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4-Nitrophenol (4-NP) is a toxic, persistent, and carcinogenic pollutant, classified by the U.S. EPA as a primary
contaminant. Commonly released by the pharmaceutical industry, it poses serious health risks, damaging
the liver, kidneys, central nervous system, and bloodstream, highlighting the need for eco-friendly
detection methods. To solve the difficulty of 4-NP detection, the work offers a unique and sustainable
detection approach based on nitrogen and chlorine co-functionalized carbon quantum dots (S-CQDs).
The hydrothermal approach was used for the synthesis, with sucrose serving as a carbon precursor and
a deep eutectic solvent (DES) composed of urea and choline chloride in a 1:2 molar ratio. The
nanosensor exhibited strong green fluorescence, excellent water solubility, photostability and ~56%.
Quantum yield. HRTEM revealed spherical and monodispersed S-CQDs that averaged 3.06 nm in size.
FTIR and XPS investigations revealed amino, hydroxyl, carboxyl, and chlorine groups on the surface of S-
CQDs, XRD, UV-vis spectroscopy,
fluorescence spectroscopy, and TCSPC were used for further characterization. For 4-nitrophenol (4-NP),

confirming intrinsic nitrogen and chlorine functionalization.

the nanoprobe demonstrated excellent sensitivity and selectivity with a detection limit of 10 nM. An inner

filter effect (IFE) associated with a zwitterionic spirocyclic Meisenheimer complex was confirmed by

mechanistic investigations because of spectrum overlap and unaltered lifespan values. To further
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Accepted 4th June 2025 elucidate the sensing process, photophysical metrics like binding constants and quenching efficiency

were also assessed. This work paves the way for developing a sensitive, green fluorescent nanosensor
DOI: 10.1039/d5ra00824g for a rapid, cost-effective and environmentally friendly approach as well as on-site detection of 4-NP,

rsc.li/rsc-advances offering a promising tool for pollution monitoring and control for environmental water samples.

1. Introduction
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Hazardous organic pollutants such as 4-nitrophenol (4-NP) are
released into the environment as a result of industrial and
agricultural operations. 4-NP is dangerous and difficult to
detect, even at low quantities. It is utilized in the manufacturing
of leather goods, pigments, and medications. 4-NP can damage
aquatic life, disturb microbial ecosystems, induce cancer in
animals, and put humans in a coma or poison them even at low
concentrations. The U.S. EPA restricts its content in drinking
water to 0.43 pM L™ " because of its toxicity and environmental
persistence. Thus, it is crucial to create a sensitive and precise
technique for identifying 4-NP.**

In the realm of nanotechnology, carbon quantum dots

t Electronic supplementary information (ESI) available: Fig. S1 displays
schematic representation of interactions between choline chloride and urea to
form deep eutectic solvent (DES), schematic representation of synthetic protocol
of DES from choline chloride and urea. Fig. S2 depicts energy dispersive
spectroscopy (EDS) spectrum of S-CQDs demonstrating the presence of
numerous elements on S-CQDs surface. Fig. S3 depicts S-CQDs fluorescence
emission spectra for optimization of the reaction time, volume ratio and zeta
potential plot. Fig. S4 displays variation in fluorescence emission of S-CQDs in
the presence of different concentrations of 4-NP (0-3.8 uM) where black arrow
depicts the progressive decrease of fl. Intensity of S-CQDs, the spectra depicting
linear correlation between F, — F/F, and different concentrations of 4-NP (0 to
0.38 pM), (inset) linear correlation between F, — F/F, and some specific

concentrations of 4-NP (0 to 0.56 uM), and fluorescence lifetime decays of
S-CQDs. Fig. S5 depicts interference studies of S-CQDs-4-NP interaction in the
presence of various metal ions, and biomolecules. Fig. S6 displays (a) FTIR
spectra of DES, (b) combined FTIR spectra of DES, S-CQDs and S-CQDs-4-NP
complex. Fig. S7 shows Stern-Volmer plot of S-CQDs in aqueous medium, and
real sample of 4-NP. Fig. S8 displays Benesi-Hildebrand plot of S-CQDs in
aqueous medium, and real sample of 4-NP. Table S2 includes fluorescence
lifetime components of S-CQDs and their respective coefficients along with the
mean fluorescence lifetimes. Table S3 represents implementation of the
synthesized nanosensor for detection of real sample of 4-NP in river water. See
DOI: https://doi.org/10.1039/d5ra00824g
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(CQDs) are very versatile due to their distinct optical, electrical,
and chemical capabilities. These sub-10 nm carbon particles
with crystalline or partially amorphous cores and functional
surface groups outperform standard dyes and semiconductor
quantum dots.>® Their low toxicity, biocompatibility, low cost,
and high photostability make them ideal for use in optoelec-
tronics, energy conversion, photocatalysis, sensing, bio-
imaging, cell labeling, and drug delivery. As a result, CQDs
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have been a fast developing focus of scientific and industrial
research.”

Bottom-up procedures, such as carbonizing glucose, glycol,
ascorbic acid, and other chemicals, are commonly employed to
create luminous carbon dots (C-dots). However, most synthesis
methods include numerous stages, strong acids, and surface
passivation to improve water solubility and luminescence. To
manufacture self-passivated, photoluminescent C-dots,
a simple, one-step, cost-effective method is required. Hydro-
thermal carbonization provides such a process, which is low-
cost, environmentally benign, and nontoxic, and can use
a variety of precursors.®

Deep eutectic solvents (DESs) are novel, environmentally
benign, low-cost, and recyclable solvents with good solubility
and biocompatibility.”'® Because of their rich elemental
composition, they are excellent solvents and doping agents for
the synthesis of doped carbon dots (CDs)."*> DESs are created
by combining hydrogen bond acceptors (HBAs), such as
quaternary ammonium compounds, and hydrogen bond
donors (HBDs), such as acids, alcohols, or amines, resulting in
a eutectic mixture with a lower melting point than the separate
components.”® Changing the HBAs, HBDs, or surface func-
tionalization can affect the CDs' sensing and emission capa-
bilities. Thus, DESs were used in this study for both doping and
solvent functions in CD manufacture.™ Shein et al. discuss the
increasing popularity of DESs in the synthesis, functionaliza-
tion, and use of biomass-derived carbonaceous materials
(BCMs). Overall, using designer DESs to prepare and function-
alize BCMs can help to develop long-lasting and cost-effective
technologies for a variety of applications.”® Wang et al
demonstrated the production of unique dual-functional carbon
dots (N/CI-CDs) in a choline chloride-glycerine deep eutectic
solvent for selective sensing of intracellular pH and cyt-c levels
via cell imaging.'® Tang et al. suggested a novel strategy for the
green production of CDs using DES treatment of lignocellulose
and used it for the metal ions detection, with a detection limit of
191 ppm for Fe**. CDs have also proven to be useful for appli-
cations such as data storage and anti-counterfeit encryption."”
Ten carbon dots were created by Tabaraki et al. using deep
eutectic solvents based on choline chloride. The characteristics
and doping of the CD were found to be controlled by the
hydrogen bond donor's (HBD) molecular structure.'®

There are several methods for synthesizing carbon quantum
dots (CQDs), but employing sucrose, i.e. inexpensive, plentiful,
and biodegradable material as a precursor provides a sustain-
able and cost-effective solution.” Saccharide-based CDs enable
green synthesis and have applications in sensing, photo-
catalysis, and drug administration. Sucrose was chosen for its
substantial amount of carbon (sp® and sp® carbons) and oxygen-
containing functional groups such as hydroxyl, epoxy, and
carbonyl.”*** This work investigates the synthesis, characteris-
tics, and uses of sucrose-derived CQDs. In aqueous solution,
sucrose hydrolyzes to fructose and glucose, which breakdown
into smaller organics such as furfurals and weak acids. These
polymerize following hydrothermal treatment to create
CQDs.>*** Choline chloride (ChCl) & urea are two of the most
extensively researched deep eutectic solvents (DES). Abbott et al.
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discovered that a 1:2 molar ratio of ChCl to urea produces
a eutectic combination with a melting point of 12 °C, which is
substantially lower than the respective melting temperatures of
ChCl (302 °C) and urea (133 °C), making it acceptable as an
ambient temperature solvent.** This DES has demonstrated
outstanding effectiveness in catalytic processes, organic
synthesis, electrochemistry, and nanoparticles generation.>”=**
We produced a green DES using ChCl and urea for the synthesis
of carbon quantum dots (S-CQDs), which were then used as
a nanosensor. Because of their low toxicity, biodegradability,
affordability, and ease of manufacture, DESs are seen as envi-
ronmentally acceptable, long-term alternatives to traditional
solvents. They provide functional groups such as N and Cl to aid
in S-CQD functionalization. Amide linkages in the DES also
help to produce zwitterionic spirocyclic Meisenheimer
complexes (Scheme 2), which promote energy transfer between
S-CQDs and 4-NP, resulting in fluorescence quenching.*>*

Methods for detecting 4-NP include spectrophotometry,
electrochemistry, chromatography, capillary electrophoresis,
chemiluminescence, and fluorescence. However, many of these
techniques are impracticable due to high costs, complex appa-
ratus, time-consuming procedures, and the likelihood of
producing harmful byproducts.***” On the contrary, fluores-
cence spectrophotometry is frequently employed due to its ease
of use, speed, excellent selectivity and sensitivity, and cheap
operational cost.***°

Peng et al. synthesized fluorescent sulfur quantum dots
(SQDs) via top down approach using PEG and sublimed sulfur
powder by stirring in oil bath for 72 h at 70 °C for detecting 4-NP
with LOD 70 nM.* Tu et al. synthesized fluorescent nitrogen
and phosphorus-doped carbon dots (Aa N,P-CDs) from Auricu-
laria auricula via a hydrothermal method for detection of 4-
nitrophenol (4-NP) with limit of detection 198 nM in a linear
range of 0-37.5 uM.** Fang et al. discovered metal Cu-doped
carbon dots (Cu-CDs) via single-step hydrothermal route
(180 °C for 10 hours) as an effective method to detect p-NP with
LOD 80 nM in the linear range of 0.5-50 uM.** Huang et al.
reported the sensitive detection of 4-NP having 0.05 uM detec-
tion limit using cuttlefish ink-based N and S co-doped CQDs.*
Amjadi and Hallaj studied a glucose-derived CQD-Ru(bpy);>"~
Ce(v) chemiluminescence sensor designed for the determina-
tion of 4-NP.** Tian et al. reported synthesis of nitrogen-doped
carbon dots (N-CDs) via hydrothermal method (200 °C for 9
hours) using o-phenylenediamine and dicyandiamine for 4-
nitrophenol (4-NP) over a concentration range of 0.1-39 uM,
corresponding to a detection limit (LOD) of 0.05 uM.** Soni et al.
synthesized triflic acid treated palm shell based carbon
quantum dots for successful 4-NP detection with limit of
detection 0.079 uM with linearity in the range 0.2-0.40 pM.*®
Swain et al. synthesized and developed fluorescent N,S-CDs
from a single natural precursor, the Giloy stem, using a hydro-
thermal technique, as well as an efficient fluorescent/
colorimetric probe for the detection of organic contaminants
congo red and 4-NP.*” Yuan and colleagues have created
a simple, environmentally friendly method for creating lumi-
nous N-CDs by the hydrothermal treatment of readily available,
inexpensive maleic acid and ethylenediamine. The fluorescent
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sensor recognizes 4-NP with good sensitivity and selectivity. The
straightforward, quick, and dependable N-CDs sensor demon-
strates how a CD-based platform may be used in the environ-
mental monitoring industry.*® Qu et al. used natural plant celery
leaves as the starting material and glutathione as a S and N
dopant to produce water-soluble CDs with good fluorescence
qualities via a simple hydrothermal technique. These findings
demonstrated that CDs have the potential to be used as fluo-
rescent probes for detecting 2-NP, 3-NP, and 4-NP in environ-
mental samples due to their rapid reaction, high specificity, and
sensitivity.* Wang et al. created CQDs in a single-step using
citric acid monohydrate as a carbon source and o-phenyl-
enediamine as a surface modification. The developed carbon
dot-imprinted fluorescence sensor encompasses a high 4-NP
quenching efficiency. The results demonstrated that the fluo-
rescence sensor has significant value for recognizing 4-NP in
environmental samples." Bogireddy et al. developed a simple
technique for detecting 4-nitrophenol (4-NP) utilizing highly
luminous nitrogen-doped oxidized carbon dots derived from
citric acid and urea. Fluorescence quenching (switch OFF) with
the addition of tiny quantities of organic pollutant (4-NP) has
been linked to the total reduction of nitrogen-doped oxidized
carbon dots (NOCDs) to reduced nitrogen-doped oxidized
carbon dots (rNOCDs).**

S-CQDs were produced in a single step hydrothermal process
with sucrose as the carbon source and ChCl-urea DES as a green
solvent, N/Cl dopant, and passivating agent. The procedure is
environmentally benign, avoids harsh chemicals, and achieves
ultra-low nanomolar detection limits for 4-NP, exceeding many
previously published methods (as shown in Table 3 and S1t). S-
CQDs feature intense fluorescence, a spherical form, and
excellent water solubility, making them ideal fluorescent
nanoprobes for highly selective and sensitive on-site detection
of 4-NP, a major industrial contaminant. This low-cost, long-
term solution helps to further global water treatment projects
by supporting safe water reuse and a healthier future.**

2. Experimental section

2.1. Materials

To prepare fluorescent S-CQDs sucrose, ascorbic acid (AA), and
glucose were procured from HiMedia and used as obtained.
Sodium citrate, sodium phosphate monobasic, trizma base,
alanine (Ala), arginine (Arg), asparagine (Asn), aspartic acid
(Asp), cysteine (Cys), glutamic acid (Glu), glutamine (Gln),
histidine (His), isoleucine (Ile), leucine (Leu), lysine (Lys),
methionine (Met), threonine (Thr), tryptophan (Trp), tyrosine
(Tyr), valine (Val), were bought from Sigma Aldrich, India, and
were employed without any additional purification. 4-Nitro-
phenol (4-NP), ferric chloride hexahydrate (FeCl;-6H,0), man-
ganese(n) chloride tetrahydrate (MnCl,-3H,0), lead nitrate
[Pb(NO3),], potassium chloride (KCl), cobalt chloride hexahy-
drate (CoCl,-6H,0), nickel(n) chloride hexahydrate (NiCl,-
-6H,0), sodium chloride (NaCl), magnesium chloride
hexahydrate (MgCl,-6H,0), barium chloride dihydrate (BaCl,-
2H,0), sodium hydroxide pallets (NaOH), 3-NP, 2-NP, ferrous
chloride (FeCl,), hydrochloric acid (HCI), mercuric chloride
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(HgCl,), picric acid, glutathione, quinine sulfate were
purchased from Loba Chemie, India and employed without any
additional purification. The pH of the buffers was adjusted with
a pH meter (EUTECH pH/Ion 510) to a final value of (+0.02) at
~24-25 °C. All the investigation has been undertaken using
double-distilled water. The 0.22 uM and 0.02 UM membrane
filters were bought from Merck Millipore and Whatman (GE
Healthcare Life Sciences), respectively. In order to assess the
applicability of the current nanosensor, an experiment was
carried out using real samples from river water. The water
samples were obtained from local river in Patiala, Punjab, India.
After spiking the river water sample with different concentra-
tions 4-NP to the S-CQDs aqueous solution and fluorescence
measurements were recorded at an excitation wavelength of
390 nm.

2.2. Synthesis of deep eutectic solvent (DES)

DES was synthesized from choline chloride (HBA) and urea
(HBD). In a 100 mL beaker, 13.9 g of choline chloride and 12.8 g
of urea were combined in a molar ratio of 1:2 (Fig. S1at). The
mixture was then heated at 80 °C while being continuously
stirred for 30 minutes until a transparent and homogeneous
liquid was formed (Fig. Sibt). The DES solvent was freshly
synthesized every time for S-CQDs preparation and character-
ization and stored at room temperature (~24-25 °C).

2.3. Synthesis of S-CQDs

S-CQDs were synthesised using a hydrothermal synthesis tech-
nique. The sucrose aqueous solution (1 gram in 10 mL double-
distilled water) along with 10 mL DES solution (Choline chlo-
ride and urea in 1: 2) was transferred into an autoclave and the
reaction was set up in a hydrothermal reactor at 200 °C for 2
hours. Carbonization changed the color from transparent to
dark brown, suggesting the development of S-CQDs. After
coming to the room temperature, the solution was centrifuged
at 8000 rpm for 20 minutes and decanted. In order to further
remove larger particles, the decanted solution was filtered via
a 0.22 pm syringe filter and a 0.02 pum membrane filter respec-
tively. The methodology for the synthesis of S-CQDs is depicted
schematically below (Scheme 1). Finally, the brown colored S-
CQDs solution was collected and stored in a refrigerator at 4 °©
C for future experimental investigations. Each time freshly
synthesized S-CQDs were employed for the characterization and
spectroscopic analyses.

2.4. Characterization of S-CQDs

2.4.1. Electron microscopy. High-resolution transmission
electron microscopy (HRTEM) via JEM 2100 plus (JEOL)
equipped with a charge-coupled device (CCD) camera at an
acceleration voltage of 80-200 kV was used to characterize the
synthesised S-CQDs. The samples were made by spreading
a tiny droplet of diluted S-CQDs solution 1:1 (v/v) of S-CQDs
and double distilled water over a copper grid and allowing it
to dry overnight ~12-16 hours at room temperature (~24-25 °
C). To determine the morphology and size of S-CQDs, HRTEM
imaging is performed in a single session since it produces

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of synthetic protocol of S-CQDs from Sucrose.

enough high-resolution images for reliable measurements and
statistical analysis. For statistical analysis of HRTEM images,
Image] and OriginPro 2021 software were used to generate size
distribution histograms of S-CQDs, which were subsequently
fitted with normal distribution curves.

2.4.2. X-ray photoelectron spectroscopy (XPS) and energy
dispersive spectroscopy (EDS). The XPS survey spectra were
collected using an Escalab Xi* X-ray photoelectron spectrometer
from Thermo Fisher Scientific (USA). XPS is performed in single
session. The spectra were first baseline corrected, and then the
peaks were identified using the peak analyzer feature and
deconvoluted via multiple peak-fitting employing the Gaussian
function, both of which are included in the OriginPro 2021
software. The deconvoluted peaks were best fit using a correla-
tion coefficient (R?) of 0.99. The energy-dispersive spectroscopy
(EDS) of S-CQDs was measured using the Bruker QUANTAX 200
from ZEISS Sigma.

2.4.3. Grazing-incidence X-ray diffraction (GIXRD). S-CQDs
diffraction pattern was captured on Rigaku SmartLab with a 26
angular range of 10-90°. The scan pace was 3.02 degrees/
minute, and the scan resolution was 0.0001 degrees. Three
replicates were performed for the experiment.

2.4.4. Attenuated total reflectance fourier-transform IR
(ATR FT-IR) spectroscopy. The ATR-FTIR spectra of the S-CQDs
were acquired using an IRTracer-100 spectrophotometer (Shi-
madzu) equipped with the QATRTM  single-reflection
integration-type ATR accessory, comprising a diamond crystal,
and an air-cooled DLATGS detector. A resolution of 2 cm ™" was
preserved while capturing all spectra in transmittance mode.
The final spectrum was an average of 100 scans. Before putting
a sample drop on the crystal, methanol was used to clean the
surface and background scan with 100 accumulations was run
prior to recording spectrum. 10 uL sample drop was utilized to
acquire spectra within the range 400-4000 cm™'. The

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

experiment was performed thrice and the spectral data was
replotted using OriginPro 2021.

2.4.5. UV-visible spectroscopy and zeta potential ()
measurements. The UV-vis absorption spectra of S-CQD
aqueous solutions were obtained using a quartz cuvette
having a path length of 1 cm using a UV-vis spectrophotometer
(Shimadzu, RF-2600). To record the absorbance, 100 pL of the S-
CQDs solution was added in double-distilled water to a total
volume of 3 mL. The S-CQDs zeta potential was measured using
a Brookhaven 90 Plus zeta potential analyzer. Three replicates
were carried out for both techniques.

2.4.6. Preparation of S-CQDs sample for fluorescence
studies. 30 pL of the synthesised S-CQDs was added to 2.47 mL
of double-distilled water to achieve a total amount of 2.5 mL.
During the fluorescence emission measurements, the volume of
S-CQDs was held constant while the concentration of 4-nitro-
phenol (4-NP) varied (0-3.8 uM) with an excitation wavelength
of 390 nm.

2.4.7. Steady state fluorescence spectroscopy. The Shi-
madzu RF-6000 spectrofluorometer was used to acquire the
fluorescence spectra of S-CQDs. S-CQD fluorescence spectra was
collected at Aex = 390 nm with a scan range of 392-680 nm.
Emission and excitation bandwidths were set at 5 and 10 nm
respectively. Further to determine the limit of detection,
binding constant, and Stern-Volmer quenching constant (Ks_v),
the emission intensities were fitted using a linear equation
found in the OriginPro 2021 as indicated below:

y=a+bx (1)

The fluorescence intensity ratio, or F/F, is represented by the
variable y, where the parameters “F,” and “F” denote the fluo-
rescence intensity in the presence and absence of 4-NP,
respectively. The intercept is denoted by “a,” the slope by “b,”

RSC Adv, 2025, 15, 19884-19898 | 19887
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and the quencher concentration (4-NP) by “x”. Every steady-
state fluorescence experiment was repeated at least three
times. Error bars represent standard error of measurements
obtained from three independent experiments. All the steady
state fluorescence experiments were repeated three times.

2.4.8. Photoluminescence  quantum yield (PLQY)
measurements. The photoluminescence quantum yield (PLQY)
of S-CQDs was determined using quinine sulphate in 0.1 M
H,S0, as a standard reference solution (quantum yield 0.546).>>
The following equation was used to determine the PLQY
values:>

(Abs)y 7 2
(Abs)g < me? )

As
bs = Pr X A_RX

The parameters ‘¢’ and ‘¢y’ reflect the sample's (S-CQDs)
and reference solution's (quinine sulphate) fluorescence
quantum yields, respectively. The subscripts ‘S’ and ‘R’ repre-
sent the corresponding parameters for the S-CQDs (sample) and
quinine sulphate (reference). ‘Abs’ denotes absorbance, ‘A’
indicates the area beneath the fluorescence emission, and ‘n’
indicates the refractive index of the solvent (1.333 for water).

2.4.9. Time-resolved fluorescence spectroscopy. Time-
resolved fluorescence emission decays were measured using
a time correlated single photon counting (TCSPC) fluorometer
equipment using the modular fluorescence lifetime system
(DeltaFlex, HORIBA Scientific). The excitation source used was
a 340 nm nano-LED pulse diode. The instrument response
function (IRF) was measured utilizing a LUDOX®TMA colloidal
silica, 34 wt% suspension in distilled water (Sigma-Aldrich),
and the full-width at half-maximum (FWHM) was approxi-
mated to be about 200 ps. An emission monochromator was set
at a fixed wavelength of 430 nm, with a bandpass of 16 nm.

For fluorescence lifetime measurements, the emission
polarizer was set at the magic angle (54.7°) with respect to the
excitation polarization. The time-resolved lifetime was
measured over a 100-ns decay range, and the time per channel is
0.055 ns. To prevent any sample scattering, a long-pass filter
was placed immediately after the sample. All decays were
recorded at 25 °C and replotted with OriginPro 2021. The
fluorescence emission decays were deconvoluted based on the
instrument response function and then analyzed and fitted
using the given equation.*

1(1) = Zaieﬁ' (3)

where «; and t; represent the contributions and lifetimes,
respectively, of the different lifetime components, I(¢) represent
the fluorescence intensity at time ¢. All data were collected at
25 °C. All the time-resolved fluorescence emission experiments
were repeated three times.

2.4.10. Reproducibility of experimental methods. All
chemicals utilized in this investigation were high purity and
obtained from Loba Chemie, HiMedia and Sigma Aldrich. They
have been used without any extra purification. The pH of the
buffers was adjusted with a pH meter (EUTECH pH/Ion 510) to
a final value of (£0.02) at ~24-25 °C. All the investigation has
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been undertaken using double-distilled water. Each time freshly
synthesized S-CQDs were employed for the characterization and
spectroscopic analyses, demonstrating the reproducible nature
of the synthesis procedure. Although the HRTEM imaging was
performed only once, efforts were made to capture images from
several representative areas containing higher particle pop-
ulations to analyze the particle size distribution. The histogram
plot was subsequently obtained as described in Section 2.4.1.
Further we have characterized the S-CQDs using XPS and EDS
once to confirm the elemental composition and surface
functionalization.

Additionally, GIXRD, zeta potential ({) measurements, and
various spectroscopic techniques involving UV-visible, ATR FT-
IR, steady-state and time-resolved fluorescence measurements
were repeated at least three times each (please see the Experi-
mental section). Error bars in the graphs represent the standard
error of measurements obtained from three independent
experiments.

3. Results and discussion

3.1. Morphological characterization and compositional
analyses of S-CQDs

The morphology and size distribution of the as-prepared S-
CQDs were examined using high-resolution transmission elec-
tron microscopy (HR-TEM). Fig. la displays homogeneous
distribution of S-CQDs (nearly spherical). The histogram
demonstrates a narrow size distribution of S-CQDs in the range
of 1-5.4 nm, with an average diameter of 3.06 nm (Fig. 1a inset)
displaying a strong resemblance to the Gaussian distribution.
Fig. 1b depicts the FTIR spectra of SCQDs. The peak at 3355-
3222 cm™ " is owing to the stretching vibrations of O-H and N-H
functional groups, of S-CQDs wherein the broadening is
attributed to hydrogen bonding.** The S-CQDs hydrophilicity

(b)
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Fig. 1 (a) HR-TEM image of S-CQDs, inset shows particle size distri-
bution histogram plot, (b) XRD spectrum, (c) FTIR spectrum and (d)
energy dispersive spectroscopy (EDS) spectrum of S-CQDs repre-
senting various elements presence on the S-CQDs surface. The table
(inset) displays the percentage composition of each element present in
the S-CQDs.
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and subsequent water dispersibility may be attributed to the
presence of these bonds. The bands at 3034 cm ™", are due to the
stretching of ~C-H. The absorption band at 2112 cm™ ", present
only in S-CQDs, can be referred to as the triple bond stretching
in groups ~-C=C, and -C=N.* The peak at 1624 cm™" is also
due to the N-H bending mode of the amine group coupled with
the C-O. strong feature at 1398 cm ' corresponds to the
symmetric stretches of the carboxylate group.** Band at
1080 cm " were assigned to -C-O stretching.’

Furthermore, energy dispersive X-ray spectroscopy (EDS) is
shown in Fig. S21 showing the presence of various elements like
carbon, nitrogen, oxygen and chlorine in the synthesized S-
CQD. The X-ray diffraction pattern of synthesized S-CQDs is
shown in Fig. 1c. Strong wide diffraction peak was identified
around 26 = 23° was credited to the as-prepared S-CQDs' (002)
graphitic carbon lattice spacing, exhibiting an amorphous
carbon phase on the S-CQDs surface which is in excellent line
with previous literature descriptions.>**°

The interlayer distance (d-spacing) was calculated utilizing
Bragg's equation:

nA = 2dsin 6 (4)

where ‘n’ is a positive integer representing the “order” of
reflection, ‘A’ signifies the incident X-ray wavelength (A = 1.5406
A), and the variable ‘@’ that represents the spacing between the
diffracting planes. The S-CQDs estimated d-spacing value was
0.39, corresponding to the (002) lattice plane.®>** The dissimi-
larity in the interlayer spacing between S-CQDs and bulk
graphite (0.34 nm) indicates that the surface of S-CQDs is highly
adorned with functional groups. Interlayer distance is power-
fully influenced by the existence of the attached hydroxyl,
carbonyl, and carboxylic acid groups. These functional groups
can enhance interlayer distance.®*** The Raman spectrum is
displayed in Fig. 1d. It shows two broad features, corresponding
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to the D (disorder) and G (graphite) bands, respectively, at
1350 ecm™ ' and 1605 cm™". In disordered graphite or glassy
carbon, the D band is generated by the vibrations of carbon
atoms with dangling bonds in the termination plane (A,
vibrational mode), whereas the G band is associated with the
graphite's E,, mode and the vibration of sp*>-bonded carbon
atoms in a two-dimensional hexagonal lattice. Overall, Raman
findings demonstrated the presence of hybridized carbon
defects in S-CQDs, specifically sp®> (D band) and sp® (G
band).*>*® The intensity ratio of the D to G band (Ip/I;) is 0.84,
indicating moderate level of graphitization in S-CQDs.%”

X-ray photoelectron spectroscopy (XPS) is a highly valuable
technique for identifying elements, determining the oxidation
state of a surface, and quantifying precisely the quantity
(percentage) of each element. Fig. 2 displays the deconvoluted
XPS spectra for the C 1s, O 1s, N 1s, and Cl 2p elements, together
with the pie chart distribution and survey spectrum of the
synthesized S-CQDs. The elemental carbon (68%), oxygen
(15.7%), nitrogen (13.3%) and chlorine (2.9%) peaks emerged at
283.3, 530.8, 399.5, and 196.9 eV, respectively (Fig. 2a and
b)."»*”* The C 1s deconvolution spectrum displays distinct
peaks at 283.8, 285.1 and 287.5 which corresponds to the
transitions involving the -C=C/-C-C, -C=N/-C=0, -O-C=0,
respectively (Fig. 2c).*> The deconvolution spectrum of O 1s
displayed two binding energy peaks at 530.5, and 532 eV, owing
to the -C=0 and -C-OH/ -C-O-C groups, respectively
(Fig. 2d)."»* The deconvolution spectra of N 1s revealed two
peaks at 399.3 and 401.8 eV, attributed to the presence of -C-N-
C (pyridine N) and -N-H (pyrrolic N) groups on the S-CQDs
surface, respectively (Fig. 2e)."> The deconvolution spectrum
of CI 2p showed two binding energy peaks at 196, and 197.7 eV,
corresponding to the -C-Cl and -N-Cl groups, respectively
(Fig. 2f).">* The XPS results strongly correlate the conclusions
drawn from the FTIR analysis. Furthermore, the existence of C,
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Fig. 2

Binding energy (eV)
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(a) Pie chart represents exact elemental composition of S-CQDs from XPS analysis, (b) XPS survey spectrum of S-CQDs, (c-f) S-CQDs

deconvoluted XPS spectra shown in an element-specific way i.e. (c) C 1s, (d) O 1s, (e) N 1s, and (f) Cl 2p.
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O, N, and Cl elements in the S-CQDs was also verified using
energy dispersive X-ray spectroscopy (EDS), shown in Fig. S2.1

3.2. Optimization of S-CQDs

To produce a high-performing optical nanosensor with power-
ful photoluminescent (PL) capabilities, it is crucial to fine-tune
the response time, volume, and storage duration of the
synthesized S-CQDs.

3.2.1. Reaction time and volume optimization. It is well-
established that the reaction time influences the photo-
luminescence properties of S-CQDs. S-CQDs were synthesized
with reaction periods ranging from 0.5 hour to 2.5 hours to
determine the best reaction conditions. Our studies revealed
that employing our hydrothermal technique, that entails
a reaction spanning 2 hours at 200 °C, produces the desired S-
CQDs with the most elevated photoluminescence intensity
(Fig. S3aft).

In addition, volume adjustment is necessary for sensing
efficiency as well as achieving the maximal fluorescence inten-
sity of the produced nanoprobe. In order to optimize the
volume, we observed the variations in the emission intensity of
S-CQDs by gradually adding different quantities of aliquots
(ranging from 10 to 60 pL) from the corresponding stock solu-
tion of S-CQDs into double-distilled water. The greatest photo-
luminescence (PL) intensity was observed when 30 pL of S-CQDs
were mixed with 2.47 mL of double-distilled water, as shown in
Fig. S3b.t

3.3. Optical properties of S-CQDs

Furthermore, the as-prepared S-CQDs demonstrate two
discernible absorption bands at approximately 235 nm (7 to 7w*
transition, which corresponds to the C=C group of the

(b)
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Fig. 3 (a) S-CQDs UV-visible absorption spectrum, with an inset
image showing the S-CQDs under visible and UV light illumination, (b)
excitation and emission spectrum of S-CQDs, (c) variations in fluo-
rescence emission spectra of S-CQDs and (d) peak position-normal-
ized fluorescence emission of S-CQDs plainly depicting the spectral
shift, indicated by a dashed red arrow, from 443 nm to 508 nm (Aey:
310 nm to 440 nm).
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potentially localized sp® clusters in carbon quantum dots) and
347 nm (n to v¥) of the nitrogen and oxygen heteroatoms (C=
N/C=0/N=0) present on the surface of S-CQDs as illustrated
in UV-visible spectrum in Fig. 3a.7°7> S-CQDs display a light
brown to the unaided eye and green fluorescence emission
when exposed to UV light at 365 nm (Fig. 3a inset). Further-
more, Fig. 3b displays the S-CQDs' excitation and emission
spectra, having a A, at 341 nm and 455 nm, respectively.

S-CQDs demonstrated excitation wavelength-dependent
emission spectra in aqueous media, with maximum emission
intensity at 455 nm following excitation at 390 nm (Fig. 3c). The
fluorescence emission of S-CQDs arises from the process of
photoinduced charge separation and subsequent entrapment at
the surface, leading to radiative recombination between hole
and electron pairs.” The normalized fluorescence emission of
S-CQDs is depicted in Fig. 3d. The fluorescence emission of S-
CQDs exhibited a notable bathochromic shift of about 64 nm
as the excitation wavelength was adjusted from 310 to 440 nm.
The excitation-dependent emission characteristic of S-CQDs
can be attributed to various factors, including the quantum
confinement effect, zigzag sites, surface defects, aromatic
structure formation on the surface, and non-uniform particle
distribution.>**¢

3.4. Stability of S-CQDs

Further we looked into the stability of S-CQDs by examining the
effects of photo-irradiation, ionic strengths, and pH given its
significance in real-world applications for a good and robust
nanosensor.

S-CQDs exhibited exceptional stability within a pH range of 3
to 12, with minimal fluctuations in fluorescence emission
intensity and no alteration in their emission maxima (Fig. 4a).
Therefore, the synthesized S-CQDs can be effectively utilized as
a versatile and durable pH sensor. The presence of numerous
functional groups on the surface of the S-CQDs in an acidic
environment result in a greater net surface charge (negative),
which causes electrostatic repulsion and amplifies the slight
increase in PL emission.

Additionally, S-CQDs were tested with a 0-1 M NacCl solution
to determine the effect of ionic strength. Varying the ionic
strength of the medium did not significantly alter the PL
intensity or the emission maxima of S-CQDs, indicating that the
nanoprobe is quite stable (Fig. 4b). The S-CQDs exhibit an
intrinsic pH value of approximately 3.2, indicating their acidic
character, likely attributed to the existence of carboxylates. In
addition, the zeta potential value of S-CQDs (—9.37 mV)
confirmed the presence of plenty of negatively charged
components on the surface of S-CQDs (Fig. S3ct).

The fluorescence response of the CDs was examined for the
temperature range of 10 to 90 °C (Fig. 4c), revealing a reduction
in fluorescence with increasing temperature. The results reveal
that S-CQDs have outstanding reversibility and recoverability
across a temperature range of 10 to 90 °C. In other words, the
temperature-dependent fluorescence of S-CQDs does not
permanently degrade the surface fluorescent structures of the
produced nanoprobe. A strong linear correlation (R* = 0.99) was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Fluorescence emission spectra of S-CQDs in agqueous medium at different solution pH (3, 5, 7, 9 12), (b) effect of medium'’s ionic

strength on S-CQDs in the presence of variable concentrations of NaCl (0-200 uM), (c) impact of temperature variation on S-CQDs from 10—
90 °C, (d) F,. Intensity plot as function of temperature (10-90 °C). The red line indicates the linear fit of the data using OriginPro 2023 and R?
denotes the goodness of the fits, and (e) fluorescence emission spectra of S-CQDs in agueous medium at different storage time interval, (f) effect
of photo-irradiation by a xenon arc lamp on the emission of S-CQDs at as a function of time. The error bars show the standard error of

measurements taken from three different experiments.

observed between the temperature and the fluorescence inten-
sity of the S-CQDs (Fig. 4d). Moreover, the peak position of the S-
CQD emission at 445 nm remained constant across various
temperatures. The discernible fall in fluorescence emission on
temperature rise, could be due to CD aggregation or a syner-
gistic interaction between the numerous oxygen-containing
functional groups and hydrogen bonds. The phenomena can
be attributed to the relaxation of photoexcited electrons, which
can occur through radiative relaxation, non-radiative relaxation,
and thermally activated traps on surfaces and impurity states
throughout the heating process, as per earlier publications.”7¢

The emission spectra of S-CQDs were measured at different
time intervals over a period of 122 days, equivalent to 4 months.
Fig. 4e displays the emission spectra of S-CQDs during different
storage periods, revealing no noticeable alterations in the
fluorescence intensity. Hence, the results unambiguously
demonstrated that the synthesized nanoprobe exhibited
exceptional stability in an aqueous solution over an extended
period of time. Indeed, it might be beneficial in numerous
analytical applications.

The photostability of the as-prepared S-CQDs was assessed
by subjecting them to a 150 W xenon-arc lamp for six hours;
however, no notable change in the fluorescence intensity of the
S-CQDs was noted confirming its photostability and resistance
to photobleaching (Fig. 4f).

3.5. Selectivity studies of S-CQDs

The evaluation of selectivity is a crucial factor in the develop-
ment of an innovative nanosensor. To validate the selectivity of
the analytical sensing platform, we observed the variations in
fluorescence intensity of S-CQDs when exposed to various

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

bioactive compounds (Fig. 5a), metal ions and pollutants
(Fig. 5b). A specific concentration of various biomolecules (1
mM) was added to the aqueous solution of S-CQDs. Bioactive
molecules include arginine (Arg), asparagine (Asn), aspartic
acid (Asp), cysteine (Cys), glutamic acid (Glu), glutamine (Gln),
histidine (His), isoleucine (Ile), leucine (Leu), lysine (Lys),
methionine (Met), threonine (Thr), tyrosine (Tyr), and valine
(Val), glutathione (gsh). Furthermore, metal ions and pollutants
includes 4-nitrophenol (4-NP), 3-nitrophenol (3-NP), 2-nitro-
phenol (2-NP), ferric chloride hexahydrate (FeCl;-6H,0), man-
ganese(u) chloride tetrahydrate (MnCl,-3H,0), lead nitrate
[Pb(NO;),], cobalt chloride hexahydrate (CoCl,-6H,0), nickel(u)
chloride hexahydrate (NiCl,-6H,0), magnesium chloride hexa-
hydrate (MgCl,-6H,0), barium chloride dihydrate (BaCl,-2H,-
0), ferrous chloride (FeCl,), mercuric chloride (HgCl,), picric
acid (PA), ammonium chloride (NH,Cl), copper chloride
(CuCly), chromium(um) nitrate Cr(NO;);, sodium arsenite
(Na3AsO,) and thiourea (CH,4N,S). Fig. 5b shows that 4-NP had
the strongest fluorescence quenching of the S-CQDs, although
the PL intensity of the S-CQDs remained practically unaltered
upon addition of the remaining analytes. Therefore, it is infer-
red that our synthesized S-CQDs demonstrated exceptional
selectivity as fluorescent nanosensor for 4-NP detection.

3.6. Plausible sensing mechanism for 4-NP detection

The subsequent titrations of S-CQDs were carried out by adding
different concentrations of 4-NP (0-3.8 uM) in aqueous solution
(Fig. 5¢), and real samples of 4-NP (Fig. S4at). The PL intensity
of S-CQDs decreases progressively on gradual addition of 4-NP.
Subsequently, a calibration curve was constructed by the plot-
ting of fluorescence quenching efficiency (F, — F/F,) against 4-

RSC Adv, 2025, 15, 19884-19898 | 19891
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Fig.5 Selectivity studies of S-CQDs with different (a) biomolecules, and (b) metal ions and pollutants. (c) Variation in fluorescence emission of S-
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the spectra depict linear correlation between Fo — F/Fg and different concentrations of 4-NP (0 to 3.8 uM), (e) the spectra show linear correlation
between Foq — F/Fo and some specific concentrations of 4-NP (0 to 0.56 uM). Every steady-state fluorescence experiment was repeated at least

three times. Error bars represent standard error of measurements obtained from three independent experiments.

NP concentration and a good linear fit was achieved with the
good fit of adjusted R* value of 0.99 as shown in Fig. 5d and
S4b.7 Limit of detection was estimated to be 10.3 nM in aqueous
solution (Fig. 5e), and 11.7 nM in real samples of 4-NP
(Fig. S4cTt), respectively. It should be highlighted that previously
described fluorescent probes for 4-NP were produced using

complicated, time-consuming, and energy-intensive methodol-
ogies. Moreover, S-CQDs exceptional fluorescence stability
improves the analysis method's reliability and reproducibility.
As a result, this study presents a simple, quick, sensitive, and
low-cost technique for 4-NP sensing. There is multiple PL
quenching mechanism which include Forster resonant energy
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Fig. 6 (a) 4-NP absorption spectrum with S-CQD excitation and emission spectrum, (b) fluorescence lifetime decays of S-CQDs, where the
sharp, thin black line represents the instrument response function, the red and magenta lines represent the actual intensity decays in the absence
and presence of RF respectively. The wine and purple lines correspond to fits obtained in the absence and presence of RF, respectively using tri-
exponential function (See egn (3); Experimental section), (c) schematic representation of parameters used in egn (5) i.e. Parker equation, (d) plot
demonstrates the correction factor (CF) with various concentrations of 4-NP, (e) suppressed efficiency (E%) of the corrected (redline, E..,) and
observed (blackline, Eqpsg) fluorescence intensities.
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transfer (FRET), inner filter effect (IFE), and static or dynamic
quenching.®* The precise PL quenching process used by the as-
prepared S-CQDs sensing system was thoroughly investigated.
To investigate the potential fluorescence quenching mecha-
nism of S-CQDs by 4-NP, the spectral overlap between the
absorption spectrum of 4-NP and the fluorescence emission
spectrum of S-CQDs was first considered. The absorption
spectrum of 4-NP and the fluorescence emission spectrum of S-
CQDs clearly overlapped suggesting that Inner filter effect (IFE)
or Fluorescence resonance energy transfer (FRET) might have
contributed to the fluorescence quenching (Fig. 6a).”” In case of
FRET, the probes’ excited state energy transfer was responsible
for the decrease in fluorescence lifespan.”® Fluorescence
quenching may occur with IFE, however the lifetime remains
essentially unaltered.””®" To further confirm the quenching
mechanism, the fluorescence lifetime of S-CQDs in the presence
and absence of 4-NP was measured. As illustrated in Fig. 6b, the
fluorescence lifetime of S-CQDs (t = 2.24 ns) is nearly identical
to that of the S-CQDs-4-NP (t = 2.07 ns) sensing system illus-
trating absence of FRET, similar trend in lifetime values was
observed in case of real sample of 4-NP (Fig. S4dt) confirming
that the interaction happens solely via the IFE. These findings
are consistent with previously published results based on IFE
theory.”

Further FTIR data also shows the interactions. 3320-
3192 cm™ " corresponds to the -NH/-OH stretching vibrations,
peak around 1620 cm ' corresponds to presence of -C=0
stretching/~-NH, bending, peaks around 1430 cm ' and
1081 cm ™! bending vibrations of -CH, and ~CH; groups as seen
clearly in the DES (Choline chloride-urea) FTIR spectra
(Fig. S6at). From literature, it was found that only sucrose
assisted CQDs has hydroxyl, carbonyl and epoxy functional
groups.® Now in our case DES assisted SCQDs showed 3355-
3222 cm™ ' peak owing to the stretching vibrations of O-H and
N-H functional groups, of S-CQDs wherein the broadening is
attributed to hydrogen bonding.>* The S-CQDs hydrophilicity
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and subsequent water dispersibility may be attributed to the
presence of these bonds. The bands at 3034, are due to the
stretching of ~C-H. The absorption band at 2112 cm™", present
only in S-CQDs, can be referred to as the triple bond stretching
in groups -C=C, and -C=N.” The peak at 1624 cm " is also
due to the N-H bending mode of the amine group coupled with
the C-O. strong feature at 1398 cm ' corresponds to the
symmetric stretches of the carboxylate group.’® Band at
1080 cm ™" were assigned to -C-O stretching.”” Fig. S6bT clearly
depicts the FTIR spectra of S-CQDs, DES, complex (S-CQDs-4-
NP), which clearly confirms the impact of DES modified the
surface functionalization of synthesized S-CQDs. Now when
compared in FTIR spectra the peak of S-CQDs and DES with the
FTIR peak of complex (S-CQDs-4NP) we clearly observe the
broadening of peak appeared around 3368-3214 cm™ ', which
clearly confirm that hydrogen bonding interactions between S-
CQDs and the analyte (4-NP) leading to energy transfer and
fluorescence quenching if S-CQDs by 4-NP. (Fig. S67)

To establish the appropriate mechanism between the IFE
and FRET, we tracked the zeta potential values, which are —9.06
and —4.21 mV for S-CQDs and 4-NP, respectively (Fig. S3ct).
Given the fact that they are both negatively charged, it is
unlikely that 4-NP will adsorb on S-CQDs surface via electro-
static interactions which clearly rules out the existence of FRET
quenching mechanism.*® The overlap of 4-NP absorption
spectra with the excitation and emission spectra of S-CQDs
results in a resonant energy transfer process (contact quench-
ing). Because 4-nitrophenolate does not emit fluorescence, only
C-dot fluorescence quenching was seen. The contact quenching
may be achieved through the production of the zwitterionic
spirocyclic Meisenheimer complex (Fig. 4), in which the nega-
tive charge may delocalize over the cyclohexadiene ring while
the nitro group and the positive charge diffused over an imi-
nium group. The nitro group and the cyclohexadiene ring carry
the negative charge, whereas the iminium group carries the
positive charge. Fluorescence quenching results from the

Scheme 2 Potential quenching mechanism of S-CQDs in the presence of 4-NP through formation of the zwitter ionic spirocyclic Meisenheimer

complex.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The different parameters employed to estimate IFE on the fluorescence quenching of S-CQDs by 4-NP

4-NP (HM) Aex Aem CF Fobsd Fcor Eobsd Ecor Fcor/Fcor,()
0 0.034 0.009 10.30 454 260.8 4678241.3 0.00 0.00 1.00

1 0.051 0.01 10.40 430039.3 4511106.4 0.05 0.04 0.96

2 0.065 0.011 10.65 415 299.7 4421695.1 0.09 0.05 0.95

3 0.077 0.013 10.77 400 323.1 733 677.2 0.12 0.08 0.92

4 0.086 0.014 10.88 388196 4221768.9 0.15 0.10 0.90

transfer of energy caused by charge localization (Scheme
2)‘79,80,82
To further verify the hypothesis (IFE), corrections were made
by taking into consideration the cell geometry and absorption
properties of the 4-NPand S-CQDs aqueous solution with eqn (5)
i.e. Parker equation:*
2.3d Ay

Feor — (08 Aem
Fobsd 1 — 10 ex

2.354em
[ — 10+en

(5)

where A.x and A, correspond to the absorbances at the
maximum excitation wavelength (1ex = 390 nm) and maximum
emission wavelength (A., = 455 nm) respectively. Fopsq repre-
sents the measured fluorescence intensity of S-CQDs upon 4-NP
addition at 455 nm. Removing IFE from F,,sq via eqn (5) yields
the corrected fluorescence, or F.,. The correction factor (CF) is
represented as the ratio of Foo/Fopsd- Ecor = 1 — Feor/Feor,o Where
Feor,0 and F,, represents the corrected fluorescence intensities
of S-CQDs in the absence and in the presence of 4-NP, respec-
tively. As shown in Fig. 6¢ is the cuvette's width (d = 1.00 cm), g
indicates the distance between the edge of the excitation beam
to the edge of the cuvette (¢ = 0.40 cm) and s indicates the
thickness of the excitation beam (s = 0.10 cm). The study of
various parameters by using eqn (5) for the validation of the IFE
was examined and is tabulated in Table 1.

The CF values were assessed at different 4-NP concentra-
tions. The CF value was found to increase with an increase in
the concentration of 4-NP (Fig. 6d), which agrees to the Parker
equation (eqn (5)). The drop in photoluminescence (PL) emis-
sion of S-CQDs due to the addition of 4-NP was measured using
a PL spectrophotometer. The corresponding corrected values
were investigated as well (Fig. 6e). The value of E was deter-
mined using the equation: E = 1 — F/F,, where F, and F repre-
sents the PL intensity of S-CQDs without and with addition of 4-
NP, respectively. Hence, suppression of the PL intensity of S-
CQDs is significantly influenced by the IFE.?**

3.7. Determination of limit of detection

The characteristics for the ideal nanosensors sensitivity are
included in the limit of detection (LOD) and limit of quantifi-
cation (LOQ). A linear plot between PL responses (F, — F/F) and
various concentrations of 4-NP was used to compute the LOD
and LOQ values of the S-CQDs@4-NP nanosensor in aqueous
medium and real sample of 4-NP (Table 2) using the values of
(30/K) and (100/K), respectively.”® The variable ‘o’ represents the
standard deviation of the intercept and ‘K’ is the slope of the
respective graphs.®** The experiment was repeated at least
three times. Error bars represent standard error of measure-
ments obtained from three independent experiments. The LOD
values of 4-NP in presence of aqueous and real samples was
found to be ~10.3 nM (Fig. 5¢) and ~11.7 nM (Fig. S4bt),
respectively with a linear concentration range of 0-3.8 uM along
with excellent regression coefficient value of R> = 0.99. Table 3
shows that the developed nanosensor has a relatively lower
detection limit and a high sensitivity when compared to other
nanosensors described in the literature.

3.8. Determination of photophysical characteristics

As already shown, S-CQDs have outstanding fluorescence. Eqn
(2) was used to estimate the PLQY of S-CQDS, and the result was
~56%, confirming that the nanoprobe in its prepared state is
a bright fluorophore. The Stern-Volmer quenching constants
were calculated (Table 2) using the following equation in order
to understand the degree of quenching efficiency of S-
CQDS-7,52,85,86

Fy

— =14+ Kw|[Q]

. ©

Fig. S77 illustrates a graph between Fy/F and Q. The variables
‘Fo’ and ‘F’ represents the fluorescence intensity in the absence

Table 2 Analytical performance statistics for S-CQD-based 4-NP sensing®

S-CQDs +

Parameters 4-NP

S-CQDs +

in aqueous medium 4-NP real sample

Linearity range (uM) 0-4 0-4

Limit of detection (LOD) (nM) 10.3 11.7
Limit of quantification (LOQ) (nM) 19.6 178.7
Binding constant (K;) (uM ™) 4.93 x 10° 3.33 x 10°
Quenching constant (K,) (hM ™) 0.26 0.26
Regression coefficient (R?) 0.99 0.99

% Error limit = £ 5%.
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Detection limit

Precursors Method employed Fluorescent probe (linear range) Ref.
Glucose Microwave-assisted method Carbon quantum dots 0.03 uM (0.1-2.5 uM) 44
900 W, 10 min (CQDs)
Natural celery leaves and Hydrothermal synthesis, Carbon dots (CDs) 26 nM (0-1000 pM) 1
glutathione 200 °C, 4 h
O-Phenylenediamine and Hydrothermal synthesis, Nitrogen-doped carbon dots 50 nM (0.1-39 uM) 45
dicyandiamine 200 °C,9 h (N-CDs)
Cuttlefish ink Hydrothermal synthesis Nitrogen and sulphur doped 0.05 UM (1.25-50 uM) 43
180 °C, 12 h carbon quantum dots (N,S-
CQDs)
Polyethylene glycol 400 72 h in an oil bath, 70 °C, 72 Sulphur quantum dots 70 nM (0.2-30 uM, 30-90 40
(PEG-400), sublimed sulfur h uM)
powder, sodium hydroxide
Triflic acid, palm shell Microwave oven, 150 °C, 10 h Nitrogen and sulphur co- 79 nM (0.2-0.40 pM) 46
doped CQDs
Ethanediamine, copper(n) Hydrothermal synthesis, Cu-doped carbon dots (Cu- 80 nM (0.5-50 um) 42
chloride dihydrate 180 °C, 10 h CDs)
Maleic acid and Hydrothermal synthesis Nitrogen-doped carbon 158 nM (0.10-11 pg mL ™) 49
ethylenediamine 190 °C, 15 h quantum dots (N-CDs)
A. auricula, diammonium Hydrothermal synthesis, Nitrogen and phosphorus- 198 nM (0-37.5 uM) 41
hydrogen phosphate, 240°C,24 h doped carbon dots (Aa N,P-
ethylenediamine CDs)
3-Aminophenylboronic acid Hydrothermal synthesis, Boron and nitrogen co- 0.2 pM (0.5-60 puM) 87
monohydrate (3-APBA-H,0) 160 °C, 8 h doped carbon dots (B, N-
CDs)
Citric acid and urea Hydrothermal synthesis, Nitrogen-doped oxidized 2 uM (2-100 uM) 51
180 °C, 60 min carbon dots (NOCDs)
Giloy (T. cordifolia) stem Hydrothermal synthesis, N,S-doped CDs (N,S-CDs) 380 nM (0.5 to 230 uM) 48
160 °C, 5 h
Ethylene glycol and B- Heating 170 °C, 30 min Nitrogen-doped carbon dots 0.4 uM (1-250 pM) 88
alanine (NCDs)
Sucrose and choline chloride Hydrothermal synthesis, S-CQDs 10.3 nM (0-0.56 pM) This work

and urea deep eutectic
solvent

200 °C, 2 h

and presence of 4-NP, respectively and [Q] is concentration of
the quencher i.e. 4-NP. ‘K, indicates Stern-Volmer quenching
constant, which was computed from the slope of the plots in
aqueous as well as in real sample. K, values reveals that the
degree of S-CQD quenching is consistent regardless of 4-NP
source. Furthermore, by applying the 1:1 linear Benesi-Hilde-
brand equation, the excited-state binding constant was deter-
mined (Table 2) to estimate the S-CQD-4-NP stoichiometry and
comprehend the extent of interaction and binding in S-CQDs
and 4-NP.**

1 1 1
Fo—F FO—F1+K1[4—NP](F0—F)

7)

‘Fy’ and ‘F;’ represents the fluorescence intensity of S-CQDs
and S-CQDs-4-NP complex respectively. The plot of (1/F, — F)
against 1/[4-NP] gives a straight line (Fig. S8f). The binding
constants (K;) of the S-CQDs-4-NP complex were assessed in
aqueous and real samples of 4-NP from the reciprocal of the
corresponding slope values, as shown in Table 2. Overall, the
binding constant (K;) as well as LOD of S-CQDs and 4-NP
appears to be similar irrespective of the source of 4-NP (Table 2)

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

confirming our nanoprobe suitability and efficacy for 4-NP
detection in real samples.

3.9. Selectivity of fluorescence assay

Various metal ions and biomolecules were also used to inves-
tigate the selectivity of the nanosensor (S-CQDs) for 4-NP
detection (Fig. S5a and bt) as the potential interfering
substances. None of the metal ions (1 mM) had any effect on the
fluorescence intensity of S-CQDs in the presence and absence of
4-NP. Therefore, high tolerance to metal ions could be the basis
for detecting 4-NP in water samples. The fluorescence quench-
ing of S-CQDs by 4-NP in the presence of competitive
compounds (1 mM) remained similar indicating the high
selectivity of the sensor for detecting 4-NP.

3.10. Method reliability with real sample of 4-NP

It remains a challenging task to analyze the real samples for
a presented fluorescent sensor, owing to the presence of
potentially unknown interferents in real samples. The proposed
nanosensor model was validated in accordance with ICHQ2(R1)
recommendations.** We used the synthesized S-CQDs to

RSC Adv, 2025, 15, 19884-19898 | 19895
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identify 4-NP in the river water samples in order to monitor the
sensor's viability. The samples were spiked with varying doses
of 4-NP. In the real sample, the LOD value was found to be
~11.7 nM (Fig. S4bf) with good recovery percentages and
a relative standard deviation (RSD) as shown in Table S3.f
Findings clearly suggest that our method is accurate, repeat-
able, and has good recovery rates. According to the aforemen-
tioned findings, the sensor offers a great potential for 4-NP
detection in real world samples.

4. Conclusion

In summary, a quick, one-step hydrothermal technique was
used to synthesize S-CQDs from sucrose that was both cost
effective and environmentally friendly. The production of
intrinsically functionalized and extremely luminous S-CQDs
(PLQY 56%) without the use of harsh chemicals was made
possible by a deep eutectic solvent. The nitrogen and chlorine
functionalization of S-CQDs was validated using EDS, XPS, and
FTIR, and their optical characteristics were studied using UV-
visible, fluorescence, and time-resolved emission spectros-
copy. S-CQDs demonstrated exceptional photostability and
environmental stability (pH, ionic strength), as well as aqueous
solubility fulfilling all the criteria for an ideal nanosensor that
can be used in various fields. The as-prepared nanoprobe
demonstrated selectivity and sensitivity to 4-NP detection in the
nanomolar range via an inner filter effect mechanism. In
addition, the proposed nanosensor model was validated on real
sample of 4-NP at a nanomolar level with excellent accuracy and
precision. While this nanoprobe has great potential for sensing,
it is not without limitations. S-CQDs extreme selectivity towards
4-NP restricts its sensing ability towards other environmentally-
toxic pollutants. Furthermore, S-CQDs must be handled care-
fully as their small size and high surface area renders them
susceptible to contamination affecting its sensing selectivity
and accuracy. This research paves the way for the development
of a simple, eco-friendly, cost-effective, and highly selective
fluorescent nanosensor for the rapid, on-site detection of 4-NP.
This sensor provides a quicker and more effective way to check
water quality than conventional techniques thanks to its
nanomolar detection limits. Further, nanoprobes can be
utilized in industrial operations and wastewater treatment to
measure 4-NP levels, aiding in water pollution prevention. The
potential to detect 4-NP quickly and sensitively aids in the
development of effective pollution management and environ-
ment cleanup solutions.
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