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1. Introduction

Nitrogen-doped carbon quantum dots as
fluorescent sensor for doxorubicin and
chlortetracycline: experimental and DFT insights

a
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The accurate and rapid detection of clinically vital but potentially toxic pharmaceutical residues, such as the
anticancer agent Doxorubicin (DOX) and the broad-spectrum antibiotic Chlortetracycline (CTC), is essential
for therapeutic drug monitoring and environmental safety. This work presents the development of a novel
fluorescent sensor based on nitrogen-doped carbon quantum dots (NEDA-CQDs) synthesized via a simple
hydrothermal method using N-(1-naphthyl) ethylenediamine (NEDA) and citric acid (CA) as precursors. The
obtained CQDs exhibited excellent aqueous dispersibility, strong blue fluorescence with a quantum yield
(QY) of 2.7%, and high photostability. Comprehensive characterization revealed uniform quasi-spherical
nanoparticles enriched with amino (NH,), hydroxyl (OH), and carboxyl (COOH) functionalities. The
NEDA-CQDs exhibited remarkable fluorescence quenching in the presence of DOX and CTC, allowing
for their quantitative detection with limits of detection (LOD) of 4.02 pM and 2.53 uM, respectively.
Stern—Volmer analysis demonstrated highly linear quenching behavior, indicating a combined static
quenching and inner filter effect (IFE) mechanism. Application to human serum and urine samples
resulted in excellent recoveries ranging from 93.65% to 106.34%, highlighting the practical utility of the
sensor. Density functional theory (DFT) calculations further elucidated the sensing mechanism,
demonstrating strong binding energies, significant HOMO-LUMO gap reductions, Fermi level shifts, and
enriched non-covalent interactions (NCI), including -7 stacking and hydrogen bonding. Reduced
density gradient (RDG) and NCI analyses confirmed the formation of a stable drug—sensor complex,
consistent with the experimentally observed fluorescence quenching. Overall, the synergy between
experimental findings and theoretical insights establishes NEDA-CQDs as an efficient, low-cost, and
robust fluorescent nano-sensor for monitoring DOX and CTC in biological and environmental matrices.

challenges. Among these, DOX, a widely used chemotherapeutic
antibiotic, and CTC, a broad-spectrum tetracycline antibiotic,

Antibiotics are a broad class of organic compounds with potent
activity against pathogenic microorganisms and are extensively
employed in human healthcare,* veterinary medicine,* agricul-
ture,® and aquaculture.* However, their widespread and often
indiscriminate application has led to growing concerns.’
Residual antibiotics originating from animal production
systems and environmental sources can be transferred to
humans through the food chain, where they interfere with
normal metabolic pathways, disrupt the gut microbiota, and
pose direct risks to human health.® Furthermore, excessive and
uncontrolled use accelerates the development of antimicrobial
resistance genes,” a phenomenon that diminishes therapeutic
efficacy and imposes long-term ecological and public health
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have received particular attention due to their extensive use and
associated environmental and health impacts. Therefore, the
development of efficient strategies for their sensitive detection
and monitoring is of great significance to ensure both envi-
ronmental safety and public health protection.

DOX is an anthracycline-based chemotherapeutic agent
extensively employed in the treatment of various malignancies,
including breast cancer, lymphomas, hematological cancers,
and lung tumors.*™* Despite its remarkable therapeutic efficacy,
fluctuations or excessive accumulation of DOX in biological
fluids may trigger severe side effects such as nausea, alopecia,
hepatotoxicity, vomiting, abdominal pain, and cardiotoxicity,
thereby limiting its clinical applicability.”*** Accordingly,
precise and real-time monitoring of DOX concentration is
essential to balance therapeutic outcomes while minimizing
adverse effects.

Similarly, CTC, a broad-spectrum tetracycline antibiotic
consisting of four linearly fused tetracyclic rings, has been

© 2026 The Author(s). Published by the Royal Society of Chemistry
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widely applied not only for the treatment of human infections
but also in animal husbandry for preventing intestinal diseases
and promoting growth.'>'® Nevertheless, its widespread and
often uncontrolled usage has led to significant health and
environmental concerns. Residual CTC has been detected in
food products such as milk, meat, and honey, where it poses
risks to human health by inducing allergic reactions, gastroin-
testinal disturbances, and hepatotoxicity.””** Furthermore,
environmental accumulation of CTC residues contributes to
ecological contamination and accelerates the proliferation of
antibiotic-resistant bacteria.**-**

Taken together, the potential toxicity of DOX and CTC, along
with their persistence in biological and environmental systems,
highlights the urgent need for sensitive, selective, and reliable
detection strategies. Developing advanced sensing platforms for
these antibiotics is therefore of great significance for ensuring
patient safety, food quality, environmental protection, and
effective antimicrobial management. A wide range of analytical
techniques has been established for monitoring DOX and CTC,
reflecting the growing demand for precise and reliable detec-
tion. Commonly employed methods include high-performance
liquid chromatography (HPLC),>*>¢ electrochemical
methods,” mass spectrometry,® chemiluminescence,*-**
capillary electrochromatography,® and immunoassays.**>®
While these techniques are recognized for their high sensitivity
and specificity, they suffer from several drawbacks, including
costly instrumentation, labor-intensive sample preparation,
time-consuming analysis, and the need for skilled personnel.
Moreover, their applicability in routine or on-site testing is
limited. These challenges have motivated increasing research
into alternative sensing platforms that are rapid, cost-effective,
and capable of delivering high selectivity and sensitivity in
complex biological and environmental matrices.

Among the various analytical techniques, fluorescence
spectroscopy has emerged as a powerful tool owing to its
simplicity, high sensitivity, and rapid response compared with
conventional methods.>”* Despite these advantages, the
development of fluorescent sensors that simultaneously meet
the criteria of low cost, ease of synthesis, high stability, and
strong selectivity for DOX and CTC detection remains
a considerable challenge.***® Fluorescence-based sensing has
gained considerable attention for the detection of both DOX
and CTC owing to its simplicity, high sensitivity, and rapid
response compared with conventional methods.”” For DOX,
diverse nanomaterials such as graphene quantum dots,***
metal-based quantum dots,*>** molecularly imprinted poly-
mers,”»* and metal nanoclusters®>® have been employed,
achieving low detection limits with excellent recovery in bio-
logical fluids. For instance, carbon dot-based sensors demon-
strated strong -1 interactions with DOX and enabled
fluorescence quenching-based assays,*”~** while upconversion
nanoparticles®*** and gold nanocluster® probes provided ultra-
sensitive detection and high selectivity in real samples.

Similarly, numerous fluorescence strategies have been re-
ported for CTC detection, including citrate-modified g-C3;N,
nanodots with aggregation-induced emission enhancement,*
gold®”*® and copper nanoclusters,*”* and a range of MOF-based
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probes””* that achieved sub-micromolar to nanomolar detec-
tion limits. Smartphone-assisted platforms coupled with ratio-
metric and Al-supported fluorescence analysis have further
advanced CTC sensing,”*”® enabling portable and on-site
monitoring. Collectively, these studies highlight the versatility
and practicality of fluorescence-based methods for monitoring
DOX and CTC residues in biological and environmental
matrices, underscoring their promise for clinical and food
safety applications.”®*®

Fluorescent carbon quantum dots (CQDs), typically less than
10 nm in size, have emerged as a novel class of nanomaterials
that have attracted significant research interest due to their
distinctive optical and electrochemical properties.*® Compared
with conventional organic fluorescent dyes, CQDs offer several
advantages, including excellent photostability, high chemical
and biological compatibility, robust inertness, and low toxicity,
which make them highly suitable for applications in bioanalysis
and bioimaging.*** Furthermore, their surfaces can be readily
functionalized with hydrophilic groups such as ethylene-
diamine, polyethylene glycol (PEG), and polyethyleneimine
(PEI) to extend their versatility in sensing applications.**®” To
date, CQDs have been successfully employed in detecting
molecular analytes, metal ions, and pH values across various
systems.?*3

Recently, biomass-derived and heteroatom-doped CQDs
have been widely explored for pharmaceutical sensing and bi-
oimaging applications. For example, CQDs synthesized from
renewable biomass precursors have demonstrated quantum
yields ranging from 12-48% and detection limits in the low
micromolar to nanomolar range for antibiotics and anticancer
drugs.®*** Similarly, advanced surface-passivated CQDs exhibi-
ted enhanced selectivity windows and improved fluorescence
efficiency through surface-engineering and heteroatom-doping
strategies.”>®” While these systems demonstrate high sensi-
tivity, many rely on complex biomass sources, multi-step puri-
fication, or lack theoretical insight into the binding
mechanism.

In parallel with experimental progress, density functional
theory (DFT) has been increasingly applied to study the
molecular-level interactions of DOX and CTC with nano-
structured materials,”®*** offering valuable insights into
adsorption and sensing mechanisms.'®"*® Despite these
advances in both experimental fluorescence sensing and
computational studies, current strategies still face limitations
such as costly or complex probe fabrication, restricted selec-
tivity in multi-analyte systems, and insufficient integration of
theoretical predictions with practical sensing applications.
Therefore, there remains a pressing need to design low-cost,
stable, and highly selective CQD-based fluorescence sensors,
supported by DFT insights, for the effective detection of anti-
biotics such as DOX and CTC in biological and environmental
samples.

In contrast to many previously reported biomass-derived
systems, the present study employs a rationally designed
precursor strategy combining citric acid and N-(1-naphthyl)
ethylenediamine (NEDA), where the extended aromatic frame-
work of NEDA introduces enhanced m-m stacking capability
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together with nitrogen-rich surface functionalities. This struc-
tural design promotes strong interactions with aromatic drug
molecules such as DOX and CTC while maintaining a simple,
cost-effective, and reproducible hydrothermal synthesis route.

The main objective of this work is therefore to develop
a highly efficient nitrogen-doped carbon quantum dots (NEDA-
CQDs) fluorescent sensor for the sensitive detection of DOX and
CTC in biological matrices. To accomplish this, NEDA-CQDs
were synthesized and comprehensively characterized using
TEM, XRD, FT-IR, XPS, and detailed optical analyses to eluci-
date their morphology, structural features, surface chemistry,
fluorescence behavior, stability, and quantum yield. Their
sensing performance was systematically evaluated through
Stern-Volmer analysis and spectral overlap investigations to
clarify the quenching mechanism. Importantly, unlike many
previous reports, the sensing mechanism is further supported
by extensive DFT calculations, including binding energy deter-
mination, HOMO-LUMO gap analysis, Fermi level shifts, RDG,
and NCI mapping, providing molecular-level insight into drug-
sensor interactions. The integration of experimental validation
and theoretical modeling establishes NEDA-CQDs as a robust
and mechanistically well-supported fluorescent nano-sensor for
real-sample monitoring of DOX and CTC.

2. Experimental section

2.1. Materials and reagents

All reagents and chemicals used in this study were of analytical
grade and employed as received without further purification.
Distilled water (H,O) was used throughout the experiments.
Citric acid monohydrate (C¢HgO,-H,0), hydrochloric acid
(HCl), sodium hydroxide (NaOH), and ethanol (C,HsOH) were
purchased from Fisher Scientific (Pittsburgh, Pennsylvania,
USA).  N-(1-Naphthyl) ethylenediamine dihydrochloride
(NEDA-2HCI), doxorubicin hydrochloride (C,;H,sNO4;-HCl),
chlortetracycline hydrochloride (C,,H,3CIN,Og-HCI), coumarin
334 (C334), glucose, uric acid, triglycerides, theophylline,
digoxin, and amino acids were obtained from Sigma-Aldrich
(Merck, Darmstadt, Germany). The amino acids used included
tryptophan (Trp), methionine (Met), alanine (Ala), glutamic acid
(Glu), pr-proline (Pro), lysine (Lys), cysteine (Cys), and br-
aspartic acid (Asp).

2.2. Instruments

Spectroscopic analyses were carried out using a range of
instruments. UV-vis absorption spectra were recorded on
a Jasco V-630 spectrophotometer with a 1.0 x 1.0 cm quartz
cuvette, within the wavelength range of 200-800 nm. Fluores-
cence measurements were performed on a Jasco FP-8350 spec-
trofluorometer equipped with a 150 W xenon lamp and a 1.0 cm
quartz cuvette. The excitation wavelength was fixed at 405 nm,
and emission spectra were collected over 440-650 nm with both
excitation and emission band widths set to 5 nm. The pH values
of the solutions were adjusted using a Jenway 3510 digital pH
meter. FTIR spectra were obtained with a Jasco FTIR-4100
spectrophotometer in the range of 4000-500 cm ™", using KBr
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discs. Transmission electron microscopy (TEM) images were
obtained using Model Talos L120C G2-TEM-ThermoFisher-
Europe. Dynamic light scattering (DLS) and Zeta potential
analysis were performed using a Malvern Zetasizer Nano-ZS90
(Malvern, UK) at 25 °C with a conductivity of 0.0133 mS em ™.
The powder X-ray diffraction (XRD) patterns were recorded on
a Siemens D-500 diffractometer using Cu-Ko radiation (A =
0.15406 nm), scanned at a rate of 10° min~" over a 26 range of
3°-80°. X-ray photoelectron spectroscopy (XPS) analysis was
performed using an Omicron XPS spectrometer equipped with
a Mg Ko radiation source (1254 eV) to examine the chemical
composition and binding energies of the NEDA-CQDs.

2.3. Solution preparation

Stock solutions of amino acids and theophylline were prepared
individually at a concentration of 1.0 x 10™° mol L™" by di-
ssolving the required amounts of each compound in deionized
water. A coumarin 334 solution (1.0 x 10™® mol L") was
prepared by dissolving 2.83 mg of the compound in 10.0 mL of
ethanol.'®

2.4. Synthesis of NEDA-CQDs

NEDA-CQDs were synthesized via a one-step hydrothermal
method using citric acid (CA) and N-(1-naphthyl) ethylene-
diamine (NEDA) as precursors according to the reported
procedure illustrated in Scheme 1.*"*° Briefly, 0.50 g of CA and
0.0125 g of NEDA were dissolved in 50 mL of distilled water
under continuous stirring until a homogeneous solution was
obtained. The resulting solution was transferred to a 50 mL
Teflon-lined stainless-steel autoclave and heated at 160 °C for
8 h in a muffle furnace. After completion of the reaction, the
autoclave was allowed to cool naturally to room temperature,
yielding a yellowish-brown solution. To remove large particles
and unreacted residues, the obtained solution was first centri-
fuged at 5000 rpm for 30 min. The supernatant was then filtered
through a 0.22 um syringe filter, followed by further purification
using dialysis against deionized water to eliminate small
molecular impurities and excess precursors. After dialysis, the
purified, water-soluble NEDA-CQDs solution was collected and
stored at 4 °C in a refrigerator. The prepared NEDA-CQDs
remained stable for more than three months, with no notice-
able change in their optical properties until further use.

2.5. Fluorescence detection of DOX, CTC, and interference
studies

Fluorescence-based detection of DOX and CTC was carried out
at room temperature employing NEDA-CQDs as the fluorescent
probe. Sensitivity experiments were performed using a fluores-
cence titration method."* ™ In a typical assay, 20 uL of the
water-soluble NEDA-CQD solution was mixed with 2000 pL of
distilled water, followed by the addition of 10-200 pL of DOX or
CTC solutions at a concentration of 1000 pM. The mixtures were
then analyzed using a fluorometer at an excitation wavelength
of 405 nm, and the emission spectra were recorded over the
range of 450-650 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the N-(1-naphthyl) ethylenediamine carbon quantum dots (NEDA-CQDs).

The fluorescence quenching efficiency was evaluated by
comparing the relative fluorescence intensity (I/I,) of NEDA-
CQDs in the absence (I,) and presence (I) of the drugs. Selec-
tivity studies were performed under identical conditions by
replacing the drug solutions with 500 pL of glucose, uric acid,
triglycerides, theophylline, digoxin, or various amino acid
solutions (1.0 x 107> mol L") to assess potential interference
effects. All measurements were conducted in triplicate to ensure
reproducibility.

2.6. Detection of DOX and CTC drugs in biological samples

The applicability of NEDA-CQDs for detecting DOX and CTC
drugs was evaluated using human plasma and urine samples
obtained from a healthy adult volunteer who is the first author
of the manuscript. The study involved no clinical intervention,
diagnostic procedure, or therapeutic treatment, and the
samples were used solely for analytical method validation.
According to institutional regulations for non-clinical
laboratory-based analytical studies involving voluntary self-
sampling, formal ethical committee approval was not required.

Plasma samples were centrifuged at 3000 rpm for 15 min to
separate serum, while urine samples were centrifuged at
4500 rpm for 20 min to remove suspended particles. The
resulting supernatants were collected and stored in the refrig-
erator at 4 °C until use. Before analysis, each supernatant was
diluted 100-fold with distilled water and spiked with known
concentrations of DOX or CTC. Quantitative analysis of DOX
and CTC in the spiked urine and serum samples was performed
using the standard calibration curve method. The final
concentrations were calculated as the mean of three replicate

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

measurements, and recovery percentages were determined
from the corresponding fluorescence intensity and absorbance
values.

2.7. Computational methods

DFT analyses were carried out using the Gaussian 09 software
package.”* The hybrid B3LYP-D3 functional,"*™** combined
with the 6-31G(d,p) basis set, was employed to optimize the
geometries of the NEDA-CQDs nanosheet, DOX, and CTC drug
molecules and their corresponding complexes in the gas phase.
This functional was chosen for its proven effectiveness and
reliability in accurately describing the electronic properties of
various molecular systems.**** The optimized geometries,
frontier molecular orbitals (HOMO-LUMO), and molecular
electrostatic potential (MEP) maps were visualized using
GaussView 6.0. The reduced density gradient (RDG) and non-
covalent interaction (NCI) analyses were performed with Mul-
tiwfn'® and visualized using VMD' and Gnuplot."” The
density of states (DOS) spectra were generated using the
GaussSum program.'*® The binding energy (Epina) Was calcu-
lated according to the following equation:

Ebind = ENEDA-CQDs/Drug Molecules
— (EneEDA-cQDs + EDrug Molecules) 1)

Here, Enppacqps indicates the energy of the NEDA-CQDs
nanosheet, Eprug molecules F€Presents the energy of the isolated
drug molecules, and Enxgpa-cops/Drug Molecules COTTESponds to the
total energy of the complex formed after their interaction. The
HOMO-LUMO energy gap (E,) is determined as the difference

Nanoscale Adv., 2026, 8, 2426-2449 | 2429
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between the LUMO energy (Erumo) and the HOMO energy
(Exomo)," and can be expressed as follows:

E; = ELumo — Enomo (2)

The change in E, values, which is used to analyze the elec-
tronic properties of the systems, is represented by the following
equation:

E, — E,

AE, (%) = (u) x 100 3)
Eg

here, E;; and E,, refer to the energy gap values before and after
the binding of the drug molecules, respectively. The percentage
change in the energy gap AE, (%) reflects the alteration in E,
upon drug binding on the sensor surface. The Fermi level
energy (Eg) is calculated using the following equation:**

E E,
Ep — ( Lumo + HOMO)

: (@)

3. Results and discussions

3.1. Characterization of the NEDA-CQDs

3.1.1. TEM analysis. The TEM image of NEDA-CQDs reveals
well-dispersed, quasi-spherical nanoparticles without notice-
able aggregation, indicating good stability and uniform
morphology, as shown in Fig. 1(A) and (B). The particle size
distribution (Fig. 1(C)) exhibits a near-Gaussian profile with an
average diameter of 5.79 nm and a standard deviation of +
1.63 nm, indicating a relatively narrow size distribution and
good uniformity of the prepared carbon quantum dots.

The observed particle size below 10 nm confirms the
successful formation of carbon quantum dots, which is
consistent with the typical size range reported for CQDs
synthesized via hydrothermal methods. The small particle size
and good dispersion are favorable for fluorescence properties
and sensing performance due to the high surface-to-volume
ratio and abundant surface functional groups.

Overall, the TEM analysis confirms that synthesized NEDA-
CQDs are well-dispersed, nearly monodisperse, and suitable
for fluorescence-based sensing applications.

3.1.2. DLS and zeta potential analysis. The particle size and
colloidal stability of the synthesized NEDA-CQDs were further
investigated using dynamic light scattering (DLS) analysis
(Fig. 1(D)) and zeta potential measurement (see Fig. S1 in the
SI). The DLS results showed a narrow volume-based size
distribution with an average hydrodynamic diameter (8.11 =+
0.25 nm) larger than the TEM size, which can be attributed to
the presence of a hydration layer and possible slight aggrega-
tion of carbon quantum dots in aqueous dispersion. Such
behavior is commonly observed for carbon-based nano-
materials, where DLS measures the hydrodynamic size rather
than the core particle size.

The zeta potential value of NEDA-CQDs was measured to be
approximately —4.6 mvV, indicating the presence of surface
functional groups such as: (-OH, -NH,, and -COOH)

2430 | Nanoscale Adv., 2026, 8, 2426-2449
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originating from the citric acid and N-(1-naphthyl) ethylene-
diamine precursors. These functional groups contribute to the
surface charge and hydrophilicity of the NEDA-CQDs and help
maintain their dispersion in aqueous media. Although the
absolute zeta potential value is relatively low, the dispersion
remained stable without visible precipitation for a long storage
time, suggesting that steric stabilization in addition to electro-
static effects may contribute to the colloidal stability.

Overall, the good agreement between TEM, DLS, and zeta
potential results confirms the successful synthesis of well-
dispersed and stable NEDA-CQDs suitable for fluorescence
sensing applications.

3.1.3. XRD analysis. The crystalline structure of NEDA-
CQDs was investigated using XRD, and the corresponding
diffraction pattern is presented in Fig. 2(A). The XRD spectrum
exhibits multiple diffraction peaks located at 26 values of
17.75°,19.11°, 25.70°, 29.58°, 30.68°, 33.24°, 35.71°, 40.77°, and
42.77°, indicating the presence of crystalline domains within
the carbon-based nanostructure.

The diffraction feature around 26 = 25° can be attributed to
the (002) plane of graphitic carbon, suggesting the formation of
partially ordered sp® carbon domains. The presence of addi-
tional diffraction peaks may be associated with nitrogen-
containing surface functionalities and structural ordering
induced by NEDA incorporation during the hydrothermal
process.

These results indicate that the synthesized NEDA-CQDs
possess a partially crystalline carbon framework with graphitic
characteristics rather than a completely amorphous structure.
The nanoscale crystallite domains embedded within the carbon
matrix contribute to structural stability while maintaining the
surface states responsible for fluorescence emission. A
summary of the diffraction parameters, including 26, height, d-
spacing, and relative intensity, is presented in Table S1 in the SI.

3.1.4. FT-IR analysis. The FT-IR spectrum of NEDA-CQDs is
displayed in Fig. 2(B). The broad, intense absorption peaks
observed at 3498.24 and 3294.79 cm ™" are attributed to O-H
(hydroxyl) and/or N-H (amine) stretching vibrations, with the
broad profile indicating hydrogen bonding interactions.*** The
distinct, sharp peak at 1715.37 cm ' is assigned to C=0
stretching of carboxylic acid functionalities.”*® A medium
absorption at 1420.32 ecm™ ' is linked to in-plane bending
vibration peaks of C-H or C-N bonds.*”'** It is also possible that
the band observed at 1420.32 cm ' originates from the
stretching vibrations of C=C bonds within aromatic rings.
Strong absorptions in the 1214.93-1058.73 cm ™' range belong
to C-O (carboxylic acid), C-N (amine), or C-O-C (ether)
stretching vibrations, confirming the incorporation of multiple
oxygen-containing groups on the CQD surface during
synthesis."® Additionally, sharp bands at 940.128 and
882.274 cm ™" indicate out-of-plane C-H bending of aromatic
rings or C-C skeletal vibrations. The sharp band at
774.279 em™ ! is associated with aromatic C-H bending, while
the signals between 687.498 and 495.616 cm ™ represent out-of-
plane deformations of aromatic rings."**

3.1.5. XPS analysis. The surface chemical composition of
the synthesized NEDA-CQDs was analyzed using XPS. As shown

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 2(C), the survey spectrum exhibits three distinct peaks at
286.83, 400.64, and 533.94 eV, corresponding to C 1s, N 1s, and
O 1s, with atomic percentages of 68.36%, 4.2%, and 27.44%,
respectively.**® The high-resolution C 1s spectrum (Fig. 2(D))
displays components at 284.38 eV (C-C/C=C), 285.96 eV (C-N/
C-0), and 287.61 eV (C=0/0-C=0), confirming the coexis-
tence of sp> carbon, nitrogen, and oxygen functionalities.'*
The N 1s peaks at 398.38 and 399.54 eV correspond to C-N and
N-H bonds (Fig. 2(E)),"*” while the O 1s peaks at 532.71 and
534.17 eV are assigned to C=0/O-C=0 and C-OH/C-O-C
groups (Fig. 2(F)).**® These results indicate that oxygen and
nitrogen are successfully incorporated into the CQD surface,
and partial oxidation occurred during synthesis.

3.2. Optical properties of the NEDA-CQDs

The optical behavior of NEDA-CQDs was examined by UV-vis
and fluorescence spectroscopy in distilled water over the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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wavelength range of 200-800 nm (Fig. 3(A)). The UV-vis spec-
trum displays two distinct absorption bands at 229 and
275.5 nm. The strong, sharp peak at 229 nm corresponds to 7—
7* transitions of double bonds (C=C) within the conjugated
aromatic carbon core, while the broader band at 275.5 nm is
attributed to n-7* transitions associated with lone pair elec-
trons of oxygen and nitrogen functional groups introduced by
the NEDA precursor.

The fluorescence emission spectrum (Fig. 3(B)) exhibits
a strong emission peak centered at 492 nm under excitation at
405 nm, confirming the excellent photoluminescent properties
of the synthesized NEDA-CQDs. Furthermore, emission spectra
recorded at different excitation wavelengths (300-405 nm)
revealed that the emission maximum remained nearly
unchanged at ~490 nm, with only variations in intensity
observed (see Fig. S2 in the SI). This behavior indicates
predominantly excitation-independent fluorescence,
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sensor, respectively.

suggesting that the emission originates mainly from uniform
surface emissive states rather than multiple trap states.

3.3. Fluorescence stability of NEDA-CQDs

3.3.1. Effect of pH. The influence of pH on the fluorescence
behavior of NEDA-CQDs was examined in different pH solutions
ranging from 2 to 12, as presented in Fig. 3(C). The fluorescence
intensity increased notably between pH 2 and 4, then gradually
decreased as the pH rose from 6 to 12. This variation is attrib-
uted to the reversible protonation and deprotonation of the
amine and carboxyl groups on the NEDA-CQDs surface, which
change the electronic structure of the fluorophore and act as an
on/off switch for fluorescence in the acidic and basic
media."**** The more alkaline the solution, the more deproto-
nated the amine groups become, leading to a stronger
quenching effect and a lower fluorescence intensity, as observed
at pH 10 and 12. The highest emission observed at mildly acidic
pH 4 and the gradual quenching toward basic media highlight
the pH sensitivity and potential of NEDA-CQDs as reusable and
responsive fluorescent pH sensors.

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

3.3.2. Effect of time. Fig. 3(D) illustrates the fluorescence
intensity of the NEDA-CQDs sensor measured over a period of
80 minutes. The data demonstrate the sensor's excellent pho-
tostability under continuous measurement conditions. The
fluorescence intensity of the NEDA-CQDs remains nearly
constant throughout the entire duration, indicating that pro-
longed exposure to excitation light does not cause any notice-
able photobleaching or degradation of the carbon quantum
dots.

The observed stability can be attributed to the strong carbon
core structure and effective surface passivation by NEDA func-
tional groups, which protect the emission sites from oxidation
and photochemical damage. This inherent robustness ensures
consistent fluorescence emission without signal fluctuation or
decay.

Moreover, no precipitation or floating particles were
observed for over three months, further confirming the superior
colloidal and fluorescence stability of the NEDA-CQDs. Such
long-term dispersion stability and resistance to photo-
degradation make NEDA-CQDs a highly promising fluorescent
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probe for reliable, real-time, and continuous sensing applica-
tions in environmental and biological systems.

3.4. Measurement of fluorescence quantum yield of NEDA-
CQDs

The fluorescence quantum yield (QY) of NEDA-CQDs was
determined using a relative comparative method according to
the following equation:**°

oo 3)(:) ®

where Qg and Q. are the quantum yields of the sample and
reference, mg and m, are the slopes obtained from the linear
fitting of integrated fluorescence intensity versus absorbance,
and ng and n, are the refractive indices of the solvents used for
the sample and reference, respectively. Coumarin 334 (C334) in
ethanol (n, = 1.361) was used as the reference standard with
a reported quantum yield of 0.89. NEDA-CQDs were dispersed
in distilled water (n = 1.333). The excitation wavelength was
fixed at 405 nm for both the reference and the sample, and the
emission spectra were recorded with the emission maximum
located at approximately 492 nm for NEDA-CQDs."*

Integrated fluorescence intensity was plotted as a function of
absorbance for Coumarin 334 and NEDA-CQDs, and the slopes
were obtained from linear regression fitting (see Fig. S3 in the
SI). The calculated slopes together with the refractive index
correction were used to determine the quantum yield of NEDA-
CQDs, which was found to be 0.027. All measurements were
carried out at room temperature under identical instrumental
conditions to ensure a reliable comparison between the refer-
ence and the sample.

3.5. Fluorescent detection of DOX and CTC drugs by the
NEDA-CQDs sensor

The ability of NEDA-CQDs to detect DOX and CTC drugs was
evaluated using a fluorescence titration method. The fluores-
cence response of the NEDA-CQDs sensor toward varying
concentrations of DOX and CTC was systematically investi-
gated, as illustrated in Fig. 4(A) and (C). Upon gradual addition
of DOX or CTC, a gradual decrease in the fluorescence intensity
of NEDA-CQDs was observed, indicating a clear fluorescence
quenching effect. The fluorescence intensity of NEDA-CQDs
decreased significantly as the concentration of DOX increased
from 0 to 240 uM and CTC increased from 0 to 270 uM,
respectively.

This significant fluorescence quenching behavior suggests
a strong interaction between NEDA-CQDs and DOX or CTC
molecules, indicating the involvement of an efficient electron or
energy transfer mechanism and supporting their applicability
in fluorescence-based sensing systems. To quantitatively eval-
uate the quenching process, the experimental data were
analyzed using the Stern-Volmer equation:'*'**

Fn
7= 1 + Ksv[M] (6)
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where F, and F are the fluorescence intensities of NEDA-CQDs
before and after the addition of DOX or CTC, respectively, Ksy
is the Stern-Volmer quenching constant, and [M] is the molar
concentration of the quencher (DOX or CTC). The resulting
Stern-Volmer plots (Fig. 4(B) and (D)) exhibited excellent line-
arity with correlation coefficients (R*> = 0.99) for both DOX and
CTC, confirming a direct and reliable relationship between
fluorescence quenching and drug concentration. The linear
regression equations were determined to be:

NEDA-CQDs/DOX: F/F = 1.04554 + 0.0039 [DOX] (7)
NEDA-CQDs/CTC: F/F = 1.02387 + 0.0024 [CTC] (8)

The strong linearity and high sensitivity of these calibration
equations validate the suitability of NEDA-CQDs as an efficient
fluorescent probe for quantitative drug detection in analytical
applications. The calculated limit of detection (LOD) and limit
of quantification (LOQ) were found to be 4.02 uM and 12.18 uM
for DOX, and 2.53 uM and 6.67 uM for CTC, respectively.

These results highlight the superior analytical performance
of the NEDA-CQDs sensor, exhibiting excellent sensitivity and
a broad detection range for DOX and CTC. The strong fluores-
cence quenching response and high Stern-Volmer constants
confirm the feasibility of using NEDA-CQDs as a robust and
reliable fluorescent sensor for the sensitive detection of phar-
maceutical compounds in biological samples.

3.6. Selectivity and anti-interference of the detection system

To evaluate the selectivity of the NEDA-CQDs toward DOX and
CTC, interference studies were conducted using thirteen
potentially competing biomolecules at a concentration of 1.0 x
10~ M. The investigated species included tryptophan (Trp),
methionine (Met), alanine (Ala), glutamic acid (Glu), pr-proline
(Pro), lysine (Lys), cysteine (Cys), pL-aspartic acid (Asp), glucose,
uric acid, triglycerides, theophylline, and digoxin. The fluores-
cence intensity of the NEDA-CQDs was recorded before and
after the addition of each interferent, and the results are
summarized in Fig. 5(A) and (B). As observed, all tested
biomolecules induced only minor fluorescence changes, with
quenching efficiencies ranging from 0.9% to 20% relative to the
initial emission intensity of the NEDA-CQDs. In contrast, under
identical experimental conditions, the addition of DOX and
CTC resulted in significantly higher fluorescence quenching
efficiencies of 76.8% and 78.1%, respectively. The pronounced
difference in quenching response clearly demonstrates the
preferential interaction of NEDA-CQDs with DOX and CTC over
structurally unrelated biomolecules, confirming the high
selectivity of the proposed sensor and supporting its suitability
for reliable drug detection in complex biological environments.

3.7. Fluorescence quenching mechanism

The fluorescence sensing mechanism of CQD-based probes is
generally governed by several possible pathways, including
fluorescence resonance energy transfer (FRET), photoinduced
electron transfer (PET), intramolecular charge transfer (ICT/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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TICT), and inner filter effect (IFE).*** Fluorescence quenching
typically occurs through either dynamic or static processes.
While dynamic quenching relies on collisional interactions
between the fluorophore and the quencher in the excited state,
static quenching involves the formation of a stable, non-
fluorescent complex in the ground state between the fluoro-
phore and quencher before excitation.

In the current system, the fluorescence quenching of NEDA-
CQDs in the presence of DOX or CTC is primarily attributed to
a combined inner filter effect (IFE) and static quenching
mechanism.***” The difference between static and dynamic
quenching is identified through UV-vis absorption spectra. In
a dynamic quenching process, the absorption spectrum of the
fluorophore remains unchanged upon the addition of the
quencher because the interaction only occurs during the life-
time of the excited state. However, as illustrated in Fig. 6(A) and
(C), the addition of DOX or CTC to the NEDA-CQDs solution led
to noticeable changes in the absorption profile of the sensor,
indicating clear evidence for a static quenching mechanism.

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

Specifically, the characteristic absorption peaks of the NEDA-
CQDs (represented by the dashed black line in Fig. 6(A) and (C))
exhibit a noticeable decrease and shift as the drug concentra-
tion increases. At the same time, new absorption peaks emerge
in the visible region at 400-550 nm and 320-430 nm, corre-
sponding to the DOX and CTC drug molecules, respectively. The
disappearance of the original electronic transition peaks of the
sensor, accompanied by the emergence of these new spectral
bands, provides definitive evidence of a static quenching
mechanism. This behavior indicates the formation of a stable,
non-fluorescent ground-state complex between the NEDA-CQDs
and the drug molecules, rather than simple transient collisions.
Furthermore, these spectral alterations confirm significant
modifications in the CQDs' electronic structure, likely arising
from efficient charge or energy transfer processes within the
newly formed complex.

The formation of the ground-state complex is attributed to
multiple non-covalent interactions between the NEDA-CQDs
surface and the functional groups of the DOX and CTC drug

Nanoscale Adv., 2026, 8, 2426-2449 | 2435
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Table 1 Determination of DOX and CTC drugs in human serum and urine samples using NEDA-CQDs sensor

Concentration of drugs

Standard colorimetric

Drugs Samples method (uM) + SD NEDA-CQDs sensor (uM) + SD Recovery (%) RSD (%, n = 3)
DOX Serum 21.996 + 0.215 23.391 + 0.228 106.339 0.97

Urine 23.304 + 0.075 21.824 +£ 0.070 93.651 0.32
CTC Serum 31.704 + 0.046 32.988 £ 0.047 104.049 0.14

Urine 30.454 + 0.364 30.970 £ 0.370 101.694 1.19

molecules. The nature of these interactions may include -7
stacking interactions, hydrogen bonding, or electrostatic
attractions. These interactions effectively disturb the surface
states and radiative recombination pathways of the NEDA-
CQDs, leading to a noticeable fluorescence quenching effect.

In addition to static quenching, the inner filter effect (IFE)
plays a major role in the observed fluorescence quenching. As
shown in the spectral overlap (Fig. 6(B) and (D)), the UV-vis
absorption spectra of DOX and CTC drugs (red lines) signifi-
cantly overlap with both the excitation (Ax = 405 nm) and the
emission (Aem = 492 nm) bands of the NEDA-CQDs sensor (blue
lines). This overlap indicates that the drug molecules act as an
“optical filter,” absorbing the incident excitation light and
reabsorbing the emitted photons from the NEDA-CQDs before
reaching the detector. This evidence supports that the inner
filter effect is a major contributor to the observed quenching
mechanism in these systems.

In conclusion, the fluorescence quenching of NEDA-CQDs by
DOX and CTC is governed by a synergetic mechanism
combining static quenching driven by ground-state complexa-
tion and the inner filter effect (IFE). This robust interaction
ensures the high sensitivity and reliability of the sensor for
pharmaceutical detection.

3.8. Detection analysis of DOX and CTC drugs in real
biological samples

To evaluate the practical applicability of the developed probe,
NEDA-CQDs were employed as a fluorescent sensor for the
detection of DOX and CTC drugs in biological samples. Known
concentrations of each drug were spiked into diluted human
urine and serum, and the analyte contents were quantified
using the standard addition recovery method. As summarized
in Table 1, the recoveries for DOX and CTC ranged from
93.561% to 106.339%, with relative standard deviations (RSDs)
between 0.14% and 1.19% (n = 3). These results demonstrate
that NEDA-CQDs possess excellent accuracy and precision,
confirming their potential as an effective fluorescent platform
for detecting trace amounts of DOX and CTC in biological
fluids.

3.9. Analytical comparison of the NEDA-CQDs sensor with
reported fluorescent sensors

To evaluate the analytical performance of the proposed NEDA-
CQDs sensor, a comprehensive comparison with previously

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

reported fluorescent sensing platforms for DOX and CTC
detection is summarized in Table 2. The comparison includes
key analytical parameters, including linear detection range,
quantum yield, solvent system, sensing mechanism, and real-
sample applications.

For DOX detection, several reported carbon dot-based
systems exhibit relatively narrow linear ranges or require
complex matrices and organic solvents. In contrast, the devel-
oped NEDA-CQDs sensor demonstrates a wide linear range (0-
90 puM) in distilled water without the need for organic solvents
or surface post-modification. Moreover, unlike many previously
reported systems relying mainly on IFE or FRET mechanisms,
our system exhibits dominant static quenching behavior sup-
ported by DFT calculations, providing deeper mechanistic
insight into the sensing process.

For CTC detection, although some reported probes exhibit
higher quantum yields, they often involve multicomponent
nanocomposites, metal-organic frameworks, or rare-earth
upconversion nanoparticles, which increase synthesis
complexity and cost. The proposed NEDA-CQDs offer a simpler
one-step hydrothermal synthesis using an N-rich aromatic
precursor, enabling strong m-m stacking and electrostatic
interactions with both analytes. Importantly, dual-analyte
detection (DOX and CTC) is achieved using a single sensing
platform, which is rarely reported.

These combined features demonstrate the practical appli-
cability and competitive analytical performance of the devel-
oped sensor compared with previously reported fluorescent
platforms.

3.10. Computational analysis

In developing the computational model of the proposed NEDA-
CQDs nanosheet, the chemical structure was selected to match
the experimentally determined surface chemistry. FT-IR char-
acterization revealed the presence of hydroxyl (OH), amine
(NH,), carbonyl (C=0), carboxylate (COOH), and ether (C-O-C)
functional groups (derived from NEDA), while XPS analysis
confirmed carbon sp> domains along with C-N, C-0, C=0, and
O=C-O bonding environments. These experimental results
were used as the basis for constructing a representative CQD
structure incorporating oxygen- and nitrogen-containing
groups, which guided the functionalization of the poly-
aromatic hydrocarbon core in the computational model,
ensuring that the DFT simulations accurately reflect the actual

Nanoscale Adv., 2026, 8, 2426-2449 | 2437


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00019c

View Article Online

Paper

Nanoscale Advances

0ST JUSUIIUIO 943 pue [T uonewioy xo[dwod pue [Add 193em paziuorad — ST-ST°0 aniada
6¥T sorduwres ysy pue aurin AV 191em 21ndenn — 8-0 AON DALI-UZ
58 sordures [Iw pue 19jem [eIUSWUOIIAULY qIV I9rem — €10 +¢IV-ONND
UOORIANUT O1JBISOIIIID
VT ardwes 1A pue ‘Suryouanb oneys ‘19ysueny adreyn I97e M — 7-¥0°0 dIIN/PNED-3
6L sojdures 104 q4I 197em aindenyn 96'CC Tv-8'0 an-N
LL sodures 1ayem [emIoy 1a9d [oueg — €€'7-88€0°0 SaD-N
9/ sardwes J[IA uonewioy xo[dwo) 193em pazruorad 6L'€E 7T sad LI ‘N
sojdwres snadeueIqUIdW suonisuen
S/ snredense pue ‘Aouoy Y[IA deSpueq pue sUONOBINUI D1IBISOTIIA 191em 21ndenn — 00°6-50°0 saod “surdy
VL sapdures 1a1] S1d pue A AIV pue @41 1aYem Pa[[USIp d[qnoa — €6'VE-T61°0 dIN®S-J1Z®DIS
192 sajdwes AouoH AAI pUe I9JSueI} UOIII[H [ouey3o ‘[OUBYION 7°€9 09T-0 AOWTO® AL
L9 I0yem 19411 pue def, OIV pue FdI I9)BM 06 69-1 SONNV-VAO-Tdd
99  sopdwes pasy pue ‘UNDIYD ‘Aul[ [[99 675V A1V pue uonewioy xa[dwon 193em paziuoraq — SI-1°0 SANDD
SO JUISAIJ sojduwres suLn pue WNIdS UeWNH 41 pue Surgouanb sneis 193eM PIISIA VA4 06-0 SaAdD-VAaN
oLD
V' TLI-VT LT
971 pooiq 291N LHdd aulfes [eWION — pue £9689°0-0 SANDN-DAd
Sy WINIdS Poo[q UeWnH AL 197em d10dI[[IN 8T  OIT-¥ Pue ¢'I-1°0 SAD-N
248 so[duwres suLn uewny La9d OSNa €0 §S-5'0 SANDN-AdY
c9 sordwes wniss uewiny 1ad I91eM — 7-50°0 SONNV-LLA/DD
79°8SC-8¥'V€
¥9 sordwes wnias uewng AL 193em paziuorad — pue 8%°£-2980°0 SdNDN
65 sojdures sunn uewny q41 I9yem paziuorad 88'C¢ 0ST-T°0 san-1ad
8S sodwes winias pue suLIN UBWINH AL oueyyg $8°C 0/-0€ pue 0¢-T saddDd
LS sojdwes wnids pue duLIN UBWNH 41 pue Surgouanb oneis 197eM PAISIA TLT §'9-6°0 SADAN
SS sadwes ewse[d uewny uonewioy xajdwod 193eM PaISIA L6 985T0°0-FCLT00°0 SONND
€S ewseld uewny 1a9d Iajem paziuole@ — $°0-50°0 IWIN®SAD® OIS
T8 — A41 pue Surgouanb oneis 197em aindenyn — 91Z-TEV°0 AIN®SAODH
SdN 3V
0S sordwes wniss uewny SUONOBIANUT J1IBISOIIIH 191em 21ndenn 16°9T 00T-¢  /Sa® Ssuz®?%asuinD
Va2 sordures aurrn uewny — S[INTUOAIOY 9'9¢ 00T UBY} IoMOT £(ddp)ny
SIOM JUISAI sojdures auLn pue WNIdS UBWNH 441 pue Surgouanb sneis 193eM PIAISIA 1T 06-0 SAdD-VAaAN
Xoa
REX| uoneorddy wisTueydaw JUISUas JUIA[OS (%) (M) o8uer reaury  I0SUIS 0UISAION[A

preif wnmuend)

sbnip D10 pue XOQd JO UOiD33P Y} 404 swiiojieid Buisuas Juadsaion)y payodal Alsnoinaid Yym JOSUdS 92Ua25a40N)) SQOD-VYJIN pasodoud ayy jo uosuedwod g aiqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 9€:9€:2 9202/0Z /7 U0 pepeo|umoq "9z0Z Yo e N LT U0 pausiiand 8oy sse00y uedo

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

2438 | Nanoscale Adv, 2026, 8, 2426-2449


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00019c

Open Access Article. Published on 17 March 2026. Downloaded on 4/20/2026 7:36:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Molecule

(a) NEDA-CQDs

‘®

<

L3

<

¢

()

¢

L 9

(b) DOX
<
(3
¢
| 2

(c) CTC
.
€
[ 2
<
& e
€
»

View Article Online

Nanoscale Advances

LUMO

N
- <
9 e 9 9
. .3 2
’ @ 9 ’
® ¢ ‘.p,
B v 9
9 ,‘. i
l“

Fig.7 The optimized geometry, spatial diagram of the HOMO, LUMO orbitals, and MEP analysis for (a) NEDA-CQDs nanosheet, (b) DOX, and (c)

CTC drug molecules, respectively.

chemical composition and electronic behavior of the synthe-
sized sensor.

This approach ensures that the calculated electronic prop-
erties, specifically the Molecular Electrostatic Potential (MEP)
and the frontier molecular orbital distribution (HOMO and
LUMO), accurately represent the chemically active and polar
surface of the synthesized material, validating the relevance of
the computed non-covalent interactions (NCI) with the drug
molecules. The Density Functional Theory (DFT) calculations
provide crucial insights into the electronic structure and
binding mechanism between the NEDA-CQDs and the drug
molecules DOX and CTC, which are relevant for understanding
their potential as a drug sensor.

3.10.1. The structural and electronic characteristics of the
NEDA-CQDs nanosheet, DOX, and CTC drug molecules. The
optimized structure of the NEDA-CQDs nanosheet, as shown in
Fig. 7(a), displayed a well-delocalized m-conjugated system
presented by the polyaromatic core, which is essential for effi-
cient electronic transfer with drug molecules. The plots for the
HOMO and LUMO illustrate the electron distribution and
potential sites for chemical reactions. According to the NEDA-
CQDs, the HOMO density was largely localized over the
aromatic carbon network, while the LUMO extended across the
same surface, indicating that the entire carbon core is elec-
tronically active. The MEP map revealed the presence of
electron-rich (red/negative) and electron-deficient (blue/

Table 3 The calculated value of the binding energy (Eping). HOMO energy (Epomo). LUMO energy (E ymo). HOMO-LUMO energy gap (Eg),
change in E4 (AE,), Fermi level energy (Eg), change in Er (AEg), and dipole moment (D) of the NEDA-CQDs nanosheet before and after interaction

with DOX and CTC drug molecules in vacuum, respectively

System Bping (V) Exomo (V) Erumo (V) Eg (eV) AEy (%) Eg (eV) AEg (%) D (debye)
Molecule

DOX — —5.64 —2.16 3.49 — —3.90 — 3.61

CTC — —5.73 —1.84 3.88 — —-3.79 — 4.05
NEDA-CQDs — —4.14 —2.38 1.76 0.00 —3.26 0.00 9.37
Complex

DOX/NEDA-CQDs —-3.07 —4.11 —2.54 1.57 —10.55 —3.33 2.03 7.99
CTC/NEDA-CQDs -3.08 —4.28 —2.60 1.68 —4.24 —3.44 5.39 4.17

© 2026 The Author(s). Published by the Royal Society of Chemistry
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positive) domains for nucleophilic and electrophilic attack.
NEDA-CQDs show a mixture of negative potential near the
oxygen and nitrogen-containing functional groups and some
positive potential over the carbon structure. These sites act as
the primary binding centers for the targeted drugs.

Additionally, the calculated total Mulliken charge of the
sensor is 0.00e, and the dipole moment (D) is 9.37 debye.
Different quantum chemical parameters, including HOMO
energy (Euomo), LUMO energy (Erumo), the HOMO-LUMO
energy gap (Eg), Fermi level energy (Er), and D, were obtained
and are summarized in Table 3. The computed E, value is
1.76 eV (using eqn (2)), reflecting a relatively narrow band-gap
suitable for electron transfer processes, which is consistent
with the close energy levels in the density of states (DOS) spectra
displayed in Fig. 9(a). Additionally, the Fermi level (Eg) was
determined to be —3.26 eV based on eqn (4).

The optimized geometries of DOX and CTC drug molecules
are presented in Fig. 7(b and c). The HOMO and LUMO are
primarily localized on the polyaromatic rings (the chromo-
phore), which is expected due to the 7-system's role in electron
delocalization. The presence of heteroatoms (O, N, Cl) also
influences the distribution. According to the MEP map, both
drugs display distinct negative regions around the oxygen
atoms of the carbonyl and hydroxyl groups, which are potential
sites for hydrogen bonding with the NEDA-CQD's surface
groups.

Furthermore, both drug molecules exhibit a total Mulliken
charge of 0.00e, confirming their charge neutrality. The E,
values of DOX and CTC, calculated using eqn (2), are 3.49 eV
and 3.88 eV, respectively, which is further validated by their
corresponding DOS spectra shown in Fig. S4(a and b) in the
supplementary information section.

3.10.2. The optimized orientation for the binding of the
DOX and CTC drug molecules over the NEDA-CQDs nanosheet.
The optimized geometries of the drug-sensor complexes, as
presented in Fig. 8(a and b), reveal that both DOX and CTC
adopt a nearly parallel alignment with the NEDA-CQDs nano-
sheet during the binding. DOX occupies the central surface

HOMO

Complex

(a) NEDA-CQDs+DOX

(b) NEDA-CQDs+CTC

View Article Online

Paper

region of NEDA-CQDs, while CTC binds at the edges or near
heteroatom sites. This parallel orientation maximizes surface
contact and facilitates strong m-m interactions between the
aromatic domains of the drugs and the conjugated sp*-carbon
network of the CQDs. In addition to m-m stacking, several
hydrogen bonds are formed between the drug functional groups
(such as OH, NH, C=O0) and the oxygen- and nitrogen-
containing surface groups of the nanosheet. The coexistence
of aromatic stacking and hydrogen-bonding interactions
creates a stable binding configuration, promotes efficient elec-
tronic coupling, and supports the observed charge-transfer-
driven fluorescence quenching mechanism.

Upon complexation, the electronic distribution is signifi-
cantly altered, particularly in the HOMO and LUMO of the drug
complexes. In both complexes, the HOMO remains primarily
localized on the NEDA-CQDs nanosheet, while the LUMO shifts
significantly towards the drug molecules (DOX/CTC). This
spatial separation of the frontier orbitals suggests an electron
transfer from the NEDA-CQDs (acting as an electron donor) to
the drug molecules (acting as an electron acceptor). This charge
transfer is a critical driving force for the stable formation of the
complexes and could influence the photophysical properties
and stability. This orbital alignment supports an inner-filter
effect (IFE)-assisted quenching mechanism.

MEP maps revealed highly intensified negative electrostatic
potential around the carbonyl and hydroxyl groups of DOX and
CTC, enabling strong hydrogen bonding and electrostatic
interactions with the positively polarized N-H and C-H sites on
the NEDA-CQDs surface. In both complexes, these polar inter-
actions are complemented by 7-7 stacking, as the drugs adopt
a nearly parallel orientation relative to the CQD nanosheet. This
electrostatic stabilization, hydrogen bonding combined with
aromatic -7 interactions, promotes efficient electronic
coupling and facilitates intermolecular charge transfer, ulti-
mately supporting the experimentally observed fluorescence
quenching mechanism of the NEDA-CQDs sensor in the pres-
ence of DOX and CTC.

LUMO MEP

Fig. 8 The optimized structure, spatial diagram of the HOMO, LUMO orbitals, and MEP analysis for (a) DOX/NEDA-CQDs and (b) CTC/NEDA-

CQDs drug complexes, respectively.
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Fig.9 The TDOS spectra, PDOS spectra, RDG plot, and NCl iso-surfaces diagrams for (a) NEDA-CQDs nanosheet, (b) DOX/NEDA-CQDs, and (c)

CTC/NEDA-CQDs drug complexes, respectively.

Additionally, the binding energies (Eping) of the two drug
molecules on the NEDA-CQDs nanosheet were calculated to
assess the strength and stability of the interactions. Using eqn
(1), the Eping values for the DOX/NEDA-CQDs and CTC/NEDA-
CQDs complexes were determined to be —3.07 and —3.08 eV,
respectively. These strong negative binding energies confirm
that both drugs form favorable and stable complexes with the
sensor surface.

The density of states (DOS) spectra, together with the elec-
tronic parameters Exomo, ELumo, €nergy gap (Ey), its variation
(AEg), Fermi level energy (E), its shift (AEg), and the dipole
moment (D), were examined after binding of the drug molecules
onto the NEDA-CQDs surface, as presented in Table 3. The DOS
spectra of the nanosheet in the presence of DOX and CTC are
shown in Fig. 9(b and c). The observed alterations in the orbital
distributions following drug binding provide further evidence
of strong electronic interactions between the drug molecules
and the NEDA-CQDs sensor.

The pristine NEDA-CQDs nanosheet displays an energy gap
(E¢) of 1.76 eV, as determined from eqn (2), with corresponding
Enomo and Epymo values of —4.14 and —2.38 eV, respectively.
After binding of DOX and CTC onto the sensor surface, these
orbital energies shift to —4.11 and —4.28 eV for Eyomo and
—2.54 and —2.60 eV for Eyymo, leading to reduced energy gaps
of 1.57 and 1.68 eV, respectively. The Fermi energy (Eg), calcu-
lated using eqn (4), also shifts to —3.33 eV for the DOX/NEDA-
CQDs complex and —3.44 eV for the CTC/NEDA-CQDs
complex. These modifications in Eyomo, Erumos Eg, and Ep

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

closely align with the changes observed in the DOS spectra,
confirming notable alterations in the electronic structure of the
nanosheet induced by drug binding. Such shifts further indi-
cate strong interaction and efficient electronic coupling
between the drugs and the NEDA-CQDs surface.

3.10.3. Reduced density gradient (RDG) plots and non-
covalent interaction (NCI) analysis. The NCI/RDG analysis is
the most informative for visualizing and characterizing the non-
covalent forces. The NCI plots use color-coded iso-surfaces to
map different interaction strengths between the CQD and the
drug.

RDG scatter plots further support the results by displaying
distinct regions corresponding to weak non-covalent interac-
tions upon drug binding. In both DOX- and CTC-bound struc-
tures, as displayed in Fig. 9(a—c), the appearance of spikes in the
low-density, low-gradient region indicates stabilizing interac-
tions such as hydrogen bonding and van der Waals forces. The
presence of additional colored regions compared to the pristine
CQDs confirms that drug binding introduces new non-covalent
contact zones that enhance complex stability.

The NCI iso-surfaces provide direct visualization of these
interactions, showing extended green regions between the
aromatic rings of the drugs and the conjugated domains of the
CQDs, which correspond to m-m stacking interactions. Blue-
green patches localized around the drug functional groups
(C=0, OH, COOH) and the NEDA-CQDs surface functional
groups (N-H, C-H, C-O) confirm the formation of multiple
hydrogen bonds. The combination of m-m stacking and

Nanoscale Adv, 2026, 8, 2426-2449 | 2441
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Table 4 The calculated values of the work function (¢), ionization potential (/), electron affinity (A), electronegativity (x), chemical potential (u),
hardness (n), softness (S), and electrophilicity index (w) of the NEDA-CQDs nanosheet, DOX/NEDA-CQDs, and CTC/NEDA-CQDs drug

complexes in vacuum, respectively

System ¢ (eV) 1(eV) A (eV) x (eV) w(ev) n (eV) S(ev)! w (eV)
Molecule

DOX 3.90 5.64 2.16 3.90 —3.90 1.74 1.15 4.36
CTC 3.79 5.73 1.84 3.79 —-3.79 1.94 1.03 3.69
NEDA-CQDs 3.26 4.14 2.38 3.26 —3.26 0.88 2.27 6.05
Complex

DOX/NEDA-CQDs 3.33 4.11 2.54 3.33 —3.33 0.79 2.54 7.04
CTC/NEDA-CQDs 3.44 4.28 2.60 3.44 —3.44 0.84 2.37 7.02

hydrogen bonding leads to stable binding geometries in which
both drugs lie nearly parallel to the nanosheet surface, maxi-
mizing contact and facilitating effective charge transfer.

Overall, the DFT results collectively demonstrate that NEDA-
CQDs are capable of forming stable complexes with both DOX
and CTC. The binding is governed by a cooperative effect of
strong m-7 stacking and hydrogen bonding, confirmed by the
RDG and NCI analysis. The findings support the potential
application of NEDA-CQDs as an effective sensor for these
chemotherapeutic and antibiotic agents.

3.10.4. Chemical reactivity descriptors. The quantum
chemical descriptors listed in Table 4 provide valuable insight
into the electronic properties and reactivity of the pristine
NEDA-CQDs nanosheet and its complexes with DOX and CTC.
Several reactivity descriptors were calculated using the standard
conceptual DFT equations, including work function (¢), ioni-
zation potential (1), electron affinity (A), electronegativity (x),
chemical potential (1), chemical hardness (n), softness (S), and
electrophilicity index (w). Their respective expressions are given
by:

¢ = Veray — Er )
u:—x:—UZA) (10)
g= A (1)
S= 21—1’ (12)
vt (13)

In this context, the ionization energy (I) is defined as ~Exomo,
and the electron affinity (4) is defined as -E; ymo, meaning that 7
=~ -Epomo and A = -Erymo. These quantities were calculated
directly from the HOMO and LUMO energy levels of the NEDA-
CQDs nanosheet and its complexes with the DOX and CTC drug
molecules. Using these relationships, the pristine NEDA-CQDs
exhibit moderate electronegativity (x = 3.26 eV), relatively low
ionization potential (I = 4.14 eV), and high softness (S = 2.27
eV 1), indicating that the nanosheet is chemically reactive and

2442 | Nanoscale Adv., 2026, 8, 2426-2449

capable of efficient electron exchange. The work function (¢ =
3.26 eV) further confirms its ability to donate electrons easily.

Upon binding of DOX and CTC drugs, noticeable electronic
changes occur in these descriptors, indicating strong electronic
interactions between the NEDA-CQDs surface and the drug
molecules. Both complexes show a slight increase in work
function (3.33 eV for DOX/NEDA-CQDs and 3.44 eV for CTC/
NEDA-CQDs), implying a shift in the surface Fermi level due
to charge redistribution. This enhancement in ¢ indicates that
electron removal becomes slightly more energy-demanding,
consistent with the formation of a more electronically stabi-
lized interface.

The ionization potential (I) and electron affinity (A) also
increase for both complexes compared to the pristine NEDA-
CQDs nanosheet, indicating enhanced charge-accepting and
charge-donating capabilities after drug binding. As a result, the
chemical hardness () decreases from 0.88 eV for NEDA-CQDs
to 0.79 and 0.84 eV for DOX/NEDA-CQDs and CTC/NEDA-
CQDs complexes, while softness (S) increases. These changes
indicate that the nanosheet becomes more chemically respon-
sive upon drug binding, facilitating electron transfer interac-
tions between the drug molecules and the nanosheet, an
essential feature for sensing performance.

Electronegativity (x) and chemical potential () also show
a slight increase in their values, demonstrating that the
complexes possess a greater tendency to attract electrons and
enhancing the interaction strength between the drugs and
NEDA-CQDs. Most notably, the electrophilicity index (w)
increases significantly upon complexation from 6.05 eV for
pristine NEDA-CQDs to 7.04 eV (DOX/NEDA-CQDs) and 7.02 eV
(CTC/NEDA-CQDs). The higher w values indicate that both
complexes exhibit enhanced stabilization energy upon electron
acceptance, confirming a strong electrophilic character. This
enhancement is directly associated with improved sensing
capability, as higher electrophilicity facilitates more efficient
electron exchange between the drug molecules and the nano-
sheet surface.

Overall, these changes in the global reactivity descriptors
confirm that DOX and CTC binding onto NEDA-CQDs induce
substantial electronic modulation of the nanosheet. The
increased softness, electrophilicity, and work function of the
complexes confirm enhanced charge-transfer interactions,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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supporting the excellent performance of the NEDA-CQDs as
a fluorescence-based sensor for DOX and CTC detection.

4. Conclusion

In this work, nitrogen-rich NEDA-CQDs were successfully
synthesized via a simple one-step hydrothermal strategy and
employed as a dual-function fluorescent sensor for the detec-
tion of DOX and CTC. The obtained carbon quantum dots
exhibited uniform nanoscale dimensions, good aqueous
stability, and excitation-independent fluorescence behavior
suitable for sensing applications. The developed platform
enabled concentration-dependent fluorescence quenching over
a wide linear range (0-90 uM) for both analytes, with satisfac-
tory sensitivity, selectivity, stability, and reproducibility.
Importantly, the sensor demonstrated reliable performance in
spiked human serum and urine samples, confirming its prac-
tical applicability in biological matrices without complicated
sample pretreatment.

Mechanistic investigations revealed that the sensing process
is governed by static quenching accompanied by the IFE. DFT
calculations provided theoretical validation of the experimental
findings, demonstrating strong binding interactions, charge
redistribution, reduced HOMO-LUMO energy gaps, and favor-
able non-covalent interactions, particularly w-m stacking and
hydrogen bonding, between the drug molecules and the NEDA-
CQDs surface.

Compared with previously reported fluorescent probes, the
present system offers several advantages, including dual-analyte
detection using a single sensing platform, simple and cost-
effective synthesis, mechanistic insight supported by theoret-
ical calculations, and successful validation in real biofluids.
These combined features highlight the potential of NEDA-CQDs
as a practical and versatile fluorescent platform for pharma-
ceutical monitoring and bioanalytical applications.
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