migration, thereby increasing detection sensitivity and
yielding a stable, reliable response to hypochlorite.44

Additionally, we prepared the composites of the probe with
water-soluble cellulose derivatives such as PVA, and HEC and
investigated the fluorescence response toward hypochlorite
(Figure 6b). We observed that the extent of fluorescence
quenching of the composites was negligible when compared to

1. Cell composite. Furthermore, we recorded the fluorescence
spectra of the 1. Cell in the presence of a wide range of
competitive analytes, such as ROS, HSO3-, NO3-, NO2-, GSH,
and so on (Figures 6c and S5). Even at higher concentrations,
these analytes did not show any noticeable change in emission
intensity, and neither the visible color nor the fluorescence
color change. Only hypochlorite could elicit a fluorescent
response (quenching) toward the probe. Although boronates
can react with H2O2, the reaction is slow (rate constant ∼1
M−1s−1, while hypochlorite reacts approximately 1,000 times
faster, yielding a stable phenolic product with high
efficiency.45,46 Peroxynitrite (ONOO), though reactive, follows
a partially radical-based pathway with boronates, leading to
lower phenolic product yield (80−85%) and minor radical
byproducts.46 The high selectivity of the probe for ClO likely
arises from steric and matrix constraints within the boronate
ester-cellulose composite, which limit the ONOO accessibility.
These properties ensure rapid, specific ClO detection, even in
complex environments with H2O2 and ONOO. Meanwhile,
there was a good linear relationship between the fluorescence
of the probe at 440 nm and the added hypochlorite (50 μM),
which indicates that the present system can be employed for
the quantitative detection of hypochlorite in aqueous medium.
Nevertheless, we also evaluated the fluorescence response of
the composite toward hypochlorite across varying pH
conditions. We observed that the probe could effectively
detect hypochlorite in the pH range 4−10, with a maximum
response at pH 7.4. The diminished fluorescence response of
the 1. Cell in highly acidic medium could be attributed to the
instability of the formed boronate ester.47 The above results
suggests that although the probe 1 displayed a higher
fluorescence response toward NaOCl (OCl-) over HOCl, it
could also respond to HOCl/ClO− with sufficient sensitivity as
the pH changed from 4.00 to 10.00. We can therefore conclude
that 1. Cell composite could detect hypochlorite in a range
covering the whole physiological pH (biologically relevant pH
conditions).

Furthermore, we recorded the fluorescence spectra of probe
1 in the presence of hypochlorite in organic medium, ethanol.
We observed negligible quenching of fluorescence intensity

Figure 6. (a) Fluorescence lifetime of probe 1, 1. Cell (λex = 390 nm)
and hypochlorite addition at 440 nm in water. (b) Change in
fluorescence intensity of different biopolymer.cellulose composite in
the presence of hypochlorite (0−50 μM) in water. (c) Bar plot
showing selectivity via the fluorescence intensity of 1. Cell (at 440
nm) upon addition of relevant analytes (10 equiv) in water. (d)
Fluorescence spectra of probe 1 (10 μM, λex = 390 nm) upon
hypochlorite addition (0−50 μM) in ethanol.
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(∼1.4 fold) at the emission band centered at 434 nm (Figure
6d). This could be due to the reduced solvation and
nucleophilicity of ethanol, which hinders the efficient
conversion of probe 1 into the corresponding phenolic
product. In contrast, water, having high polarity, significantly
enhances the solvation of probe 1, while its strong
nucleophilicity facilitates the efficient oxidation of probe 1 to
phenolic product, in the presence of hypochlorite. Therefore,
we observed a significant fluorescence response in aqueous
medium.
Mechanistic Investigation with Hypochlorite

We recorded the fluorescence spectra of the cellulose at
different concentrations of the probe (dopant) in an aqueous
medium (Figure 7a). It was observed that the fluorescence
intensity at 440 nm linearly increased with the increasing
concentration of the probe, suggesting that the clusterolumi-
nescence effect of cellulose is promoted by the addition of the
probe (as an organic dopant). More concentration of the
probe will increase the rigidity of the cellulose backbone,
thereby strengthening the clusteroluminescence. The opti-
mized luminescence response was achieved at a probe
concentration of 8 μM, beyond which further increase in
concentration did not enhance the luminescence.48,49

Furthermore, we recorded the IR spectra of the probe in the
presence of hypochlorite. Thestretching frequencies of the
−OH groups of the probe at around 3361 cm−1, shifted to
higher frequencies (3410 cm−1) and the characteristic IR
bands of the probe was found to be shifted to lower
frequencies, thereby suggesting the interaction between the
probe and the hypochlorite (Figure 7d). Furthermore, the
mass spectra also shows a prominent peak at m/z = 339.05
(Figures 7b and S6), which indicates the conversion of the
phenylboronic acid moiety to phenol moiety. To delve into the
mode of interaction, we recorded the 1H NMR of the probe 1.
Cell in the presence of hypochlorite (1 equiv) in DMSO-d6
(Figure 7c). The 1H NMR spectra revealed significant
downfield shift of the protons labeled as “a,” “b,” “c,” and
“d,” which is probably due to the oxidative transformation of
the electron-withdrawing C−B bond to the electron-donating

C−O bond. Such mechanism has been previously reported by
Xu and Duan et al.5,50 The above observations suggest that the
boronic acid functionality of the probe undergoes an oxidative
transformation to form phenol.

In addition, we recorded the 1H NMR spectra of the probe
in the presence of cellulose in DMSO-d6: D2O mixture. The
NMR spectra of native cellulose displayed a broad signal at
3.14−3.15 ppm, which can be attributed to the −CH group of
cellulose. The cellulose −OH peaks, however, were not visible
due to overlap with the water signal,51 and the cellulose-bound
proton resonances are characterized by low intensity.52 In
contrast, the probe alone exhibited broad aromatic peaks, likely
caused by aggregation. When cellulose was combined with the
probe (1. Cell), the cellulose peaks exhibited a downfield shift,
and simultaneously, the signals of the probe were also
downfield shifted. These observations strongly suggest mutual
interaction between the probe and cellulose (Figure S7)

The probe 1 contains two distinct binding sites: a boronic
acid moiety and an indole group, which simultaneously interact
with cellulose via covalent boronate ester formation and
hydrogen bonding, respectively. This dual-site attachment to
cellulose induces significant rigidification within the cellulose
matrix, enhancing its intrinsic clusteroluminescence. Upon
exposure to hypochlorite, the boronate ester linkage undergoes
oxidative cleavage, producing phenolic derivatives. This
cleavage disrupts the cluster-luminescent architecture of
cellulose, thereby leading to observable fluorescence quench-
ing.

Based on the above observations, we presumed a plausible
mechanism for hypochlorite sensing (Scheme S2). Upon
addition of NaOCl, a chemodosimetric interaction takes place
at the boronic ester binding site, which triggers the cleavage of
the aryl boronic acid to the phenol functionality. In aryl
boronic acids and their esters, the vacant p-orbital (Lewis acid)
of boron is susceptible to nucleophilic attack by HOCl/OCl,
leading to migration of the aryl group (bisindolyl) from boron
to oxygen. This event is followed by oxidative deboronation,
which converts the boronic acid into an aryl alcohol and boric
acid in the aqueous medium.53 Such a borono-dakin oxidation

Figure 7. (a) Point plot of change in fluorescence intensity (F/Fo) vs different concentrations of probe 1 in aqueous medium. (b) LC-MS spectra
of 1 upon hypochlorite addition. (c) Partial 1H NMR of probe 1 in the presence of hypochlorite in DMSO-d6. (d) FTIR spectra of probe 1 upon
hypochlorite addition.
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mechanism has been reported earlier for ROS detection by
boronic-acid based probes.54,55

Application towards Real-Life Samples

Hypochlorite plays a crucial role in disinfection across various
sectors, with applications ranging from municipal water
treatment at 1−5 mg/L to ensure drinking water safety, to
maintaining sanitation in swimming pools at 2−4 mg/L, and
reducing microbial contamination on food-processing surfaces
at concentrations of 50−200 mg/L.56,57 However, the
improper release of industrial wastes containing hypochlorite
(ClO−) poses a risk of water resource contamination, and its
growing use in food and dairy products to inhibit microbial
activity further underscores the need for robust methods to
monitor ClO− levels in diverse environmental and food
matrices. Developing effective detection methods is therefore
essential to safeguarding public health and environmental
quality.

Therefore, we explored the practicability of 1. Cell, by
analyzing different real-life water samples such as swimming
pools, disinfecting agents, tap water etc. Before the recovery
experiments, all the samples were filtered to remove small
particulate matter, and recovery studies were obtained by
repeating the experiment three times under identical
conditions. Further, known concentrations of hypochlorite
ranging from 10 to 80 μM were precisely spiked into each
sample matrix, including water samples, and disinfectants.
Following this, the fluorescence responses of the 1. Cell
composite toward the spiked samples were monitored at 440
nm and an external calibration curve was independently
generated for each matrix. The spiked samples showed
consistent linear changes in fluorescence intensity. Further-
more, the quantification of hypochlorite in the spiked samples
demonstrated good recovery values ranging from 96.2% to
102.56%, with relative standard deviation (RSD) below 5%
(Figure S8). These superior recovery values, coupled with
minimal RSD values, underscore the analytical robustness and
precision of the proposed method, confirming its efficacy for
the reliable quantification of trace hypochlorite levels in
complex sample matrices.

Chemically Modified Paper Strips for On-Location Analysis

High levels of hypochlorite (ClO−) in organisms can damage
biomolecules, leading to diseases like atherosclerosis, arthritis,
and cancer, and yet the lack of a reliable detection method
impedes understanding its pathogenic mechanisms. Com-
monly found in disinfectants and bleach, hypochlorite posts
health risks at concentrations from 10−5 to 10−2 M, making a
sensitive detection method vital to mitigate these hazards.
Accurate detection aids in environmental studies and water
quality assessment and industrial applications, thereby
contributing to advancements in health, environmental science,
and technology. Therefore, cellulose paper (Whatman filter
paper) was chosen as the sensor platform due to its
advantageous attributes, including affordability, water compat-
ibility, portability, and disposability.

We activated the Whatman #6 filter paper (see Supporting
Information) and functionalized it with probe 1 in pH 7.4
medium. The chemical modifications of the cellulose paper
was characterized by FT-IR, EDAX and XPS. The FTIR
spectra of pristine paper exhibits characteristic IR bands
around 3300 and 2874 ascribed to the O−H and C−H bonds
respectively (Figure 8a). The successful grafting of the
cellulose paper with probe via the boronate ester linkage was
evidenced by the bands positioned at 1428 and 1322 cm−1,
which are attributed to B−O stretching and C−B stretching,
respectively. Additionally, the XPS survey scan spectra and
EDAX mapping images of the probe-coated paper confirms the
presence of O, C, and B, N elements (Figure 8b,c).
Furthermore, the FESEM images reveal that the integrity of
the cellulose fibers was unaffected by the chemical
modifications, which implies that the paper was unwrinkled
and, hence, could be employed as a sensor device (Figure 8d).
The stability of the paper strips was then evaluated before
spectroscopic analysis and sensing studies with hypochlorite.
No significant detectable change in color intensity of the
precoated paper was noticed, even after 6 days (Figure 9a),
which indicates that the coated paper was quite stable under
ambient conditions (room temperature) and could be
employed as a sensor device for the detection of hypochlorite.

Furthermore, these probe-coated paper strips displayed
bright blue fluorescence under UV light (>365 nm), which
displayed concentration-dependent gradual quenching of blue

Figure 8. (a) FTIR of cellulose paper, paper grafted probe 1, and hypochlorite addition. (b) XPS survey spectra of the paper-grafted probe. (c)
Schematic representation of a paper-based device for hypochlorite detection and FESEM images of (i) Bare Whatman paper, (ii) paper grafted
probe. (iii) Hypochlorite addition to paper grafted probe. (d) EDAX mapping of paper grafted cellulose.
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fluorescence in the presence of hypochlorite (Figure 9b). The
changes in intensity could be quantified using image processing
software ImageJ (Figure 9d). By employing this sensor device,
we investigated the colorimetric and fluorometric detection of
relevant biological and ionic analytes (Analytes 1−13, see
Supporting Information), and it was observed that only
hypochlorite could induce naked-eye color change from pale
yellow to colorless, and fluorescent color change from bright
blue to faint blue (Figure 9c).

■ CONCLUSION
This work involves the functionalization of biocompatible
polysaccharide, cellulose, by grafting BIM-based boronic acid
probe via dynamic boronate ester formation in a aqueous
medium. The fluorescence intensity of the probe exhibited
significant enhancement (∼29.3 fold) in the presence of
cellulose, owing to the increased clusteroluminescence of
cellulose in the presence of the probe. Furthermore, we
employed this composite for colorimetric and fluorescence
detection of hypochlorite ions. Mechanistic investigations
reveal the oxidative transformation of arylboronates to the
corresponding phenol product in the presence of hypochlorite.
The differential fluorescence response is attributed to the
distinct aggregate formations of the probe 1 and 1. Cell, where
spontaneous aggregation (in case of probe 1) hampers the
interaction, while templated aggregate in the 1. Cell composite
promotes the interaction with hypochlorite in aqueous
medium. Fortunately, we developed a paper-based device for
the real-time selective detection of hypochlorite and also
characterized the activated paper strips through FTIR, SEM,
EDAX and XPS. The design methodology outlined in this
paper provides a valuable reference for the construction of
cellulose-based sensing devices. In addition, the cellulose
polymer-based fluorescent chemosensor demonstrates signifi-
cant advantages over the small molecular sensors, including
enhanced sensitivity, substantial signal amplification, superior
formability, and the capability to integrate multiple output
modalities. This study presents a observation of clusterolumi-

nescence enhancement in solution, a phenomenon traditionally
observed only in the solid state. By introducing a boron-
containing probe that binds with cellulose, even at lower
concentrations to form boronate ester linkages, we achieve
significant fluorescence “turn-on” in solution state at room
temperature. Our findings reveal that the probe acts as a
organic dopant, creating a densely cross-linked network within
the cellulose, which mimics the aggregation-induced emission
properties of clusteroluminescence under solution conditions.
This novel approach expands the potential applications of
clusteroluminescent materials, enabling their use in fluid-based
systems such as bioimaging, sensing, and diagnostics, where
solution-phase fluorescence enhancement is often more
practical and preferable. The results thus open up a new
pathway for achieving clusteroluminescent effects in solution,
marking a significant advancement in the field of fluorescence
materials.
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Figure 9. (a) Absorbance of probe coated paper at 495 nm for 6 days.
(b) Change in color of paper strips coated with 1 upon addition of
hypochlorite ions (the concentration increases from the left to right)
under UV light (c) Picture captured under day light and UV light
after the addition of hypochlorite onto precoated Whatman paper. (d)
Changes in color intensity of precoated paper upon addition of
hypochlorite (0−50 μM), quantified by ImageJ software.
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