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Abstract

Rapid, sensitive monitoring of fluoroquinolone residues is essential for medicine and the food
industry. We report a “turn-on” fluorescent biosensor based on nitrogen-doped carbon quantum dots
(N-CQDs) prepared by a one-pot hydrothermal route using cotton waste as the carbon source and o-
phenylenediamine as the nitrogen passivator. The N-CQDs display a quantum yield of 42% and
stable photoluminescence. Levofloxacin binds to surface functional groups on the N-CQDs and
inhibits photoinduced electron transfer (PET), restoring radiative decay and enhancing fluorescence.
The sensor affords an ultralow LOD of 0.55 nM and a linear range of 1.83-40.00 nM with high
selectivity against common interferents. The method was successfully applied to pharmaceutical
tablet extracts, raw milk, chicken meat, and urine, achieving excellent spike-recovery and precision.
This work demonstrates a sustainable, low-cost nanosensor that converts agricultural waste into a
high-performance optical biosensing platform for drug-residue screening across clinically and
industrially relevant matrices. The approach is readily scalable and compatible with routine
fluorescence instrumentation, supporting rapid decision-making in food safety and healthcare
settings.

Keywords: fluorescence method; optical biosensor; nitrogen-doped carbon quantum dots; food
industry; levofloxacin; antibiotic detection; complex matrices

1. Introduction

The rise of antimicrobial resistance (AMR) represents one of the most formidable threats to
global public health in the 21st century [1,2]. The overuse and misuse of broad-spectrum antibiotics
have accelerated the emergence of multidrug-resistant pathogens, rendering conventional treatments
ineffective and increasing the risk of severe illness, prolonged hospitalization, and mortality [3].
Levofloxacin, a third-generation fluoroquinolone, is a critical frontline antibiotic used to treat a wide
range of severe bacterial infections, including respiratory, urinary tract, and skin infections [4].
However, its efficacy is concentration-dependent and sub optimal dosing can not only lead to
therapeutic failure but also contribute to the selection pressure that drives resistance [5].
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Consequently, the development of rapid, sensitive, and accessible methods for therapeutic drug
monitoring (TDM) of Levofloxacin is imperative to optimize patient outcomes and preserve the
utility of this vital class of antibiotics [6,7].

Conventional analytical techniques for quantifying antibiotic levels, such as high-performance
liquid chromatography (HPLC) and UV-Visible spectrophotometry, are considered the gold standard
for accuracy [2,8]. However, these methods are often constrained by significant limitations, including
laborious sample pre-treatment, reliance on expensive instrumentation, and the need for highly
trained personnel [9]. These drawbacks render them unsuitable for point-of-care applications or high-
throughput screening, creating a critical technological gap for real-time monitoring in clinical and
environmental settings [10,11]. To bridge this gap, fluorescent nanosensors have emerged as a
powerful and promising alternative, offering advantages of high sensitivity, rapid response, and
operational simplicity [12-14].

Among the diverse family of nanomaterials, carbon quantum dots (CQDs) have garnered
immense research interest as next-generation fluorescent probes [15-17]. These zero-dimensional
carbon nanoparticles possess a unique combination of advantageous properties, including excellent
photostability, robust chemical inertness, high aqueous solubility, inherent biocompatibility and low
toxicity [18-20]. In recent years, a paradigm shift towards green and sustainable nanotechnology has
spurred the synthesis of CQDs from abundant, renewable, and low-cost biomass precursors. This
approach is a cornerstone of the circular economy, which seeks to transform waste streams into
valuable resources [21] Specifically, the valorization of agricultural waste, such as the cotton straw
used in this study, addresses a significant environmental and logistical challenge, offering an elegant
solution to convert a low-value environmental liability into a high-value technological asset. This
strategy moves beyond simply finding a green precursor; it demonstrates a powerful application of
green chemistry to create advanced functional materials for critical public health applications.
Furthermore, the optical and electronic properties of CQDs can be precisely engineered through
heteroatom doping [22]. Nitrogen doping, in particular, has been shown to significantly enhance
fluorescence quantum yield and create surface-active sites, thereby improving the sensitivity and
selectivity of CQD-based sensors [22,23].

Addressing the urgent need for advanced antibiotic monitoring, a novel “turn-on” fluorescent
sensor for levofloxacin was designed. This work demonstrates a sustainable and efficient synthesis
route for N-CQDs from cotton waste, offering enhanced sensitivity for levofloxacin detection, with o-
phenylenediamine serving a dual role as a nitrogen precursor and surface passivating agent. The
resultant N-CQDs, which exhibit an exceptionally high quantum yield, function as a highly selective
probe for levofloxacin. The sensing mechanism is based on a “turn-on” response, where specific
analyte interactions inhibit non radiative photoinduced electron transfer (PET) processes, leading to
a significant fluorescence enhancement. The superior analytical performance of this platform is
demonstrated herein, including an ultralow limit of detection, validating its practical utility for the
rapid and accurate quantification of Levofloxacin in complex pharmaceutical, food, and biological
matrices.

2. Experimental Section

Cotton straw was sourced from a local farm in Shihezi, Xinjiang. Reagents, including o-
Phenylenediamine (0-PDA, 99.5%), Levofloxacin (298%), and other antibiotics such as Ciprofloxacin,
Tetracycline, and Amoxicillin, were obtained from Sigma-Aldrich and used without further
purification. Other chemical reagents, such as NaCl, KCl, CaCl,, glucose, and ascorbic acid, were also
purchased from Sigma-Aldrich, along with quinine sulfate (for quantum yield determination). All
aqueous solutions were prepared using ultrapure deionized water (18.2 M()-cm). Real samples,
including pharmaceutical tablets (levofloxacin, 500 mg), raw milk, fresh chicken meat, and human
urine, were sourced from local commercial suppliers.

The cotton straw was thoroughly washed with tap water followed by deionized water to remove
any impurities. After cleaning, the straw was dried in a hot-air oven at 80 °C for 24 hours and then
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ground into a fine powder using a commercial grinder. The powder was sieved through a 100-mesh
sieve to ensure uniformity before use. In the synthesis procedure, 1.0 g of pretreated cotton straw
powder was mixed with 0.5 g of o-phenylenediamine (0-PDA) in 50 mL of ultrapure water. This
mixture was sonicated for 15 minutes to form a homogeneous suspension, which was then
transferred to a 100 mL Teflon-lined stainless-steel autoclave. The sealed autoclave was heated in a
laboratory oven at 180 °C for 10 hours. After the reaction, the autoclave was allowed to cool naturally
to room temperature. The resulting dark brown solution was centrifuged at 10,000 rpm for 20 minutes
to remove large aggregates and carbonaceous sediments. The supernatant was collected and dialyzed
against ultrapure water using a dialysis membrane with a molecular weight cutoff (MWCO) of 5000
Da for 48 hours to remove small molecular weight impurities. The final purified nitrogen-doped
carbon quantum dots (N-CQD) solution was stored in the dark at 4 °C for further use.

Characterization of the N-CQDs was performed using various techniques. Transmission
Electron Microscopy (TEM) and High-Resolution TEM (HRTEM) images were captured on a JEOL
JEM-2100 microscope with an accelerating voltage of 200 kV. X-ray Diffraction (XRD) patterns were
recorded on a Bruker D8 Advance diffractometer using Cu Ka radiation. Fourier-Transform Infrared
(FTIR) spectra were obtained on a PerkinElmer Spectrum Two spectrometer using KBr pellets. X-ray
Photoelectron Spectroscopy (XPS) measurements were conducted using a Thermo Fisher Scientific
ESCALAB 250Xi system equipped with a monochromatic Al Ka source. UV-Visible absorption
spectra were recorded on a Shimadzu UV-2600 spectrophotometer. Photoluminescence (PL) spectra
were measured using a Horiba FluoroMax-4 spectrofluorometer. The fluorescence quantum yield
(QY) was calculated using the comparative method with quinine sulfate in 0.1 M H2504 (QY = 54%)
as the reference standard.

For the quantitative detection of levofloxacin, aliquots of a levofloxacin standard solution were
added incrementally to 2.0 mL of the N-CQD solution to achieve final concentrations ranging from 0
to 40 nM. After each addition, the solution was incubated for 90 seconds before the fluorescence
emission spectrum was recorded. The limit of detection (LOD) was calculated using the formula LOD
=30/k, where o represents the standard deviation of the blank measurement and k is the slope of the
linear calibration curve.

To assess the selectivity and stability of the N-CQDs, fluorescence measurements were
performed using a bench-top spectrofluorometer with a 1.0 cm quartz cuvette at 25 = 1 °C. Spectra
were recorded at Aex =330 nm and Aem =422 nm, with 5 nm excitation and 5 nm emission band pass
and an integration time of 0.5 s. All samples were prepared in 10 mM phosphate buffer (pH 7.4), and
baseline correction along with blank subtraction (buffer only) was applied. Absorbance at Aex was
kept below 0.10 to avoid inner-filter effects. Selectivity studies involved the addition of 1 uM of
common potential interferents (including inorganic ions, small biomolecules, and structurally related
analytes) to the N-CQD dispersion, and fluorescence responses were measured under identical
conditions. Stability was evaluated by monitoring fluorescence intensity across pH values ranging
from 2 to 14 (adjusted with HCl/NaOH), in the presence of NaCl concentrations ranging from 0 to 1
mM, and during long-term storage of the N-CQD dispersion for up to 180 days under dark, ambient
conditions. Signals were normalized to the day-0 values where appropriate.

For real sample preparation, pharmaceutical tablets were finely powdered, and an amount
corresponding to 10 mg of levofloxacin was dispersed in 100 mL of ultrapure water. This solution
was sonicated for 15 minutes and filtered through a 0.22 pm syringe filter to obtain the stock extract.
Raw milk (10 mL) was centrifuged at 8,000 rpm for 15 minutes. The supernatant was collected and
diluted 50-fold with ultrapure water. Minced chicken meat (5 g) was homogenized in 20 mL of
acetonitrile, centrifuged at 8,000 rpm for 15 minutes, and the supernatant was collected and diluted
50-fold with ultrapure water. A human urine sample was centrifuged at 5,000 rpm for 10 minutes.
The supernatant was collected and diluted 100-fold with ultrapure water. This sample was
anonymous and used solely for analytical method validation. Pre-treated matrices (milk, meat, urine)
were spiked with known concentrations of levofloxacin and analyzed against an external calibration
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curve. Fluorescence measurements were performed under the conditions described previously (10
mM phosphate buffer, pH 7.4). Percent recovery was calculated using the formula:

C
Recovery% = (ﬂ) % 100,

spiked
Where Cround was the concentration back-calculated from the calibration curve, and Cspiked Was
the concentration of levofloxacin added to the matrix before analysis. Matrix dilution factors were
applied (milk 50x, meat 50%, urine 100x).

3. Results and Discussion
3.1. Synthesis and Optimization of Nitrogen-Doped Carbon Quantum Dots (N-CQDs)

This work describes the fabrication of highly fluorescent N-CQDs through a facile, one-pot
hydrothermal carbonization of cotton waste (Figure 1a) [22,23]. In this green synthesis strategy, o-
phenylenediamine (o-PDA) served a dual role as both the nitrogen-doping precursor and a surface
passivating agent [24,25]. During the hydrothermal treatment, the cellulosic biomass undergoes
sequential dehydration, hydrolysis, and aromatization to form the foundational carbon cores [26,27].
Concomitantly, o-PDA facilitates the in situ incorporation of nitrogen heteroatoms into the nascent
carbon lattice while functionalizing the surface, a process critical for achieving superior
photoluminescence [28].

To maximize the optical performance of the N-CQDs, we systematically optimized the key
synthesis parameters, namely reaction temperature and duration, with the fluorescence quantum
yield (QY) as the primary figure of merit (Table 1) [29,30]. The reaction temperature proved to be a
critical determinant of QY. A systematic variation from 160 °C to 200 °C revealed an optimal
temperature of 180 °C, which yielded a remarkable QY of 42%. Lower temperatures resulted in
incomplete carbonization (QY =21% at 160 °C), whereas higher temperatures led to a diminished QY
(33% at 200 °C), likely attributable to excessive graphitization and the formation of non-radiative
quenching sites [31]. Similarly, the reaction duration was optimized to 10 hours. Consequently, all
subsequent N-CQD batches were synthesized under these optimal conditions (180 °C, 10 h) to ensure
reproducibility and maximal fluorescence performance.
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Figure 1. Structural characterization of nitrogen-doped carbon quantum dots (N-CQDs): (a) Schematic of
hydrothermal synthesis, (b) XRD pattern showing amorphous carbon peak at ~22°, (c) FTIR spectrum with
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functional groups labeled, (d) TEM/HRTEM images, (e) particle size distribution showing mean diameter ~3.2

nm.

Table 1. Optimization of N-CQD synthesis conditions based on fluorescence quantum yield (QY).

Temperature (°C) Time (h) Quantum Yield (QY, %)
160 8 21
180 10 42
200 8 33
180 4 28
180 6 35
180 12 39

3.2. Structural and Spectroscopic Characterization

The structural and chemical properties of the as-synthesized N-CQDs were elucidated using X-
ray diffraction (XRD) and Fourier-transform infrared (FTIR) spectroscopy. The XRD pattern (Figure
1b) displayed a single, broad diffraction halo centered at 20 = 22.1°, corresponding to the (002) plane
of amorphous carbon [32]. This feature signifies a low degree of crystallinity, which is characteristic
of carbon dots. The interlayer d-spacing calculated from this peak is approximately 0.40 nm, a value
significantly larger than that of bulk graphite (0.34 nm). This expanded spacing suggests a disordered
stacking of graphene-like layers, interrupted by structural defects and the abundant surface
functional groups introduced during synthesis [33].

FTIR spectroscopy was employed to probe the surface chemistry of the N-CQDs (Figure 1c). The
spectrum is dominated by a broad absorption band at ~3407 cm!, which is assigned to the O-H and
N-H stretching vibrations, confirming successful surface passivation. The peak at 2934 cm™!
corresponds to aliphatic C-H stretching modes. A prominent absorption at 1716 cm™ is indicative of
C=0 stretching from carbonyl or carboxyl moieties. The spectral region also reveals features at 1398
cm™ (C=C stretching or N-H bending) and a strong absorption at 1095 cm™ characteristic of C-O
stretching vibrations [34]. Finally, the peak at 805 cm™ is attributed to C-H out-of-plane bending in
aromatic systems [34]. Collectively, the FTIR analysis confirms that the N-CQDs possess a rich surface
chemistry, densely functionalized with hydrophilic oxygen- and nitrogen-containing groups that are
essential for their excellent aqueous colloidal stability and potent photoluminescence [35,36].

3.3. Morphological and Nanostructural Analysis

Transmission electron microscopy (TEM) was utilized to investigate the morphology and size
distribution of the N-CQDs. The low-magnification TEM image (Figure 1d) reveals that the N-CQDs
are monodisperse, quasi-spherical nanoparticles with no significant aggregation, attesting to their
high colloidal stability [37]. A statistical analysis of over 100 particles from multiple TEM images
yielded a narrow size distribution with a mean diameter of 3.2 nm [23] (Figure le). This ultra small
and uniform particle size is a prerequisite for observing quantum confinement effects, which are
known to govern the optical behavior of carbon dots [38]. High-resolution TEM (HRTEM), shown in
the inset of Figure 1(d), provides further insight into the nanostructure, revealing distinct lattice
fringes with a d-spacing of 0.21 nm. This spacing is consistent with the (100) plane of graphitic carbon,
confirming the presence of a crystalline sp2?-hybridized carbon core within the amorphous,
functionalized shell.

3.4. Elemental Composition and Chemical State Analysis

To quantitatively determine the elemental composition and chemical bonding states, we
performed X-ray photoelectron spectroscopy (XPS). The survey spectrum (Figure 2a) confirmed the
presence of carbon (64.89 at%), oxygen (27.81 at%), and nitrogen (7.5 at%), verifying the successful
incorporation of nitrogen from the o-PDA precursor. The high-resolution C 1s spectrum (Figure 2b)
was deconvoluted into three primary components corresponding to sp?-hybridized C-C/C=C (284.8
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eV), C-O/C-N bonds (~286.0 eV), and C=0/O-C=0 moieties (~288.5 eV), which constitute the core and
surface structures [39]. The O 1s spectrum (Figure 2d) was similarly resolved into peaks for C=O
(~531.0 eV) and C-OH/C-O-C (~532.3 eV), corroborating the FTIR analysis. Critically, the high-
resolution N 1s spectrum (Figure 2c) provided insight into the nitrogen configuration within the
carbon matrix. The spectrum could be deconvoluted into components representing pyridinic,
pyrrolic, and graphitic nitrogen species [39]. The successful N-doping and rich surface
functionalization are known to be instrumental in modulating the electronic structure and enhancing
the fluorescence efficiency of carbon dots [40,41].
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Figure 2. X-ray photoelectron spectroscopy (XPS) analysis of N-CQDs: (a) showing survey and high-resolution
spectra of C 1s, N 1s, and O 1s regions with peak assignments, (b) High-resolution C 1s spectrum. (c) High-
resolution N1s spectrum. (d) High-resolution O 1s spectrum.

3.5. Sensor Stability and Selectivity

For any practical sensing application, the robustness and specificity of the probe are paramount.
We therefore rigorously evaluated the stability of the N-CQD sensor under various environmental
conditions. The fluorescence intensity of the N-CQDs remained exceptionally stable across a broad
pH range of 2-14, with optimal performance observed between pH 6 and 8 (Figure 3a)[42,43]. The
sensor also demonstrated remarkable tolerance to high ionic strength, with negligible fluorescence
loss in NaCl concentrations up to 1000 uM (Figure 3b)[44]. Furthermore, the N-CQDs exhibited
excellent long-term photostability, retaining a majority of their initial fluorescence intensity after 180
days of storage under ambient conditions (Figure 3c), underscoring their suitability for long-term use
[45].

The selectivity of the N-CQD probe was assessed against a panel of potential interferents,
including common antibiotics, metal ions, and biological molecules [46]. As depicted in Figure 3d
(evofloxacin bars), the sensor exhibited a profound and specific fluorescence enhancement in the
presence of levofloxacin. In stark contrast, all other tested substances induced only negligible changes
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in fluorescence. To further probe the sensor's anti-interference capability, recovery experiments were
conducted by detecting levofloxacin in the presence of these interferents (Figure 3d, green bars). The
consistently high recovery rates (Table 2) confirm that co-existing species do not compromise the
accurate quantification of levofloxacin, highlighting the exceptional selectivity and anti-interference
properties of the sensor [47].
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Figure 3. Stability and selectivity of the N-CQD sensor: (a) pH response, (b) Ionic strength tolerance, (c) Long-
term photostability, and (d) Selectivity toward levofloxacin (10 nM) against interferents (1 pM).

Table 2. Selectivity of the N-CQD sensor towards levofloxacin over various interfering substances.

Interferent (1 uM) Fluorescence Change (%) Recovery of Levo (10 nM) (%)
Levofloxacin 95 “N/A”
Ciprofloxacin 4.8 98.5+2.1
Tetracycline -2.1 101.3+2.5
Amoxicillin 1.5 99.4+3.1

Na* 0.8 100.8£1.9

K+ 1.1 101.1+2.0

Caz -0.5 99.6 £2.8
Glucose 2.3 98.9+3.3
Ascorbic Acid -3.5 97.2+3.8

3.6. Photophysical Properties

The optical characteristics of the N-CQDs were investigated by UV-Visible absorption and
photoluminescence (PL) spectroscopy. The UV-Vis spectrum (Figure 4a) features a prominent
absorption peak at ~340 nm, which is assigned to n—7t* electronic transitions associated with surface
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functional groups containing C=0O and C-N bonds. Visually, the aqueous N-CQD solution appears
yellowish-brown under ambient light and emits a strong, bright blue fluorescence when irradiated
with 365 nm UV light (Figure 4a, inset).

The fluorescence spectra (Figure 4d) reveal an optimal excitation wavelength at 330 nm, which
produces a maximum emission at 422 nm, resulting in a large Stokes shift of ~92 nm, which is highly
beneficial for sensing applications as it minimizes self-absorption and spectral overlap between the
excitation and emission signals, thereby improving the signal-to-noise ratio [48]. A hallmark of
carbon dots is their excitation-dependent PL behavior, which was clearly observed for our N-CQDs
(Figure 4c). As the excitation wavelength was systematically increased from 300 nm to 450 nm, the
corresponding emission peak exhibited a progressive red-shift. This phenomenon, visualized in the
3D excitation-emission matrix plot (Figure 4b), is attributed to the heterogeneous distribution of
surface energy states and particle sizes, where different excitation energies selectively activate
distinct emissive trap sites [49,50].
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Figure 4. Optical and sensing performance of N-CQDs toward Levofloxacin: (a) UV-Vis absorption, (b)
Excitation—-emission 3D plot, (c-d) excitation-dependent fluorescence, (e) Fluorescence enhancement with
increasing Levofloxacin, and (f) Calibration curve (R?=0.9997).

3.7. Levofloxacin Sensing Performance and Mechanism

Incremental additions of levofloxacin produced a systematic “turn-on” increase in N-CQD
fluorescence at Aem =422 nm: Aex = 330 nm (Figure 4e). The calibration plot of fluorescence intensity
versus levofloxacin concentration (Figure 4f) was linear from 1.83 to 40 nM and was described by

Intensity = 113.53 + 4.9085 x [LEV]nM (R? = 0.9997)

Calibration used multiple concentration levels, each measured in triplicate. The limit of
detection (LOD) and limit of quantification (LOQ) were calculated as LOD = 30/k and LOQ = 1007/k,
where o is the standard deviation of blank signals and k is the calibration slope; this yielded LOD =
0.55 nM and LOQ = 1.83 nM, confirming high sensitivity within the validated range [51].

The observed “Turn-On” fluorescence enhancement is consistent with a mechanism involving
the inhibition of non-radiative decay pathways upon analyte binding. In the field of carbon dot-based
sensors, Photoinduced Electron Transfer (PET) is a well-documented process responsible for
fluorescence quenching. In such systems, photoexcited carbon dots can act as either electron donors
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or acceptors, and interaction with a suitable quencher molecule opens a non-radiative de-excitation
channel, thus quenching fluorescence [52-55].

We propose that a similar PET process is the most plausible mechanism governing the N-CQD
sensor's response (Figure 5). In the absence of the analyte, the N-CQDs may exist in a partially
quenched “OFF state” due to interactions that facilitate PET. Upon the introduction of Levofloxacin,
specific molecular interactions likely hydrogen bonding and m-mt stacking between the analyte and
the rich functional groups on the N-CQD surface alter the electronic structure of the complex. This
binding event can disrupt the energetically favorable pathway for PET, effectively inhibiting this non-
radiative process. By closing the non-radiative channel, the radiative decay pathway is restored,
leading to the observed fluorescence enhancement or “turn-on” effect [56]. Although the proposed
PET inhibition mechanism aligns with the observed turn-on behavior, further validation using time-
resolved photoluminescence or transient absorption spectroscopy would provide direct experimental
evidence for this process.

While other mechanisms such as chelation-enhanced fluorescence (CEF) can also produce a
“turn-on” response, the PET inhibition model is strongly supported by numerous studies on
fluorescent sensors involving aromatic analytes and functionalized carbon dots. Direct validation of
this dynamic quenching mechanism would ideally involve time-resolved photoluminescence
spectroscopy to measure changes in the fluorescence lifetime. Such investigations are a direction for
our future work to provide definitive experimental evidence for the proposed mechanism [57].

OFF state ON state

,( 1
Photoinduced electron / \{"‘( ]
transfer non-radiative Levofloxacin binding Levofloxacin

Photoinduced
electron transfe

H-bonding

suppressed - Stacking
Excitation: 330nM—Emission: 422nM @
turn-on fluorescence response
upon Levofloxacin binding.
Weak Fluorescence Enhanced Fluorescence

Figure 5. Schematic illustration of the “Turn-On” fluorescence sensing mechanism.

3.8. Application in Real Sample Analysis

To validate the practical utility and robustness of the N-CQD sensor, we performed spike-and-
recovery experiments in several complex real-world matrices: pharmaceutical tablets, milk, chicken
meat extract, and urine. The results, summarized in Table 3, unequivocally demonstrate the sensor’s
excellent performance. Across all tested samples, the sensor yielded outstanding recovery
percentages, ranging from 93% to 105%, with low relative standard deviations (RSDs) consistently
below 4%. These high recovery rates and excellent precision in complex biological and food matrices
underscore the sensor's accuracy, reliability, and potent anti-interference capability [58]. The results
strongly support the potential of this N-CQD sensor for practical applications in diverse fields,
including pharmaceutical quality control, food safety analysis, and clinical diagnostics [59].
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Table 3. Spike-and-recovery analysis of levofloxacin in real samples using the N-CQD sensor (n=3 per spike

level).
. . Measured
Sample Matrix Spiked C(OKZ)Q niration Concentration (nM) Recovery (%) RSD (%)
" (n=3)

Pharmaceutical Tablet 5 4.95 99 2.2

Pharmaceutical Tablet 15 15.38 102.5 1.8

Pharmaceutical Tablet 30 29.10 97 2.4
Milk 5 4.68 93.6 3.3
Milk 15 14.40 96 2.7
Milk 30 31.05 103.5 3

Chicken Meat Extract 5 5.25 105 3.6

Chicken Meat Extract 15 13.55 93 3.2

Chicken Meat Extract 30 28.80 96 3.9
Urine 10 10.24 102.4 2.8
Urine 10 10.30 103 2.6
Urine 10 10.18 101.8 3.1

3.9. Comparative Performance Analysis

To contextualize the performance of our sensor, we benchmarked its key analytical metrics
against other reported methods for levofloxacin detection (Table 4). The developed N-CQD sensor
exhibits a linear range of 1.83—40 nM and an impressive limit of detection (LOD) of 0.549 nM. This
sensitivity is highly competitive with, or superior to, many existing fluorescence-based methods,
including those derived from citrus (LOD: 2.1 nM) and even the standard HPLC-Fluorescence
technique (LOD: ~1.7 nM). While some highly engineered systems incorporating molecularly
imprinted polymers (MIPs) or ratiometric probes report slightly lower LODs (0.38-0.7 nM), our
sensor achieves a comparable level of elite sensitivity. Crucially, this performance is achieved via a
significantly simpler and more sustainable synthesis route, positioning our cotton-derived N-CQD
platform as a powerful, green, and highly competitive alternative for the ultrasensitive detection of
Levofloxacin.

Table 4. Comparison of the analytical performance of the proposed sensor with other methods for levofloxacin

detection.
Methods Sensor Materials Linear Range LOD Ref.
Fluorescence Cotton-derived N-CQDs 1.83 - 40 nM 0.55 nM This Work
Electrochemical = Fe;0,—MoS,@MXene/GCE 6 UM - 17 pM 900 nM [60]
Electrochemical =~ N-doped carbon nanodots 200 nM - 2.8 mM 82 nM [61]
MIP-Electrochemical PEDOT/CS MIP 1.9 nM - 1000 uM 0.40 nM [62]
HPLC-Fluorescence - 2.5 - 500 ng/mL ~1.7 nM [63]
Fluorescence N,S-CDs (Citrus) 5-200 nM 2.10 nM [64]
Ratiometric FL CD/Eu-MOF 1-100 nM 0.38 nM [65]
MIP-Fluorescence CDeMIP 2-50 nM 0.7 nM [66]

4. Conclusion

In summary, we have successfully developed a highly sensitive and selective “turn-on”
fluorescent sensor for the antibiotic levofloxacin based on nitrogen-doped carbon quantum dots (N-
CQDs) synthesized through a facile, scalable, and green hydrothermal method using cotton waste as
a sustainable carbon precursor. The optimized N-CQDs exhibit a high fluorescence quantum yield of
42%, excellent photostability, and robust performance across a wide range of pH and ionic strengths.
The developed sensing platform demonstrates outstanding analytical performance, with an ultralow
limit of detection (0.55 nM) and a broad linear range for levofloxacin detection. Critically, the sensor

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0371.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 November 2025 d0i:10.20944/preprints202511.0371.v1

11 of 14

shows exceptional selectivity, with negligible interference from a wide panel of common antibiotics,
ions, and biomolecules. The practical applicability of this method was rigorously validated through
spike-and-recovery experiments in complex matrices, including pharmaceutical tablets, milk,
chicken meat, and urine, yielding excellent recovery rates and confirming its accuracy and reliability
for real-world applications. This work not only presents a superior analytical tool that rivals or
surpasses many existing methods for levofloxacin detection but, more broadly, provides a compelling
demonstration of the circular economy in action. We have successfully transformed a globally
abundant agricultural waste product into a high-performance nanosensor capable of addressing
critical challenges in public health and food safety. The powerful synergy of sustainable synthesis
and elite analytical performance (0.55 nM LOD) positions this N-CQD platform as a significant
advance. It underscores a viable and scalable strategy for developing next-generation functional
materials that are not only effective but also inherently sustainable, paving the way for future
innovations at the intersection of materials science, green chemistry, and analytical technology.
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