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Exploring the synergistic effect of aggregation
and hydrogen bonding: a fluorescent probe
for dual sensing of phytic acid and uric acidf
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We synthesized an unoxidized bis-indolyl methane (BIM) derivative (probe 1) comprising of
tetraphenylethylene (TPE) as the signalling moiety. The amphiphilic probe could form self-assembled
nanoscopic aggregates in the aqueous medium. The emission of 1 in non-polar solvents originates from
the LE state, while in polar solvents, it is dominated by TICT. Moreover, probe 1 exhibited a 'turn-on’
fluorescence response for both uric acid (with a blue shift in emission maxima) and phytic acid (with a
red shift in emission maxima). Therefore, the present system provides an exceptional opportunity to
distinguish between phytic acid and uric acid by considering two different emission channels.
Mechanistic investigations revealed that both H-bonding and electrostatic interactions between the
probe and analytes could effectively cause restricted intramolecular rotations, leading to a turn-on
response. Additionally, in the case of phytic acid, larger aggregates were observed with prominent CT
characteristics. The change in the extent of charge transfer interaction in the formed adducts resulted
in distinct fluorescence responses with phytic acid and uric acid. Furthermore, we explored the
applicability of the present system in the screening of real-life samples, such as uric acid in urine
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samples and phytic acid in grains. The LOD for phytic acid and uric acid was found to be ~5.48 nM and
10.4 nM, respectively. The quantitative nature of the system was confirmed, showing promising results in
terms of recovery values (between 95.6% and 104.2%) and detection limits. Additionally, we also
employed handy paper strips for the on-site monitoring of phytic acid and uric acid, thereby eliminating
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Introduction

Phytic acid (PA), also known as inositol hexaphosphate, is the
major phosphorus-containing antinutrient found in cereal
grains and oilseeds. The presence of a high density of phos-
phonic acid moieties in phytic acid allows it to form insoluble
complexes with transition metal ions, such as calcium, iron,
and zinc, resulting in lowering of their bioavailability in the
human body. Also, phytic acid forms complexes with a diverse
array of polysaccharides, making it susceptible to enzymatic
hydrolysis. Despite this, the literature currently offers limited
reports on the ‘direct’ fluorescent detection of phytic acid
without involving any enzymatic decomposition reactions.'™
Only a few fluorescent materials have been reported for moni-
toring phytic acid, including small fluorophores, conjugated
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the need for complex instrumentation or trained technicians.

polymers, and metal nanoclusters.” Even these materials have
some inherent limitations such as long response times, poor
selectivity, complex synthesis processes, etc. that limit the
practical applicability of these systems in real-life sample
analysis. For instance, in the case of metal ion complex-based
sensors for phytic acid detection, the sensitivity of the system is
dependent on the stoichiometric relationship between the
metal ion and phytic acid.” Thus, there is an emerging need
to develop a sensor system that can provide reliable optical
signals against phytic acid in a more straightforward manner.

On the other hand, uric acid (UA), an essential byproduct of
human metabolism, emerges through the natural breakdown
of purine nucleotides present in our daily dietary intake.®
However, the limited solubility of uric acid in blood serum
leads to its accumulation within joint structures, significantly
underpinning conditions such as gout, liver dysfunction, heart
failure, and persistent inflammation. As a result, the monitor-
ing of uric acid levels takes on paramount importance for the
timely identification of disorders. Extensive investigations
involving synthetic receptors have consistently demonstrated
that hydrogen bonding either in isolation or in synergy with
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aromatic stacking stands as the main binding mechanism for
UA detection.”” In a manner reminiscent of barbiturate deri-
vatives, uric acid features several hydrogen bonding sites that
render it an appealing guest molecule, which can engage in
complementary hydrogen bonding interactions with a suitably
designed host. To amplify the robustness, orientation/
direction, and specificity of hydrogen bonding interactions,
substantial research attention is directed towards the design
of molecular assemblies that integrate an array of hydrogen
bond donor and acceptor sites.'®

Collectively, the ability of phytic acid to bind to essential
minerals like iron and zinc affects their bioavailability, while
uric acid levels can serve as indicators of metabolic health,
including conditions like gout and kidney disease. Moreover,
the simultaneous analysis of both compounds enables
researchers and healthcare professionals to delve into the
intricate relationship between dietary components and meta-
bolic well-being, thereby aiding in disease prevention. Not only
these, but it is also known in the literature that phytic acid can
suppress the postprandial elevations of serum uric acid (SUA)
levels in healthy adults by inhibiting purine nucleoside and
base absorption.®

In this regard, molecular aggregates formed by organic
n-conjugated systems can showcase remarkable alterations in
their photophysical properties thereby exhibiting promis-
ing potential for biosensing and bioimaging applications."*
An intriguing and prominent emerging trend in supramolecular
host-guest chemistry involves the incorporation of multipoint
interactions during the binding process, which essentially
improves both selectivity and sensitivity. Within the receptor,
the presence of H-bonding sites, such as OH, NH, or positively
charged groups, facilitates robust coordination with the guest
species.”” Hydrogen bonding assumes a pivotal role in the
establishment and maintenance of the intricate three-
dimensional architecture inherent to a multitude of biological
molecules. In this context, we have considered designing a
bisindolyl based amphiphilic probe that can form stimuli-
responsive supramolecular assembly both with and without
involving guest analytes. The AIE-active bisindolyl probe 1,
designed for this purpose, can differentiate uric acid and phytic
acid (UA) through a strategic integration of hydrogen bonding,
aggregation, and electrostatic interactions. The synergy between
aggregation and hydrogen bonding lies in their collective ability to
drive and regulate the formation of supramolecular assemblies.
Intermolecular hydrogen bonding interactions play a crucial role
in directing the molecular arrangement and facilitating the
formation of specific structural motifs such as H/J aggregates
and supramolecular chirality inversion. The significance of hydro-
gen bonds primarily arises from their site-specific interactions;
characterized by easily predictable orientation, distance, and
geometries. These interactions not only induce strong supra-
molecular associations but also enable precise control over the
self-assembly process, thereby leading to well-defined architec-
tures with enhanced functionalities. Moreover, the balance
between hydrophobic and hydrogen bond interactions further
influences the nature of the formed aggregates.’**
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In the present study, probe 1 exhibited a ‘turn-on’ response
accompanied by a red-shifted and a blue-shifted emission
band in the presence of phytic acid and uric acid in water
respectively. This accomplishment not only demonstrates the
potential for substantial selectivity but also showcases a
remarkable affinity for the target analyte in aqueous environ-
ments. Here, it is worth noting that there is no report on small
molecule-based probes that can distinguish uric acid and
phytic acid by distinct optical responses in an aqueous med-
ium. Additionally, the analyte-specific fluorescence response,
merely by modulating the extent of aggregation and charge
transfer, is not much known in the literature. This could
provide tunable sensitivity, which broadens the scope of detec-
tion within larger sample domains, facilitating comprehensive
sample scanning/testing across a diverse range of samples.

Results and discussion
Synthesis

Probe 1 was synthesized according to the procedure reported by
Lafzi et al.™ (See ESI,i S1, S2 and S3). Bis(indolyl) methane
derivatives (BIMs) have been harnessed as hydrogen-bond
donors in sensor applications. Moreover, the colour and optical
response of the BIMs are significantly influenced by various
factors, including the comprehensive extent of m-conjugation
within the system, the electronic characteristics of the aryl
moiety positioned at the meso-site, and the inherent conforma-
tional flexibility."® Conversely, propeller-shaped, substituted
tetraphenylethene (TPE) derivatives have garnered attention
for their aggregation-induced emission (AIE) traits and mechano-
chromic behaviours. Notably, TPE and BIM moieties demonstrate
entirely distinct properties and the combination of the two
moieties within a single molecular framework holds promise as
a pathway to novel fluorescent materials, capable of emitting
light both in solution and in the aggregated state (Fig. 1a).
Moreover, such scaffolds having both aggregation and H-bonding
properties can plausibly exhibit significant spectral response
towards the added analyte. As reported by Lafzi et al., the HOMO
is located on the indole unit due to its electron-donating nature,
and the LUMO is located over the entire TPE backbone, and such
distinct HOMO-LUMO charge separations resulted in better ICT
characteristics."®

Solvatochromic response and nanoaggregate formation

The solvatochromic behaviour of probe 1 was investigated in
a broad range of solvents such as tetrahydrofuran, hexane,
chloroform, acetonitrile, dimethyl formamide, dimethyl sulf-
oxide, ethanol, and methanol (Fig. S4, ESIt). We observed the
broadening of the fluorescence spectrum in polar solvents
along with a red shift (24 nm) of emission maximum, from
400 to 424 nm upon moving from hexane to water. Additionally,
there was significant diminution in the fluorescence intensity
of the probe in the water medium. For such molecules with a
strong ICT effect and positive solvatochromism, the fluores-
cence in solvents with large polarity could be quenched due to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Molecular structure of probes 1 and 2 and a schematic representation showing self-assembly of the probe molecules. (b) Schematic

representation of the plausible mechanism for the detection of PA and UA.

the twisted ICT (TICT) mechanism."” Furthermore, we also
checked the fluorescence response of probe 1 in acidic and
alkaline media and observed fluorescence quenching and
enhancement respectively, plausibly ascribed to the change in
the protonation equilibrium.'® (Fig. S5, ESIt)

In the aqueous medium, the UV-visible spectrum of probe 1
displayed broad absorption bands at 340 nm and 510 nm,
attributed to the TPE unit (n to 7*)'° and the intramolecular
charge transfer (ICT) between the indole substituent and the
TPE unit respectively.”® Additionally, the compound exhibited a
prominent tailing extending into a longer wavelength region
(Fig. S6, ESIT), due to the mie scattering resulting from nano-
aggregates in the aqueous medium.>!
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Upon excitation at 340 nm, probe 1 displayed highly structured
fluorescence spectra in THF with emission maxima at 405 nm,
whereas the spectrum was broad, red-shifted (An.x at 424 nm),
and comparatively less intense in the aqueous medium. In THF,
the probe was almost non-fluorescent,'® probably involving the
impact of rotational motions within molecular rotors, which are
believed to have actively dissipated exciton energy and conse-
quently, augmented nonradiative decay rates, leading to non-
emission.”> Conversely, the quenched emission in water could
be attributed to the TICT mechanism.”>** To evaluate whether the
observed broad spectrum in water is due to single or multiple
photoactive species, we recorded the excitation spectra at differ-
ent emission wavelengths in the aqueous medium (Fig. 2a).
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Fig. 2 (a) Normalized excitation spectra of probe 1 (10 uM) in THF and water medium at 405 nm and 424 nm respectively. (b) DLS measurement and
FESEM image of probe 1 in water. (c) Temperature-dependent fluorescence spectra of probe 1 (10 puM, Zex = 340 nm) in water. (d) The fluorescence
lifetime of 1 (10 pM, dex = 340 nm) in THF and water medium at 405 nm and 424 nm respectively.
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The excitation spectrum corresponding to the 405 nm emission
band exhibited peaks at 304 nm and 349 nm, whereas the
excitation spectrum for 424 nm emission showed an additional
broad peak at ~364 nm, which conveyed that at least two
photoactive species were present in the equilibrium.>"?
Hence, the emission band at 405 nm is likely associated with
loosely aggregated species, while the emission band at ~424 nm
may be attributed to more compact aggregated species. The
self-assembly/aggregate formation is possibly due to the face-
to-face molecular packing structure, facilitated by quadruple
intermolecular CH/n-interactions among the tetraphenyl-
ethylene functionalities.”® The DLS (dynamic light scattering)
experiments reveal that the hydrodynamic diameter of probe 1
was measured to be 164.2 £ 18.7, in the aqueous medium,
thereby indicating the formation of nanoscopic self-assemblies
(Fig. 2b). The FESEM images reveal distinct rod-like structures
with well-defined dimensions, which join together side-by-side,
to form aggregates (Fig. 2b inset). These rod-like structures
are the result of n-m interactions between the bisindolyl
core and further solvophobic interactions originating from
the TPE periphery. Additionally, we also investigated the effect
of temperature on the fluorescence response of 1 in the aqu-
eous medium (Fig. 2c). As the solution temperature increased
gradually from 20 °C to 80 °C, the fluorescence intensity
increased, due to the enhancement in the formation of the
TICT state of the probe.?”*® Additionally, flourescence lifetime
experiments (TCSPC) were conducted for probe 1 to understand
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the stability and decay kinetics of excited state photoactive
species. The compound exhibited a biexponential decay
profile in THF with an average time constant of ~5.02 ns,
while a multiexponential decay with an average lifetime of
~6.43 ns was observed in the aqueous medium (Fig. 2d). The
presence of photoexcited species, characterized by a longer
average lifetime, indicates the self-assembly of probe molecules
in the aqueous medium with prominent n-n stacking
interactions.

Fluorescence response to phytic acid and uric acid. Bisindo-
lyl based chromogenic probes are known for detection of ionic
analytes, particularly through hydrogen bonding interactions
with indolyl -NH groups.>**° Thus, herein we have checked the
interaction of probe 1 with phytic and uric acids in the aqueous
medium. The addition of phytic acid led to a ~6.2-fold
fluorescence enhancement with concomitant emergence of a
broad, red-shifted emission band with maxima at 432 and
480 nm (Fig. 3a), accompanied by a fluorescence color change
from blue to cyan. It is well known that phytic acid favours
aggregation,®" and hence larger aggregates with more charge
transfer characteristics could possibly be formed upon inter-
action with the probe. The band at 432 nm could probably be
due to the phytic-acid induced aggregation in the aqueous
medium or due to the excited-state hydrogen bonding interac-
tions, whereas the band at 480 nm could possibly be due to the
extensive charge transfer interaction in the aggregated state of
the adduct.
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Fig. 3 (a) Fluorescence titration of probe 1 (10 puM, Lex = 340 nm) with phytic acid (0-60 pM) in water. (b) Fluorescence titration of probe 1 (10 uM,
Jex = 340 nm) with uric acid (0-100 uM) in water. (c) Normalized excitation spectra of 1.PA and 1.UA. (d) Time dependent changes in fluorescence
intensity of probe 1 (10 puM, Jex = 340 nm) upon addition of phytic acid (60 uM) and uric acid (100 uM) in water. (Error bars represent the standard

deviation of three replicates for each measurement.)
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Conversely, probe 1 displayed emission enhancement
(~4-fold) along with a slight blue-shift (~10 nm) in the
presence of uric acid accompanied by the appearance of a
bright violet-blue colored fluorescence (Fig. 3b). The substan-
tial enhancement in emission intensity of the probe can be
ascribed to the restriction of intramolecular rotations (RIRs) in
the respective adducts, which remarkably activates the radiative
pathway. This activation of the radiative pathway leads to a
progressive increase in emission intensity proportionate to the
extent of aggregation.’” Concurrently, the adoption of twisted
conformations by the tetraphenylethylene segment serves to
elongate the intermolecular distances, effectively mitigating
emission quenching through the reduction of intermolecular
n-7 interactions. As a result, the charge-transfer characteristics
of the aggregates become more prominent with distinct lumi-
nescence responses.>’

It is really important to consider whether the bathochromic/
hypsochromic shift observed for probe 1 upon phytic/uric acid
addition was due to ground state effects or was a result of
excited state processes. The excitation spectra of the probe
upon addition of phytic acid and uric acid exhibited two
different bands at 480 and 415 nm respectively. This indicates
the presence of two different photoactive species upon adduct
formation, thereby suggesting a ground state heterogeneity
(Fig. 3c).>* Nevertheless, we recorded the time-dependent
fluorescence response of probe 1 towards phytic acid and uric
acid (Fig. 3d). In the case of phytic acid, we witnessed an
immediate change in fluorescence intensity (within 1 min) with
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no further time-delayed response. On the other hand, it took
~4 min of incubation time to observe changes with uric acid.
All the subsequent studies with uric acid were performed after
5 min of incubation time.

Furthermore, to confirm the intermolecular hydrogen-
bonding within the aggregates, we recorded the temperature
dependent emission spectra of the probe in the presence of
phytic acid and uric acid (Fig. 4a). As reported in the literature,
the formation of hydrogen bonds is thermodynamically favoured,
and hence the aggregation process could be temperature depen-
dent. Generally, intermolecular hydrogen bonding is quite stable
at low temperatures, whereas at high temperatures, the H-bonds
would be weakened/destroyed.® As the temperature increases,
there is a substantial decrease in the emission intensity without
any blue shift of the emission maxima. This suggests a weak
intermolecular hydrogen bonding between the probe and analytes
at higher temperatures. Additionally, the 1.PA adduct revealed a
larger extent of decrease in emission intensity (ongoing from
20 °C to 80 °C) when compared to the 1.UA adduct. This could
probably be due to the dissociation of preformed larger nanoag-
gregate 1.PA structures at higher temperatures.*®*” The stability of
non-covalent forces governing the formation of aggregate assem-
blies is compromised with increasing temperature, resulting in
the dissociation of hydrogen bonded aggregates, which results in
a notable reduction in the emission intensity.*®

Selectivity. The fluorescence spectra of the probe were
recorded in the presence of a wide range of competitive analytes,
such as monosodium glutamate, propyl gallate, NaNO,, butylated

84 mm 480 nm

(a) 5 106 (b) ] 415 nm
s T ° 3
= °* s s © '
W o L 4
il 2] ®
© 0.5 5
= ® 1+PA ] AT DU R
£ ® 1+UA
= °
i %% % 41 =0 8 75 B S i" SR PO
X 43 Q™ x
) o OXO*Q\ S x@\b ?.@2&\{.\@‘50
X X x
©) Temperature (°C) (d) XXk

1+ PA, 480 nm
1+ UA, 415 nm

2500+ — 1in water
— 1+ [PA-UA (1:1)]

2000 — 1+ [PA-UA (1:5)]

15004 — 1+ [PA-UA (5:1)]
— 1+PA

1000+ — 1+UA

FL Intensity (a.u)

==

400 500 600
Wavelength (nm)

Fig. 4 (a) Temperature dependent fluorescence spectra of 1.phytic acid and 1.uric acid in water medium. (b) Change in fluorescence intensity of probe 1
at 480 nm and 415 nm in the presence of different competitive analytes (10 equiv.). (c) pH-dependent fluorescence response of probe 1 (10 puM, dey =
340 nm) towards phytic acid and uric acid. (d) Fluorescence spectra of probe 1 (10 uM, Zex = 340 nm) for different ratios of phytic acid and uric acid.
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hydroxytoluene, KBr, bisphenol A, hydrazine, oxalate, amygdalin,
concanavalin A, and sodium pyrophosphate (Fig. 4b). Most of
these analytes, even at large concentrations (10 equiv.), showed no
noticeable change in emission intensity, when monitored at
480 and 415 nm bands. Only a few potential interfering agents,
such as ascorbic acid, xanthene, hypoxanthine, and creatinine,
which are recognized for their structural resemblances to uric
acid, elicited only minor alterations in the emission intensity of
the probe. Additionally, we also checked the selectivity of the
probe towards a few other potent interfering analytes and urinary
disease biomarkers such as protein (proteinuria), malondialde-
hyde (MDA) (urinary oxidative stress biomarkers), phenylalanine,
tryptophan, tyrosine (urine metabolomics biomarker), etc.
(Fig. S7, ESIt). This again indicated that only by choosing a
suitable emission channel, we can simultaneously detect phytic
and uric acids in the aqueous medium. Moreover, we evaluated
the fluorescence response of phytic acid and uric acid across
varying pH conditions (Fig. 4c). It has been reported in a few
literature studies that the hydrogen bonding-driven aggregation
should be a pH dependent process.”> We observed a sharp
increase in the fluorescence intensity of the probe as the pH
increased from 4 to 6, followed by a slight decrease in the
fluorescence intensity in the pH range 7-9 in the presence of
analyte (PA/UA). This suggested the H-bonding interaction of
probe 1 with uric acid and phytic acid. We observed that the
probe could effectively detect both phytic acid and uric acid in the
pH range 4-9, with a maximum response at pH 6. Thus, it can be
considered that probe 1 could detect both these analytes under
biologically relevant pH conditions. At acidic pH (~pH 2), the
response towards phytic acid diminished, indicating the major
role of electrostatic interactions (charge pairing) in the detection
of phytic acid.

To further substantiate these electrostatic interactions,
we measured the zeta potential value of the probe with and
without phytic acid in the aqueous medium. Initially, the probe
exhibited a slightly positive zeta potential, which upon incre-
mental addition of phytic acid gradually became negative. Such
concentration-dependent variation in zeta potential values
indicated that the phosphate groups of PA interacted with the
probe via electrostatic interactions.

Additionally, we also evaluated the mutual interference of
phytic acid and uric acid on the fluorescence response of probe
1 (Fig. 4d). Even in the presence of a very small amount (1: 5) of
phytic acid in the mixture, the fluorescence spectra became
broad and red-shifted. Interestingly, when probe 1 was treated
with a mixture of equimolar amounts of phytic and uric acids,
the fluorescence spectra resembled that of a 1 + PA mixture.
This indicated that probe 1 could preferably bind with phytic
acid even in the presence of uric acid in excess. This prefer-
ential response towards phytic acid could be attributed to the
high density of negatively charged phosphate groups which
provide a diverse array of viable cross-linking sites*® thereby
forming electrostatic and hydrogen bonding interactions with
probe 1 (Fig. 1b).

Mechanistic investigation. The interaction of phytic and uric
acids with the probe was confirmed by FTIR and NMR studies.
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FTIR analysis revealed that the stretching frequencies of the
P=0 groups, along with the anti-symmetrical (1070 cm™") and
symmetrical frequencies of the P-O-C groups (931 cm ™), were
shifted to lower or higher frequencies. Additionally, there was a
shift in the indole -NH band from 3416 to 3368 cm™ ", suggest-
ing the interactions between phytic acid and the probe*’
(Fig. 5a and Fig. S8, ESIt). Phytic acid has six phosphate groups,
each with two titratable hydrogen ions, whose pKa values range
from 1.9 to 9.5. Thus, at physiological pH, around 8-9 phos-
phate units will remain in the deprotonated form.** Therefore,
we anticipated that the phosphate of phytic acid could interact
with the probe via electrostatic interactions.*> On the other
hand, a similar FTIR spectral change was observed for the
1.UA conjugate. Uric acid is a diprotic acid with pKa; = 5.4 and
pKa, = 10.3. Therefore, at physiological pH, the monoanionic
urate form will predominate. Hence, the urate ion can engage
in electrostatic interactions, and the free NH of the urate can
involve in hydrogen bonding with the probe respectively.

Furthermore, to prove the electrostatic interactions, we
recorded the fluorescence spectra of probe 1 upon addition of
phytic acid and uric acid in a 6.3 M NaCl solution. In the
presence of NaCl, the probe displayed emission maxima at 442
and 480 nm, which further showed enhancement with both
phytic acid (Fig. 5b) and uric acid (Fig. S9, ESI{). However, the
extents of fluorescence enhancement in this case were found to
be lower than that observed with a native probe (in the aqueous
medium). This fluorescence enhancement could probably be
attributable to the screening effect induced by the presence of
salt, which validates the formation of an electrostatic complex
between the probe and the anionic urate and phytate species.
In order to confirm the hydrogen bonding interaction between
probe 1 and phytic acid, we recorded the fluorescence spectra of
probe 1 upon addition of phytic acid, in ethanol. We observed
enhancement in the fluorescence signal at 430 nm, accompanied
by the gradual emergence of a new red shifted band at 525 nm
(Fig. 5c). Here also, the extent of change was not as prominent as
observed in the water medium.

Furthermore, we recorded the "H-NMR spectra of probe 1 in
the presence of phytic acid (1 equiv.) and uric acid (1 equiv.) in
a DMSO-dg:D,0 (1: 1) mixture medium. The "H-NMR spectra in
both cases revealed an upfield shift, along with significant peak
broadening and poorly resolved peaks, only in the case of
phytic acid. Such upfield shift and broadening can be attrib-
uted to the hydrogen bonding driven aggregation.** The upfield
shift could possibly be initiated via H-bonding or electrostatic
interactions between analytes and probe 1, based on which
the self-assembly/aggregation increases drastically. The probe
exhibits two hydrogen-bond donor sites, namely the two -NH
functionalities, and hence can involve in binding with uric acid
(UA) through donor-acceptor interactions. On the other hand,
uric acid, being a dibasic acid, undergoes ionization to form a
singly charged hydrogen ion or acid urate ion under physio-
logical pH conditions, which involves the deprotonation of
nitrogen within the molecule. Additionally, it uses a tautomeric
ketone/hydroxyl group as an electron-absorbing moiety.*’
Hence, the formation of hydrogen bonds can occur between

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) FTIR spectra of probe 1 in the presence of phytic acid and uric acid. (b) Fluorescence spectra of 1 (10 uM, Aex = 340 nm) upon phytic acid
addition (0-70 puM) in 6.3 M NaCl. (c) Fluorescence spectra of 1 (10 puM, dex = 340 nm) upon phytic acid addition (0-70 uM) in ethanol. (d) Fluorescence
spectra of probe 2 (10 uM, Aex = 390 nm) upon phytic acid (0-60 uM) and uric acid (0—-100 pM) addition in water.

the ketone/hydroxyl group of the uric acid (UA) molecule
and the -NH functionality of the probe. The probe itself is
weakly emissive, but the significant fluorescence enhancement
observed upon uric acid addition could be possibly attributed
to the formation of a 1:1 complex between the probe and UA
via complementary H-bonding.*® The H-bonding interactions
between the probe and UA were found to be responsible for
the turn-on fluorescence response. Such uric acid-mediated
turn on fluorescence has been reported by Pradhan et al.*’
This intermolecular hydrogen bonding was further confirmed
through FT-IR analysis, providing substantive evidence for the
formation of hydrogen bonds between these distinct functional
groups. Furthermore, to evaluate the H-bonding interaction
between the probe and analytes, we also recorded the fluores-
cence spectra of the probe upon addition of phytic and uric
acids in 7 M urea (Fig. S10, ESIt). We observed that the probe
displayed emission maxima at 407 nm, which further showed a
red-shifted band at 448 nm accompanied by fluorescence
enhancement (~1.2 fold) upon phytic acid addition. On the
other hand, the addition of uric acid only led to fluorescence
enhancement (~1.4 fold) of the emission band centered at
407 nm. However, the extent of fluorescence spectral change in
these cases was observed to be quite lower than that observed
with the probe in the aqueous medium. Additionally, to know
the significance of the TPE unit, we employed probe 2 posses-
sing a single phenyl ring at the meso-position of the BIM
backbone (Fig. 5d). We observed a similar fluorescence ‘turn-
on’ response to that of probe 1 but the extent of response was
lower compared to that of probe 1 for phytic acid (~2.8-fold)

This journal is © The Royal Society of Chemistry 2024

and uric acid (~1.6-fold). This indicates that the presence of
the TPE moiety enhances the propensity of molecular self-
assembly, which in turn enhances the fluorescence signal upon
addition of phytic acid.

Furthermore, DLS experiments showed the presence of
colloidal aggregates with larger dimensions for 1.PA (Fig. 6a
and b). The hydrodynamic diameter of the probes 1.PA and
1.UA was measured to be 272.2 £ 16.7 and 184.2 £ 13.5 in the
aqueous medium. Furthermore, the FESEM images of 1.PA and
1.UA also displayed rod-shaped clumped flower-like larger aggre-
gated structures and small spherical agglomerated structures
respectively. Based on the above observations, it can be concluded
that the extent of aggregation was more in 1.PA when compared to
1.UA. Nevertheless, the change in average fluorescence lifetime of
1 was observed, shifting from 6.043 to 2.23 ns and 5.02 ns upon
the addition of phytic acid and uric acid respectively (Fig. 6c).
Such lowering of the average fluorescence lifetime also indicated
more charge transfer interaction in the 1.PA aggregates. Addition-
ally, we also evaluated the fluorescence response of probe 1
towards phytic acid and uric acid, in water and in a THF-water
(98%) mixture (AIE active condition) (Fig. 6d). We observed that
the fluorescence response in water was ~ 3 times higher than that
observed in the THF-water (98%) mixture. This could plausibly be
attributed to the solute-solvent interactions and also the different
nature of aggregates in both solvents.

Application to real life samples

(a) Detection of phytic acid in grains. Phytic acid, vital
in biotechnology for mitigating seed accumulation, poses
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Fig. 6 (a) DLS and FESEM images of 1.phytic acid in an aqueous medium. (b) DLS and FESEM images of 1.uric acid in an aqueous medium. (c) Fluorescence
lifetime of 1 (10 uM, e = 340 nm) in the presence of phytic acid (60 uM) and uric acid (100 pM) in an agueous medium at 480 nm and 415 nm respectively.
(d) Change in fluorescence intensity of 1 in THF—water (98%) and water medium upon addition of phytic acid (60 uM) and uric acid (100 pM).

concerns about insufficient mineral absorption in human iron
deficiency linked to high grain diets. The phytic acid content in
cereals exhibits a typical range of 0.5 to 2.0%, with maize
containing 2.2 g per 100 g and wheat containing from 1.1 to
1.4 g per 100 g. We employed probe 1 for the detection of phytic
acid and hence we extracted phytic acid from various
grain samples (wheat, oats, rice) by following the established
procedures.>*®*° Subsequently, the quantification of phytic
acid in each sample was achieved through monitoring fluores-
cence changes at 480 nm. The aqueous extracts were externally
spiked with varying concentrations of phytic acid (0-50 uM),
and after a 30-minute equilibration, the treated samples exhib-
ited concentration-dependent linear changes in fluorescence
intensity at 480 nm (Fig. 7a). The quantification of phytic acid
in the spiked samples demonstrated good recovery values
ranging from 94.5% to 108.9%, with a relative standard
deviation of less than 5% (Fig. 7b). These exceptional recovery
values, coupled with low RSDs, affirm the suitability of our
method for precise estimation of trace levels of phytic acid in
complex matrices.

In order to achieve on-site detection of phytic acid, we
devised a test strip method involving the immersion of test
paper discs into solutions containing probe 1. The coated paper
strips showed blue fluorescence when exposed to UV light
(<365 nm). However, spiking the strips with an aqueous
solution of phytic acid resulted in a gradual change in the
fluorescent color from blue to bright cyan (Fig. 7c). Moreover, the
small size of the paper discs facilitates convenient portability, and
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the simplicity of the present protocol makes it user-friendly for
individuals with limited scientific knowledge.

(b) Detection of uric acid in urine samples. Quantifying
urinary uric acid is crucial for diagnosing gout, assessing renal
health, and guiding targeted interventions in purine metabo-
lism disorders, including hyperuricemia. In order to study the
practicality of this fluorescent probe, real sample tests were
performed in artificial urine samples. Uric acid solutions
with different concentrations were spiked into artificial urine
samples. A good linear correlation between the fluorescence
response and the concentration of spiked uric acid (r* = 0.996)
shows that probe 1 could be exploited for the estimation of an
unknown amount of uric acid in artificial urine (Fig. 7d). In all
cases, the percentage recovery values varied from 98.4% to
103.1%, with relative standard deviation (RSD) values less than
5%. This further suggested the quantitative nature of the
present system. Additionally, the minimum detectable concen-
trations (LODs) for uric acid were found to be less than the
permissible limit.

Additionally, we employed pre-coated dye paper discs for on-
site detection of uric acid. Probe 1 displayed blue emission,
which then gradually changed to bright blue emission upon
increasing the concentration of uric acid. The addition of other
biologically relevant analytes did not induce any noticeable
change in the colour of the paper strips, thereby confirming the
distinctive selectivity of 1 towards uric acid.

Additionally, we have also used probe 1 for uric acid detec-
tion in real urine samples by fluorescence spectroscopy

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tb00331d

Published on 21 mai 2024. Downloaded on 2026-02-23 23:00:33.

View Article Online

Journal of Materials Chemistry B Paper
(a) (b)
Crops | LOD Recovery % RSD
(1M) values
£ 6 Rice 0.75 98.5-101.8 22-33
g Oats | 0.78 | 95.6-102.6 26-32
X4 Maize | 0.82 | 97.3-104.2 29-4.8
© -®- Rice -
= e 5
2 - Oats R
w & Maize Maize } Rice
04 : : . . s 4 d
0 10 . 20 30 40 _Oa‘t;s—"‘ &
(d) Concentration of added PA (uM)
81 + Phytic acid
. e)
c 6
v
= i
©
(=]
L2
wo _—
+ Uric acid -
0 . P Atificial urine

Concentration of added UA (uM)

Fig. 7 (a) Change in fluorescence response of 1 at 480 nm upon addition of different spiked concentrations of phytic acid in grain extracts. (b) Table
displaying quantitative estimation (detection limit (in uM), recovery values and relative standard deviations) of phytic acid in grain extracts. (c) Pictures
captured under normal daylight and UV lamp (> 365 nm) after drop casting increasing concentrations (left to right) of phytic acid on the pre-coated
paper strips (with probe 1). (d) Change in the fluorescence response of 1 at 414 nm upon adding different spiked concentrations of uric acid in artificial
urine samples. (e) Pictures captured under normal daylight and UV lamp (365 nm) after drop casting increasing concentrations (left to right) of phytic acid

on the pre-coated paper strips (with probe 1).

(Fig. S11, ESIt). Three different urine samples were collected
from healthy individuals and stored at —20 °C immediately,
and then for spectroscopic studies, the urine samples were
diluted with a buffered medium. The probe displayed a
concentration-dependent fluorescence enhancement (~ 3.8-fold)
along with a blue-shift of emission maxima (10 nm) in the
presence of uric acid. A good linear correlation was observed
between the fluorescence spectral change and the concentrations
of spiked UA. No interference was observed with other interfering
analytes.

Interestingly, the minimum detectable concentration of uric
acid was estimated to be 9.5 uM using the fluorescence method
and was found to be in a very close agreement with the clinical
laboratory measurement (10.1 pM).>° Furthermore, quantitative
analysis indicates that the recovery values for the estimation
of uric acid varied from 96.3% to 102.9%, while the relative
standard deviations were in the range of 2.1-4.5%, thereby
suggesting that the present system could be used for UA deter-
mination in real-life samples.

Conclusion

We have employed an AlE-active probe, comprising a tetraphe-
nylethylene unit with a bisindolyl functionality, for the simul-
taneous detection of phytic acid (appearance of cyan-colored
fluorescence) and uric acid (appearance of blue-colored fluores-
cence). Our findings reveal that the probe formed nanoscopic
self-assemblies in an aqueous medium, ascribed to the role of
n-T interaction in the compact aggregates. Furthermore, it was

This journal is © The Royal Society of Chemistry 2024

observed that merely by choosing suitable emission channels,
we can selectively detect either of the analytes. The probe
exhibited ~6.2-fold fluorescence enhancement accompanied
by a red-shift upon phytic acid addition, whereas it displayed
~4-fold fluorescence enhancement accompanied by a blue-
shift upon uric acid addition. Moreover, spectroscopic studies
reveal that the probe interacts with phytic acid and uric acid
via both H-bonding and electrostatic interactions, resulting
in restricted intramolecular rotation (RIR) and therefore the
observed fluorescence ‘turn-on’ response. Additionally, in the
case of phytic acid, larger aggregates were observed with
prominent CT characteristics, owing to the presence of a
greater number of phytate ions. This intricate self-assembly
phenomenon is primarily governed by a combination of solvo-
phobic interactions and hydrogen bonding, and electrostatic
interactions. Interestingly, probe 1 could preferably bind with
phytic acid even in the presence of uric acid in excess. Never-
theless, we explored the potential application of the probe in
real-life scenarios such as in the quantification of phytic acid in
grain extracts and the detection of uric acid in urine samples.
We also employed test-paper strips for on-site detection of
phytic acid and uric acid, which exhibited high accuracy and
precision, making it a promising tool for the precise estimation
of trace levels of these analytes in diverse matrices.
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