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capped with Pluronic F127 micelles for the
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Considering the detrimental effects of chlorpyrifos methyl (CPS methyl) and erythrosine B on living
organisms, it is crucial to detect their presence even at trace levels. For this, a binary ensemble,
NPOH@PF127, was developed by encapsulating the 1,8-naphthalimide-based amide NPOH in the hydro-
phobic core of micelles of the block copolymer Pluronic F127. Structural and chemical properties of this
binary ensemble were scrupulously investigated using various analytical techniques such as DLS, HRTEM,
EDX, elemental mapping, SAED, PXRD, FT-IR spectroscopy, TGA, DSC, DTG, XPS and optical spec-
troscopy. The sensor exhibited significant enhancement and quenching of fluorescence intensity upon
interaction with CPS methyl (LOD = 1.28 pM) and erythrosine B (LOD = 0.18 uM), respectively, with
corresponding linear detection ranges of 4.22-1500 pyM and 0.59-138 pM. Moreover, NPOH@PF127

Received 15th September 2025, accurately detected CPS methyl and erythrosine B in grape juice and watermelon juice, with excellent
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recoveries in the range of 96% to 110%. Given the high stability, quick response, high sensitivity and
selectivity of NPOH@PF127, it can be utilized for making portable test kits and thus contribute to refined
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1. Introduction

Organophosphorus pesticides, esters of phosphoric acid
derivatives, have been designated as pivotal crop defensive
agents due to their high efficacy for pest control; however,
their overuse has become a serious global concern in recent
years due to their severe harmful effects on the human health
and environment because of their ability to leave residues and
contaminants on various agricultural products they are being
sprayed or sprinkled upon." CPS methyl is an extensively used
non-systemic organophosphate pesticide, which is effective
against bollworm, leafthopper, aphid, mite and a variety of
other pests.” CPS methyl has been classified as a class II mod-
erate toxicity pesticide by the World Health Organization
(WHO) and is found in one-third of conventionally grown
citrus fruits.> Long-term exposure of food commodities to CPS
methyl may lead to increased chances of their entry into the
food chain and thus cause serious ailments in living organ-
isms.’ In humans, CPS methyl undergoes complexation with
the active site of the neuroenzyme acetylcholinesterase,
leading to inhibition in its activity in erythrocytes and the
brain, causing adverse effects on the nervous system. Other
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environmental and food safety monitoring.

detrimental effects caused by CPS methyl include oxidative
stress, cardiovascular diseases, endocrine disruption, hemato-
logical malignancies, histopathological aberrations, immuno-
toxicity, genotoxicity and developmental and behavioural
anomalies.* Considering its high toxicity, many governments
have made efforts to limit its application in farming by assign-
ing a maximum residue limit (MRL).?

It is an age-old practice to add food colorants to food pro-
ducts in order to make them visually appealing to customers.
The origin of food colorants can be natural or synthetic;
however, synthetic colorants are preferred over the natural
ones as the former are easy to synthesize, cost-effective, highly
stable and offer potent tinting.® Erythrosine B (2-(6-hydroxy-
2,4,5,7-tetraiodo-3-oxo-xanthen-9-yl) benzoic acid), a pink poly-
iodinated xanthene dye, is globally added to food products,
pharmaceuticals and cosmetics as it has high antioxidant
potential and stability and low cost.” However, due to its poly-
halogenated structure, immoderate consumption of erythro-
sine B causes many health risks such as behavioural disturb-
ances, allergies, renal disorders, thyroid disorders, asthma,
bronchitis, hemolytic disorder, anemia, cancer, DNA damage
and neurotoxicity in humans and animals. Moreover, the
health issues are more pronounced in children as their bodies
are weaker as compared to adults.® Keeping in mind the
adverse effects of the excessive use of erythrosine B, the Food
and Drug Administration (FDA) has restricted its consumption
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to an acceptable daily intake (ADI) of 0.0-0.1 mg per kg body
weight per day.’

Bearing in mind the notorious effects of CPS methyl and
erythrosine B on living beings, it is essential to detect them
even at minute levels. Already existing techniques for their
detection include chromatographic techniques, such as high-
performance liquid chromatography (HPLC), gas chromato-
graphy (GC), and other techniques like surface enhanced
Raman spectroscopy (SERS), electrochemical method, photo-
electrochemical method, immunosensor method, ion mobility
spectroscopy, mass spectrometry, nuclear quadruple reso-
nance spectroscopy, capillary electrophoresis (CE) and solid
phase extraction (SPE).'°?!' Undoubtedly, these techniques
may achieve high detection sensitivities, but these generally
involve bulky instrumentation, exorbitant methodologies, mul-
tiple sample processing steps, professional operators and
longer analysis time. These shortcomings make them difficult
to meet the high-throughput, rapid and on-site detection
requirements.>* Optical spectroscopic techniques, such as UV-
vis and fluorescence spectroscopy, are beneficial over the afore-
mentioned techniques as these are comparatively simple to
operate, cost-effective and offer rapid visual response with
high sensitivity and selectivity.>*>°

Many optical sensors, such as organic compounds, molecu-
larly imprinted polymers, metal nanoparticles, carbon dots,
and organic nanoparticles, have been employed for the detec-
tion of organophosphate pesticides; however, a very limited
number of optical chemosensors have been reported for the
sensing of erythrosine B.>*>° Among these, organic com-
pound-based sensors are of significant importance as they are
structurally versatile and it is easier to modify their photo-
physical properties by slight structural changes.”® But the
major issue associated with organic compound-based sensors
is their limited applicability in aqueous medium (a prerequi-
site for real sample analysis) due to their hydrophobic
nature.>’ Some of the efforts by various researchers over the
years to enhance the hydrophilicity of organic compounds
include encapsulation of organic compounds in the hydro-
phobic core of micelles of suitable materials, such as surfac-
tants and polymers, formation of small molecule-based
organic nanoparticles and silica cross-linked micellar
nanoparticles.’>”>> Among the various materials used for the
encapsulation of organic compounds, Pluronic F127 (PF127), a
Food and Drug Administration (FDA) approved non-ionic
block copolymer, has garnered significant attention as it is
non-toxic, non-irritant, biocompatible, thermo reversible and
cost effective.*® PF127 is a triblock copolymer consisting of
hydrophobic polypropylene oxide (PPO) as the central unit and
hydrophilic polyethylene oxide (PEO) as two terminal units.?”
In aqueous environments, PF127 spontaneously forms nano-
scale micelles, with the hydrophobic PPO segments creating
the inner core for loading hydrophobic molecules, while the
hydrophilic PEO chains stabilize the outer shell and prevent
micelle coalescence.*® Apart from improving solubility, encap-
sulating sensors in PF127 micelles offers several advantages
over their free forms. The micellar environment supports
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hydrophobic probes by preventing aggregation, enhancing col-
loidal stability, protecting against premature degradation to
improve photostability, and reducing cytotoxicity for safer bio-
logical use.**”*' Moreover, the nanoscale micellar structure
provides a high surface-to-volume ratio, improved diffusion
kinetics, and a confined hydrophobic core, facilitating efficient
probe-analyte interactions, reducing background interference,
and enhancing sensitivity, reproducibility, and overall sensor
performance compared to free systems. Additionally, the small
size of nanoscale micelles and the stealth properties of the
PEO corona prolong the circulation time and allow passive
tumor targeting via the enhanced permeability and retention
effect, making encapsulated sensors more suitable for bio-
imaging and in vivo sensing applications.**™** Collectively,
these features make PF127-encapsulated sensors more sensi-
tive, stable, and versatile than their free molecular
counterparts.

In this work, a 1,8-naphthalimide-based amide (NPOH) was
synthesized considering the well-known photophysical advan-
tages of the 1,8-naphthalimide core, including red/infrared
emission, large Stokes shift, high quantum yield, and strong
two-photon absorption cross-section.””> To overcome its intrin-
sic hydrophobicity, a binary ensemble, NPOH@PF127, was fab-
ricated by encapsulating NPOH within the hydrophobic core of
PF127 micelles. This hybrid design combines the tunable fluo-
rescence and sensing versatility of naphthalimide dyes with
the biocompatibility, aqueous solubilization, and self-assem-
bly properties of PF127. Unlike conventional 1,8-naphthali-
mide sensors used mainly in homogeneous media or polymer
matrices, the PF127 micellar environment enhances solubility,
stability, and microenvironment-induced modulation of fluo-
rescence.”” Conversely, while PF127 is widely employed for
solubilization and drug delivery, it inherently lacks sensing
capability; loading NPOH introduces strong, responsive fluo-
rescence into the platform. As a result, the NPOH@PF127
ensemble exhibits improved optical performance, high sensi-
tivity and selectivity, and reliable operation in aqueous media,
enabling effective differential sensing of CPS methyl and ery-
throsine B in grape and watermelon juices, respectively. This
synergistic integration offers sensing advantages unattainable
with either component alone and represents a hybrid
approach for real sample analysis.

2. Experimental

2.1. Materials

All chemicals, such as 4-bromo-1,8-naphthalic anhydride,
N-butyl amine, ethylene diamine, 1-hydroxy-2-naphthoic acid,
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyri-

dinium 3-oxide hexafluorophosphate (HATU), Pluronic F-127
(PF127), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), chloroform, dichloromethane (DCM), anhydrous
sodium sulfate, ethanol (EtOH), methanol, dimethyl sulfoxide
(DMSO), acetonitrile (ACN), pyridine, CPS methyl, glufosinate,
glyphosate, imidacloprid, malathion, paraquat, thiomethoxam,
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diethyl chlorophosphate (DCP), diethyl cyanophosphonate
(DCNP), triphosgene, erythrosine B, Allura red, amaranth,
methylene blue, methyl orange, glucose, sucrose, lactose,
maltose, citric acid, ascorbic acid, sodium chloride (NaCl),
salts of metal ions and anions viz. Cd**, Co**, Mn*", Pb*", Cr*",
HSO,”, ClO,~, H,PO,~, SO4>7, F~, Cl7, Br™ and I”, were pur-
chased from commercial suppliers and were used without any
further purification.

2.2. Methods

High-resolution  transmission  electron  microscopy
(HRTEM). For recording HRTEM images, elemental mapping
and selected area electron diffraction (SAED) patterns, the
HRTEM-Hitachi H7500 electron microscope was employed.
Samples were drop-cast on carbon-coated copper grids and air-
dried prior to imaging.

Energy dispersive X-ray (EDX) spectroscopy. EDX spec-
troscopy was recorded using a FESEM-Hitachi SU8010 at an
accelerating voltage of 15 kV. For EDX measurements, samples
were mounted on an aluminium SEM stub using double-sided
carbon adhesive tape, followed by gold sputter-coating prior to
analysis.

Dynamic light scattering (DLS). To obtain the hydrodynamic
diameter, DLS measurements were performed on a Malvern
Zetasizer (Ver. 7.11) at 25 °C using water as the dispersion
medium, and samples were filtered through a 0.2 um syringe
filter before measurement. Each sample was analyzed in tripli-
cate to ensure reproducibility.

Nuclear magnetic resonance (NMR) and Fourier transform
infrared (FT-IR) spectroscopies. 'H and "*C NMR spectra were
recorded on a Bruker AVANCE NEO 500 MHz spectrometer using
DMSO-dg or CDCl; as a solvent, depending on the solubility of
the compounds. Chemical shifts are reported in ppm relative to
TMS, and spectra were acquired at 298 K. FT-IR spectra were
obtained using a Bruker Alpha FT-IR spectrophotometer in the
ATR mode with a spectral range of 4000-400 cm™".

Mass spectrometry. High-resolution mass spectrometry
(HRMS) and liquid chromatography-mass spectrometry
(LC-MS) analyses were performed on a SYNAPT XS instrument
operated in ESI (positive) mode.

X-ray diffraction studies. Powder X-ray diffraction (PXRD)
patterns were acquired on an Empyrean diffractometer
(Malvern Panalytical) using Cu-Ka radiation (1 = 1.5406 A),
operated at 40 kV and 40 mA, with a scan rate of 0.02° s™* over
the 20 range of 5-80°.

Thermal studies. Thermogravimetric analysis (TGA), differ-
ential thermogravimetric analysis (DTG) and differential scan-
ning calorimetry (DSC) were conducted using an SDT Q600
v20.9 Build 20 instrument under nitrogen atmosphere (flow
rate: 50 mL min~') at a heating rate of 10 °C min™" from 25 to
800 °C.

X-ray photoelectron spectroscopy (XPS) measurements. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a Nexsa Base Thermo Fisher Scientific instrument
using monochromatic Al Ko radiation (1486.6 eV). All spectra
were charge-corrected using the C 1s peak at 284.8 eV.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Optical studies. UV-vis absorption spectra were recorded
using a JASCO UV-750 spectrophotometer with samples pre-
pared in aqueous medium using quartz cuvettes (1 cm path
length) at 25 °C. Fluorescence spectra were recorded on a
Hitachi F-7000 spectrofluorometer equipped with a 220-240 V
xenon lamp, with excitation and emission slit widths typically
set to 5 and 10 nm, respectively.

Fluorescence lifetime studies. Fluorescence lifetime
measurements were performed using an Edinburgh FLS-1000-
XS-T spectrometer. Samples were measured in a standard
holder suitable for liquid samples, and lifetime data were
acquired using time-correlated single photon counting

(TCSPC) mode and processed using the instrument’s software.

2.3. Synthesis of NPOH

Compounds 2 and 3 were synthesized as per the previously
reported methodologies,*®*” with modifications shown in
Scheme 1. Methods for the synthesis of 1 and 2, their charac-
terization data and spectra (‘"H NMR, >C NMR and LCMS) are
given in SI as Fig. S1-S6.

Synthesis of N-(2-((2-butyl-1,3-dioxo-2,3-dihydro-1H-benzo
[delisoquinolin-6-yl)amino)ethyl)-1-hydroxy-2-naphthamide,
NPOH. A mixture of 1-hydroxy-2-naphthoic acid (0.3 g,
1.6 mmol) and HATU (0.7 g, 1.9 mmol) in pyridine (10 mL)
was stirred at 0 °C for 30 min. Further, compound 3 (0.5 g,
1.6 mmol) was added to the reaction mixture, and stirring was
carried out at room temperature. After completion of the reac-
tion (24 h), the reaction mixture was poured into water and
extracted with chloroform (3 x 100 mL). The organic layer was
dried over anhydrous sodium sulfate and concentrated under
reduced pressure. The crude product thus obtained was
washed with methanol to get the pure product, NPOH. Yellow
solid; 87% yield; m.p. (°C) = 390-394; 'H NMR (500 MHz,
DMSO-dg) 6§ ppm: 14.46 (s, 1H, -OH), 9.22 (s, 1H, -NH amide),
8.65 (d, 1H, Ar-H, J = 8.0 Hz), 8.44 (d, 1H, Ar-H, J = 6.95 Hz),
8.31-8.26 (m, 2H, Ar-H), 7.95 (s, 1H, -NH), 7.86 (d, 1H, Ar-H, J
= 8.1 Hz), 7.83 (d, 1H, Ar-H, J = 8.9 Hz), 7.70 (t, 1H, Ar-H, J; =
7.95 Hz, J, = 7.75 Hz), 7.63 (t, 1H, Ar-H, J; = 7.0 Hz, J, = 7.55
Hz), 7.55 (t, 1H, Ar-H, J, = 7.5 Hz, J, = 7.3 Hz), 7.38 (d, 1H, Ar-
H, J = 10.75 Hz), 6.96 (d, 1H, Ar-H, J = 8.6 Hz), 4.01 (t, 2H,
-CH,, J; = 7.35 Hz, J, = 7.45 Hz), 3.68 (s, 4H, 2 x -CH,),
1.62-1.56 (m, 2H, -CH,), 1.37-1.30 (m, 2H, -CH,), 0.92 (t, 3H,
-CHj, J; = 7.35 Hz, J, = 7.4 Hz); "*C NMR (500 MHz, DMSO-d)
5 ppm: 170.81, 163.61, 162.79, 150.43, 135.71, 134.01, 129.30,
128.71, 128.36, 127.32, 125.62, 124.29, 122.91, 121.91, 120.14,
107.89, 106.93, 103.68, 29.71, 19.71, 13.63; FT-IR (cm™): 3461
(Yo-n str)y 3334 (Unt str), 3038 (Ven str., arOMatic), 2933 (v—c_y
str.)y 2840 (Vc-p s, aliphatic), 1755 (Vc—o str), 1657 (Ve—n str.)s
1344 (Vcn «r.); HRMS: m/z calculated for C,oH,,N30, [M'] =
481.55, found = 482.20 [M + H']. "H NMR, *C NMR, FT-IR and
HR-MS spectra of NPOH have been displayed in Fig. S7-510.

2.4. Synthesis of NPOH@PF127

A mixture of NPOH (2 mg) and PF127 (80 mg) in 10 mL DCM
was sonicated for 20 min, followed by solvent evaporation
under reduced pressure. The product so obtained was dried in
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Fig. 1 Protocol for the synthesis of NPOH@PF127.

a desiccator for 12 h, hydrated with 10 mL deionized water
and sonicated for 20 min (Fig. 1). The solution was then fil-
tered through a 0.2 pm filter to remove unloaded NPOH.?” The
NPOH@PF127 dispersed in HEPES buffer (10 mM, pH = 7.0)
or freeze-dried solid was used for further characterization and
application. HEPES buffer, which is effective in providing
stable conditions in the near neutral pH range (7.0-7.2), was
selected owing to its non-toxic nature, robust pH stability at
working concentrations and chemically inert environment. In
contrast to PBS, HEPES exhibits markedly lower ionic inter-
ference, minimal background fluorescence and enhanced
nanomaterial stability, thereby offering clear advantages for
sensitive optical and nanomaterial-based sensing.**>°

2.5. Preparation of samples

A 0.01 M stock solution of NPOH in DMSO and 0.01 M stock
solutions of CPS methyl, glufosinate, glyphosate, imidacloprid,
malathion, paraquat, and thiamethoxam were prepared in
EtOH. 0.1 M stock solutions of DCP, DCNP, triphosgene and
tetrabutylammonium salts of anions (HSO,™, ClO,~, H,PO,",
S0,>7, F~, CI7, Br, and I") were prepared using ACN. 5 mM
stock solutions of food dyes (erythrosine B, Allura red, amar-

RSC Appl. Polym.

anth, methylene blue, methyl orange), 0.1 M stock solutions of
metal ions (Cd**, Co**, Mn**, Pb**, and Cr’"), sugars (glucose,
sucrose, lactose, and maltose), citric acid and ascorbic acid
were prepared in deionized water. Aliquots of these analytes
were added to the 2 mL solution of NPOH@PF127, and spec-
troscopic scans were recorded.

2.6. Real sample analysis

To evaluate the practical utility of the proposed sensor
NPOH@PF127, it was utilized for the detection of CPS methyl
and erythrosine B in grape juice and watermelon juice. The juice
was extracted from the pulp of fresh grapes and watermelon
samples, followed by centrifugation to remove the coarse pulp
and insoluble matter. The juices were then diluted 10 times with
deionized water to reduce matrix complexity, decrease viscosity
and minimise interference from endogenous pigments and poly-
phenols. The diluted samples were then adjusted to pH 7.0 to
match the optimised sensing conditions of NPOH@PF127 and
subsequently filtered through a 0.22 pm membrane to eliminate
residual particulates. The filtered grape and watermelon juice
samples were spiked with CPS methyl (50, 800, 1500 uM) and
erythrosine B (4, 15, 60 pM), respectively. Then, 50 pL aliquots of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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these samples were used for further analysis. Background fluo-
rescence was evaluated using unspiked juice blanks, which
showed negligible emission in the detection window of
NPOH@PF127, indicating that endogenous juice components
did not interfere with the probe’s fluorescence response. These
steps ensured efficient suppression of matrix effects and
enabled reliable quantification of CPS methyl and erythrosine B
in fruit juice samples. To calculate percent recovery values, the
following formula was used.

Recovery (%) = (Intensity of emission peak in the real sample
medium/intensity of emission peak in
deionized water) x 100

3. Results and discussion

3.1. Characterization of NPOH@PF127

The dimensions and morphological features of NPOH@PF127
were examined using DLS and HRTEM techniques. From DLS
results (Fig. S11), the hydrodynamic radius of NPOH@PF127
was found to be 24.24 nm. HRTEM images (inset (Fig. 2b))
clearly showed the NPOH molecules encapsulated inside the
core of spherical micelles formed by the PF127 polymer. The
average particle size of the prepared binary ensemble was
determined from the HRTEM micrograph (Fig. 2a) using
Image] software and was found to be 11.05 + 2.21 nm, along
with the presence of lattice fringes of 0.33 nm over its surface
(Fig. 2c). The particles appeared to be monodispersed and
spherical in shape, showing no visible agglomeration. Particle
diameters were measured from the HRTEM images using
Image] software, where the scale bar was used to calibrate the
pixel-to-nanometer conversion and the diameters of 24 indi-
vidual particles were averaged to obtain the mean particle size
using the following formula:

D=

N
>
=1

Z|=

The observed difference between the sizes obtained from
DLS and TEM measurements may be attributed to the fact that
DLS measures the hydrodynamic diameter of particles in
aqueous solution, including the solvation shell, any adsorbed
PF127 polymer or other surface layers and potential small
aggregates, whereas TEM measures the physical core size after
drying, under high vacuum.”"** The elemental composition of
NPOH@PF127 was determined using EDX analysis (Fig. 2e),
which revealed the presence of C, N and O with the atomic per-
centages of 67.65%, 31.22% and 1.13%, respectively. Further,
elemental mapping results (Fig. 2f-i) also demonstrated the
uniform distribution of all the aforementioned required
elements with carbon, nitrogen and oxygen shown in pink, red
and green colors, respectively.

In the selected-area electron diffraction (SAED) pattern
(Fig. 2d) of NPOH@PF127, diffraction spots were observed,
which gave a hint towards its crystalline nature, which corrobo-
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rated well with XRD results. The highly crystalline nature of
NPOH@PF127 was confirmed by the intense diffraction peaks at
260 = 19.20° and 23.32°, which corresponded to the (220) and
(311) lattice planes of the PEO block in Pluronic F127
(Fig. S12).>® Moreover, it is worth mentioning that the diffracto-
grams of NPOH, PF127 and NPOH@PF127 (Fig. S12) showed
highly crystalline patterns, and the diffractogram of
NPOH®@PF127 was found to be exactly similar to PF127, indicat-
ing complete encapsulation of NPOH inside PF127 micelles.*”**

Further, FT-IR spectra of NPOH, PF127 and NPOH@PF127
were recorded. As shown in Fig. S13a, in the FT-IR spectrum of
NPOH, absorption peaks were observed at 1344, 1657, 1755,
2840, 2933, 3038, 3334 and 3439 cm™', due to stretching
vibrations of C-N, C=N, C=O0, C-H aliphatic, =C-H, C-H aro-
matic, N-H and O-H groups, respectively. In the FT-IR spec-
trum of PF127 (Fig. S13b), characteristic absorption peaks due
to stretching vibrations of C-O, C-O-C, C-H-C and C-H
appeared at 1101, 1279, 1458 and 2878 cm ™", respectively, and
the absorption peak due to bending vibrations of O-H
appeared at 1342 cm™'. From the comparison of the FT-IR
spectra of NPOH, PF127 and NPOH@PF127 (Fig. S13), it was
found that the FT-IR spectrum of NPOH@PF127 is similar to
that of free PF127, indicating that NPOH molecules are encap-
sulated in the hydrophobic core of PF127 micelles through
physical interactions.>*

To further explore the chemical composition of NPOH and
NPOH®@PF127, their XPS spectra were obtained. As shown in
Fig. 3a and e, signals corresponding to binding energies of C
1s, N 1s and O 1s were observed in the survey spectra of both
NPOH and NPOH@PF127. In the high-resolution deconvoluted
XPS spectrum of C 1s of NPOH (Fig. 3b), binding energy peaks
at 284.68, 286.26 and 288.76 eV confirmed the presence of C-
C/C=C, C-0/C-N and C=O, respectively.>®> The presence of
NH in NPOH was ascertained by the presence of the binding
energy peak at 399.62 eV (Fig. 3c) in the core level spectra of N
1s.>® The high-resolution spectra of O 1s of NPOH (Fig. 3d) dis-
played a binding energy peak at 532.53 eV corresponding to C-
OH.> Similar peaks were observed in the high-resolution
deconvoluted spectra of C 1s, N 1s and O 1s of NPOH@PF127
(Fig. 3f-h) except for the disappearance of the binding energy
peak corresponding to C=0, which may be due to its involve-
ment in interaction with PF127. Moreover, considerable differ-
ences in the intensity of binding energy peaks of C-O/C-N, N-
H, and C-OH in NPOH and NPOH®@PF127 also pointed to
their involvement in chemical interactions between NPOH and
NPOH@PF127.°°

Further, from XPS analysis, the elemental composition of
NPOH was found to be C (85.5%), N (0.67%) and O (13.83%),
whereas NPOH@PF127 displayed C (83.7%), N (0.2%) and O
(16.1%). Thus, the encapsulation of NPOH in PF127 micelles
increased the content of surface atomic oxygen from 13.83%
to 16.1%, indicating enrichment of the ether (-C-O-) groups
of PF127 at the outermost surface. Decrement in the atomic
nitrogen percentage from 0.67% to 0.2% pointed towards the
encapsulation of nitrogen-containing NPOH within the hydro-
phobic core of micelles formed by PF127.
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Fig. 2 (a—c) HRTEM images, (d) SAED pattern, (e) EDX spectra, and (f-i) elemental mapping of NPOH@PF127; inset (a): size distribution graphs of

the counts obtained from the HRTEM image (a); inset (b): HRTEM image of a single particle of NPOH@PF127.

To evaluate thermal stability and confirm the formation of
the binary ensemble NPOH@PF127, comparison of TGA, DTG
and DSC curves of NPOH, PF127 and NPOH@PF127 was
carried out (Fig. S14). As shown in Fig. S14a, in the case of

RSC Appl. Polym.

NPOH®@PF127, a weight loss of 11.18% occurred in the temp-
erature range of 30-313 °C, while for PF127 and NPOH, the
weight loss was found to be only 2.15% and 0.53%, respect-
ively. In the temperature range of 313-800 °C, the weight loss

© 2026 The Author(s). Published by the Royal Society of Chemistry
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h).

for NPOH, PF127 and NPOH®@PF127 was found to be 108.9%,
97.01% and 96.76%, respectively, which indicated higher
thermal stability of NPOH@PF127 than the individual com-
ponents.®” From the DTG curves (Fig. S14b), maximum weight

© 2026 The Author(s). Published by the Royal Society of Chemistry

loss in the case of NPOH, PF127 and NPOH@PF127 occurred

at 372.21-393.68 °C, 401.85 °C and

406.61 °C, respectively.

Thus, the decomposition temperature of NPOH@PF127 was
found to be higher than both individual components, which
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again indicated higher stability of NPOH@PF127.°® In the DSC
curves (Fig. S14c), endothermic peaks at 303.03 °C, 300.83 °C
and 306.44 °C refer to the temperature at which the dehydra-
tion of NPOH, PF127 and NPOH®@PF127 occurs while the
endothermic peaks at 387.65 °C, 403.03 °C and 410.12 °C indi-
cate their melting temperatures. Thus, amongst all, the
highest melting temperature was observed for NPOH@PF127,
indicating its high stability.”>*° Additionally, the difference in
the thermal stability of NPOH@PF127 in comparison to the
individual components validated the successful formation of
the binary ensemble.

3.2. Optical studies of NPOH and NPOH@PF127

UV-vis and fluorescence spectroscopic techniques were
employed to evaluate the optical properties of NPOH and
NPOH@PF127. The UV-vis absorption spectrum of NPOH
(8 pM) in HEPES buffer (10 mM, pH = 7.0) displayed two
absorption bands, one high-energy band at 357 nm and
another low-energy band at 455 nm (Fig. 4a).°" The absorption
peak at 357 nm was assigned to the = — n* transition of the
aromatic ring, whereas the band observed at 455 nm was
attributed to the intramolecular charge-transfer (ICT) tran-
sition from the aromatic ring to the 1,8-naphthalimide
moiety.®” In aqueous medium, NPOH exhibited comparatively
lower absorption intensity, which can be attributed to exten-
sive hydrogen bonding with water molecules and the for-
mation of n-r stacked aggregates, both of which induce hypo-
chromism and spectral broadening.®*** Upon comparison of
the UV-vis absorption spectrum of NPOH@PF127 (NPOH =
8 uM, PF127 = 12 uM) with NPOH (8 uM) in HEPES buffer
(10 mM, pH = 7.0), it was found that in the case of
NPOH®@PF127, there was considerable enhancement in the
intensity of both the absorption bands, along with their split-
ting in two bands and new bands appeared at 446, 424, 356
and 343 nm (Fig. 4a). This enhancement arises from the
efficient solubilization of NPOH within the hydrophobic core
of PF127, which minimizes water-induced hydrogen bonding
and effective suppression of n—-r aggregation, thereby stabiliz-
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ing NPOH in a monomeric state. The micellar microenvi-
ronment thus facilitates more efficient = — n* electronic tran-
sitions and sharper n — n* features due to reduced polarity
and restricted non-radiative interactions. Overall, the stronger
and Dbetter-defined absorption bands of NPOH@PF127
confirm the successful encapsulation and creation of a more
favorable photophysical environment for the dye.®>°°

To further support the encapsulation of NPOH in polymeric
micelles, fluorescence spectroscopic measurements were
carried out. Upon excitation at 450 nm, NPOH (60 pM) in
HEPES buffer (10 mM, pH = 7.0) showed only faint fluo-
rescence with a low-intensity emission peak at 542 nm, which
might be due to the aggregation-caused quenching (ACQ)
effect of the aggregates of NPOH molecules formed in the
aqueous medium.®’

Meanwhile, in the emission spectrum of NPOH@PF127
(NPOH = 60 pM, PF127 = 90 uM), a blue-shifted (18 nm) and
intense emission peak was observed at 524 nm, indicating its
highly emissive nature (Fig. 4b). This change may be attributed
to changes in the microenvironment and aggregation states
upon the encapsulation of NPOH molecules in polymeric
micelles.®® Upon incorporation into PF127 micelles, the probe
experiences a more ordered and less polar microenvironment
that restricts intermolecular interactions and suppresses aggre-
gation. This microencapsulation effectively isolates individual
NPOH molecules, resulting in sharper absorption features and
enhanced fluorescence intensity. Further, the fluorescence
decay profiles of free NPOH and its binary ensemble
NPOH@PF127 were recorded, and the corresponding decay
curves are presented in Fig. S15. Upon the encapsulation of
NPOH into PF127 micelles, the fluorescence lifetime increased
from 5.45 to 5.53 ns. This slight enhancement may be ascribed
to the more restricted, hydrophobic microenvironment offered
by the micellar core, which shields the fluorophore from exter-
nal quenchers. Such confinement limits rotational and
vibrational freedom, thereby reducing non-radiative relaxation
pathways and resulting in a marginally prolonged excited-state

lifetime.®® Moreover, the synthesized binary ensemble was
500
5 (b)
£ oo ——NPOH
g " NPOH@PF127
g
E 300 1
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2
)
s
= 1001
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(a) UV-vis absorption spectra and (b) fluorescence emission spectra of NPOH and NPOH@PF127.
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found to be highly stable as the UV-vis absorption and fluo-
rescence spectra of NPOH@PF127 did not show any change in
the presence of different concentrations of NaCl (20 pM to
200 pM) and at different time intervals (15 min to 8 h), as
shown in Fig. S16 and S17.

3.3. Detection of CPS methyl using NPOH@PF127

The synthesized binary ensemble NPOH@PF127 was utilized
for the detection of perilous CPS methyl using optical spectro-
scopic techniques. As already discussed, NPOH@PF127 dis-
played absorption bands at 446, 424, 356 and 343 nm in the
UV-vis absorption spectrum. Upon the addition of 100 eq. of
CPS methyl to the solution of NPOH@PF127 (NPOH = 8 uM,
PF127 = 12 pM) in HEPES buffer (10 mM, pH = 7.0), no
notable change was observed in the absorption spectrum of
NPOH@PF127 (Fig. S18). Further, UV-vis titrations of
NPOH@PF127 were performed with the progressive addition
of increasing concentrations of CPS methyl, and the corres-
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== NPOH@PF127 + CPS methyl
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Fig. 5 Fluorescence emission spectrum of NPOH@PF127 in the pres-
ence of CPS methyl.
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Fig. 6
524 and 507 nm versus the concentration of added CPS methyl.
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ponding spectral changes are presented in Fig. S19. However,
not much change was observed in the UV-vis spectrum of
NPOH®@PF127 even after the addition of 300 eq. of CPS
methyl.

In the emission spectrum, the emission peak at 524 nm
due to NPOH@PF127 was blue-shifted to 507 nm, along with a
significant enhancement in intensity upon the addition of 100
eq. of CPS methyl to the solution of NPOH@PF127 (NPOH =
20 pM, PF127 = 30 uM) in HEPES buffer (10 mM, pH = 7.0)
(Fig. 5). Further, to analyze the quantitative sensitivity of
NPOH®@PF127 towards CPS methyl, fluorescence spectroscopic
titrations were performed by sequential addition of increasing
amounts of CPS methyl. As shown in Fig. 6, upon incremental
addition of CPS methyl to the solution of NPOH@PF127
(NPOH = 20 pM, PF127 = 30 uM) in HEPES buffer (10 mM, pH
= 7.0), a corresponding enhancement in emission intensity,
along with a blue shift, was observed, and finally, saturation
was observed at 1500 pM of CPS methyl. On applying the
Benesi-Hildebrand equation to the fluorescence spectral titra-
tion data, the binding constant between NPOH@PF127 and
CPS methyl was calculated to be 7.19 x 10° M™1.%7"7°

The limit of detection (LOD) value of NPOH@PF127
towards CPS methyl calculated using the formula LOD = 3¢/s
(‘o’ is the standard deviation of measurements obtained from
seven blank replicates and ‘s’ is the slope of the standard cali-
bration curve of fluorescence spectral titration data) was found
to be 1.28 pM.”"”> Moreover, the linear detection range of the
proposed sensor NPOH@PF127 towards CPS methyl was
found to be 4.22-1500 pM, which is defined as the concen-
tration interval extending from the limit of quantification
(LOQ = 3.3 x LOD) up to the point at which the maximum
change in the emission spectrum was observed.

Real samples are complex and contain a variety of other
substances, along with the analyte of interest; therefore, for
any sensing system to be efficient, it should be able to detect a
particular analyte in the presence of various possible interfer-
ents. To check the selectivity of NPOH@PF127 towards CPS
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(a) Fluorescence spectra of NPOH@PF127 at various concentrations of CPS methyl. (b) Plot of the fluorescence intensity of NPOH@PF127 at
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Fig. 7 Fluorescence interference graph of NPOH@PF127 and NPOH@PF127 + CPS methyl in the presence of various possible interferents.

methyl, interference from various other pollutants (glufosi-
nate, glyphosate, imidacloprid, malathion, paraquat, thia-
methoxam, DCP, DCNP, triphosgene, Cd**, Mn**, Pb**, Co™",
cr**, ¥, CI7, Br, I, ClO,~, H,PO,~, HSO,™ and SO,*”) was
assessed by observing changes in the emission spectrum of
NPOH®@PF127 in the presence of the aforementioned possible
interferents both in the presence and absence of CPS methyl.
Fig. 7 reveals that none of the interferents caused discernible
changes in the emission spectrum of NPOH@PF127, indicat-
ing the high selectivity of NPOH@PF127 towards CPS methyl.

3.4. Detection of erythrosine B using NPOH@PF127

UV-vis and fluorescence spectroscopic techniques were utilized
to evaluate the sensing potential of NPOH@PF127 towards ery-
throsine B. The addition of erythrosine B to the solution of
NPOH@PF127 (NPOH = 8 puM, PF127 = 12 pM) in HEPES
buffer (10 mM, pH = 7.0) led to the enhancement in intensity
of absorption bands at 446, 424, 356 and 343 nm and a new
band appeared around 525 nm due to the own absorption of
erythrosine B (Fig. S$20). Further, UV-vis titrations of
NPOH@PF127 were carried out with increasing amounts of
erythrosine B, and the results are displayed in Fig. S21. In the
emission spectrum, significant quenching in emission inten-
sity at 524 nm, along with appearance of new peak at 567 nm
corresponding to the emission of erythrosine B itself, was
observed upon the addition of erythrosine B to the solution of
NPOH@PF127 (NPOH = 60 puM, PF127 = 90 uM) in HEPES
buffer (10 mM, pH = 7.0) (Fig. 8). Further, the emission spec-
trum of NPOH®@PF127 was recorded with continual addition
of rising concentrations of erythrosine B. Continuous addition
of erythrosine B to the solution of NPOH@PF127 led to a
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Fig. 8 Emission spectrum of NPOH@PF127 in the presence of erythro-
sine B; inset: fluorescence color change of NPOH@PF127 in the pres-
ence of erythrosine B.

gradual decrease in emission intensity and finally saturation
was observed at 138 pM of erythrosine B (Fig. 9).

The Benesi-Hildebrand equation®’”’° was applied to fluo-
rescence spectral titration data to calculate the binding con-
stant between NPOH@PF127, which was found to be 5.06 x
10* M~ The LOD value and linear detection range of
NPOH®@PF127 towards erythrosine B were determined to be
0.18 uM and 0.59-138 uM, respectively.”"”>

To ensure the applicability of NPOH@PF127 in real
samples, the selectivity of NPOH@PF127 towards erythrosine
B in the presence of various possible interferents needs to be
assessed. Therefore, anti-interference experiments were con-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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at 524 nm versus the concentration of added erythrosine B.

ducted to evaluate the sensing potential of NPOH@PF127
towards other food dyes, food additives, various metal ions
and anions. Consequently, emission spectra of NPOH@PF127
in the presence of food dyes (Allura red, amaranth, methylene
blue, methyl orange), food additives (glucose, sucrose,
maltose, lactose, citric acid, ascorbic acid), metal ions (Cd2+,
Mn**, Pb**, Co®*, and Cr*") and anions (F~, CI-, Br~, I, ClO,",
H,PO, , HSO, , and SO427) were recorded both in the absence
and presence of erythrosine B (Fig. 10). None of these interfer-
ents interfered in the sensing of erythrosine B as indicated by
no noticeable changes in the emission spectrum of
NPOH®@PF127 and NPOH@PF127 + erythrosine B in the pres-
ence of these interferents. Thus, anti-interference experiments
revealed the highly selective nature of NPOH@PF127 towards
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(a) Fluorescence spectra of NPOH@PF127 at various concentrations of erythrosine B. (b) Plot of the fluorescence intensity of NPOH@PF127

erythrosine B and indicate its effectiveness in real-world
samples.

3.5. Mechanism

As already discussed, a significant enhancement in the emis-
sion intensity of NPOH@PF127 was observed in the presence
of CPS methyl. To understand the mechanism of interaction
between NPOH@PF127 and CPS methyl, FT-IR spectroscopy
was utilized. However, the FT-IR spectrum of NPOH@PF127 +
CPS methyl was found to be quite similar to that of
NPOH®@PF127, indicating that no chemical interaction
occurred on the surface of NPOH@PF127 micelles (Fig. 522).
Thus, the molecular interactions between NPOH@PF127 and
CPS methyl, causing changes in the emission spectrum of
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Fig. 10 Fluorescence interference graph of NPOH@PF127 and NPOH@PF127 + erythrosine B in the presence of various possible interferents.
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Fig. 11 Illustration of the plausible detection mechanism of CPS methyl and erythrosine B by NPOH@PF127.

NPOH@PF127 in the presence of CPS methyl, must have
occurred within the micelles, involving NPOH and CPS methyl.
Inside the polymeric micelles, oxygen atoms of CPS methyl
might have interacted with the -NH and -OH hydrogens of
NPOH via hydrogen bonding, which is supported by the
observed increase in intensity and slight shift in the FT-IR
bands corresponding to the O-H and N-H functional groups
of NPOH upon the addition of CPS methyl (Fig. $23, Fig. 11).
Enhancement observed in the emission spectrum of
NPOH®@PF127 in the presence of CPS methyl may be attribu-
ted to the hydrogen bonding-induced rigidity, leading to a
reduction in the non-radiative decay and improved micellar
microenvironment around NPOH.”*"7®

In the presence of erythrosine B, significant quenching was
observed in the emission spectrum of NPOH@PF127. Usually,
three types of mechanisms are considered responsible that
cause quenching in the emission spectrum, including mole-
cular interactions, inner filter effect (IFE) and fluorescence
resonance energy transfer (FRET).®””® To gain insights into
the molecular interactions between NPOH@PF127 and ery-
throsine B, the FT-IR spectrum of NPOH@PF127 + erythrosine
B was compared with the FT-IR spectrum of NPOH@PF127
alone, and it was found that both FT-IR spectra were comple-
tely identical; thus, no information about molecular inter-
actions could be extracted with the help of FT-IR spectroscopy.
Further, in FRET and IFE processes, upon excitation, the
donor fluorophore exchanges energy with the acceptor
chromophore with the same energy in resonance. For the
FRET process to occur, the main criterion is the significant
overlap between the emission spectrum of the fluorophore and
the absorption spectrum of the acceptor.”® In the present case,
significant overlap exists between the emission spectrum of
NPOH®@PF127 and the absorption spectrum of erythrosine B
(Fig. S24), which is an ideal condition for the FRET mecha-
nism to occur; thus the FRET mechanism might be held
responsible for the quenching observed in the emission inten-

RSC Appl. Polym.

sity of NPOH@PF127 in the presence of erythrosine B. To vali-
date the proposed mechanism, the fluorescence decay curves
of NPOH@PF127 and NPOH@PF127 + erythrosine B were
recorded, and the results are presented in Fig. S25. A signifi-
cant decrease in the fluorescence lifetime of NPOH@PF127
from 5.53 ns to 1.98 ns in the presence of erythrosine B con-
firmed the occurrence of a FRET mechanism responsible for
the observed quenching in fluorescence intensity.”” Other
reasons responsible for the observed quenching in the emis-
sion intensity of NPOH@PF127 in the presence of erythrosine
B may include heavy-atom-induced intersystem crossing (ISC)
due to the presence of four iodine atoms in erythrosine B and
possible electron transfer, all of which create highly efficient
non-radiative decay pathways.”®”°

Further, as shown in Fig. 3, S26 & S27, the difference in the
intensity of the binding energy peaks corresponding to C-
C/C=C, C-0/C-N, N-H and C-OH indicated that these func-
tional groups in NPOH@PF127 might have chemically inter-
acted with CPS methyl.*® Moreover, the presence of various
functional groups corresponding to CPS methyl and erythro-
sine B in XPS (Fig. S26 & S27) and EDX spectra (Fig. S28) of
NPOH®@PF127 + CPS methyl and NPOH@PF127 + erythrosine
B also supported chemical interactions among NPOH@PF127
and both analytes.

4. Analysis of real samples

Fluorescence spectroscopy was utilized for the detection of
CPS methyl and erythrosine B in grape and watermelon juices
using NPOH@PF127. Samples of grape and watermelon juices
were prepared as per the procedure mentioned in the experi-
mental section. The results of CPS methyl spiked (50, 800,
1500 pM) in grape juice and erythrosine B spiked (4, 15,
60 uM) in watermelon juice are displayed in Tables 1 and 2,
respectively. For both samples, analysis was carried out in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Determination of CPS methyl in grape juice using NPOH@PF127
Found (uM) Recovery (%)
Sample name Added (uM) R1 R2 R3 R1 R2 R3 SD (M) RSD (%)
Grape juice 50 51.5 48.0 52.15 103.0 96.0 104.3 2.23 4.41
800 805.6 808.0 816.0 100.7 101.0 102.0 5.45 0.67
1500 1510.4 1513.5 1515.0 100.69 100.9 101.0 2.37 0.15
Table 2 Determination of erythrosine B in watermelon juice using NPOH@PF127
Found (uM) Recovery (%)
Sample name Added (uM) R1 R2 R3 R1 R2 R3 SD (uM) RSD (%)
Watermelon juice 5 5.1 4.8 5.3 102.0 96.62 105.0 0.21 4.20
15 16.3 16.1 16.5 109.0 107.0 110.0 0.23 1.41
60 65.3 60.4 60.2 108.8 100.7 100.4 2.86 4.61

triplicate, and excellent recoveries in the range of 96 to 110%
were obtained with RSD values less than 5%. The standard
deviation (SD) values calculated from the concentrations of
analytes found in grape juice and watermelon juice are also
displayed in Tables 1 and 2, respectively.

5. Comparison of the present sensor
system, NPOH@PF127, with other
reported sensors for CPS methyl and
erythrosine B

The performance of the present sensor system, NPOH@PF127,
was compared with other reported sensors in terms of the
method of detection, concentration range, and LOD values for
the sensing of CPS methyl and erythrosine B, and the results
are summarized in Table S1. Compared to these literature
reports, the present sensor system, NPOH@PF127, exhibited
superior performance in terms of higher sensitivity for erythro-
sine B, enabled simultaneous detection of two analytes and
wide detection window in terms of concentration.

6. Conclusion

In summary, we present a novel amide-functionalized NPOH
fluorophore and its PF127-based micellar ensemble. The devel-
oped binary ensemble, NPOH@PF127, exhibited enhanced
aqueous solubility and distinct fluorescence responsiveness.
The probe shows clear spectral modulation toward CPS methyl
and erythrosine B, governed by specific interaction pathways
and FRET-assisted signalling, enabling reliable performance
in real food matrices. The principal novelty of this work lies in
encapsulating a 1,8-naphthalimide-derived amide sensor
(NPOH) within a biocompatible micellar carrier (PF127) to
achieve efficient signalling behaviour in aqueous media.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Owing to its modular design, photostability and favourable
dispersibility, the NPOH@PF127 platform holds strong poten-
tial for future translation into practical formats, such as porta-
ble fluorescence strips, microfluidic sensing chips, and con-
tinuous monitoring setups for quality control environments in
the food and beverage sector.
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