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A sensitive and selective fluorescence quenching method based on nitrogen and phosphorus co-doped
carbon quantum dots (N,P CQDs) was developed for the quantitative determination of the antihistamine
drug fexofenadine. The optical and morphological properties of the N,P CQDs were extensively
characterized using dynamic light scattering, transmission electron microscopy, UV-vis absorption, and
fluorescence spectroscopy. A blue emitting N,P CQDs with excitation and emission maxima at 324 and
425 nm, respectively, exhibited strong fluorescence quenching upon interaction with fexofenadine. The
sensing mechanism was investigated through Stern—Volmer analysis and thermodynamic studies,
revealing a static quenching process. Additionally, the experimental parameters affecting the quenching
efficiency, such as pH, N,P CQDs volume, and incubation time, were optimized using a Box—Behnken
design to achieve maximum sensitivity. A significant quadratic model was developed to maximize the
fluorescence quenching efficiency of these N,P CQDs upon interaction with fexofenadine which was
further employed in the optimization process. The proposed method showed excellent linearity (=
0.9998) over the dynamic range of 0.02-1.5 ug mL™%, with a limit of detection of 0.006 ug mL™%. The
analytical performance of the method was validated according to ICH M10 guidelines, demonstrating
high accuracy, precision, and selectivity. The applicability of the method was demonstrated by
determining fexofenadine in pharmaceutical formulations with no significant difference from the
reported HPLC-UV method. Furthermore, the method was successfully applied for pharmacokinetic
profiling in rabbits following oral administration (10 mg kg™%), revealing characteristic parameters
including Cax of 344 + 84 ng mL~ at 3.6 h, elimination half-life of 12.5 h, and AUCq_, ., of 6495 ng-h
mL~%, which aligned well with previously reported pharmacokinetic behavior. The greenness and
practicality of the proposed method were evaluated using the AGREE, MOGAPI and BAGI tools,
indicating its superior environmental sustainability and acceptable practical applicability compared to
conventional HPLC-UV and UPLC-MS/MS technigues and presenting its suitability for routine
pharmaceutical and bioanalytical applications.
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due to its non-sedative properties and minimal anticholinergic
effects.”” Unlike other antihistamines, fexofenadine undergoes
minimal hepatic metabolism, relying primarily on renal excre-
tion (11%) and biliary secretion (80%).* Its pharmacokinetics
(PK) are complex and influenced by drug transporters such as P-
glycoprotein (P-gp), which limits its intestinal absorption, and
organic anion transporting polypeptides (OATPs), which facili-

1. Introduction

Fexofenadine is a widely prescribed second-generation anti-
histamine used to treat allergic rhinitis and chronic urticaria
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tate its uptake into enterocytes and hepatocytes.* These trans-
porters contribute to significant interindividual variability in
bioavailability, making fexofenadine a challenging drug to
monitor. Additionally, factors such as food interactions (e.g.,
grapefruit juice), renal impairment, and drug-drug interactions
(DDIs) further complicate its PK profile, leading to variability in
systemic exposure and potential toxicity risks.> For instance,
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patients with renal impairment exhibit reduced clearance,
increasing the risk of adverse effects.”> Hence, the development
of a sensitive and reliable analytical method is crucial for the
accurate quantification of fexofenadine in various matrices,
such as pharmaceutical formulations and biological samples, to
support therapeutic drug monitoring and pharmacokinetic
studies.

Current analytical approaches for fexofenadine determina-
tion encompass various techniques, including high-
performance liquid chromatography (HPLC) coupled with UV
detection,*” fluorescence detection,® or mass spectrometry.’**
However, these methods often require complex sample prepa-
ration, lengthy run times, and sophisticated instrumentation,
which may not be readily available in many laboratories.
Potentiometric sensors based on ion-selective electrodes such
as carbon paste and polymeric membrane electrodes have also
been developed for fexofenadine determination.>** Neverthe-
less, these electrochemical methods often suffer from interfer-
ences and poor selectivity. Spectrofluorimetric methods have
also gained attention due to their inherent sensitivity, selec-
tivity, and simplicity. For example, a synchronous fluorescence
method has been reported for the determination of fex-
ofenadine in pharmaceutical and spiked human plasma
samples.** However, the quantification was performed at
284 nm in the UV region, which may be susceptible to inter-
ferences from matrix constituents. Moreover, the reported
fluorescent method suffers from limited sensitivity, which may
not be suitable for pharmacokinetic studies. Silver nano-
particles have also been employed as fluorescence probes for
fexofenadine quantification, but their synthesis and optimiza-
tion can be complex and time-consuming.® Besides, using
expensive and toxic silver compounds raises environmental
concerns.

Fluorescent carbon-based nanomaterials, such as carbon
quantum dots (CQDs), have emerged as a promising class of
fluorescent probes due to their unique optical properties,
excellent photostability, and biocompatibility.'® These CQDs
can be synthesized from a wide range of precursors, including
citric acid, glucose, and amino acids, and can be tailored to
exhibit specific fluorescence characteristics through hetero-
atom doping."” By introducing heteroatoms such as nitrogen,
sulfur and phosphorus atoms into the carbon lattice, the optical
and surface properties of carbon quantum dots can be tuned to
enhance their fluorescence quantum yield via electron delo-
calization and surface functionalization, enabling sensitive,
selective detection of various analytes, including heavy metals,
metabolites, and other pharmaceutical compounds.'®** For
example, N;S-CQDs have been used for the sensitive and selec-
tive detection of glimepiride,* doxycycline,* and imatinib,**
demonstrating their potential as versatile fluorescent sensors.
Upon interaction with the analyte, the fluorescence of the N,S-
CQDs can be quenched, providing a basis for the quantitative
determination of the target compound. Nitrogen and phos-
phorus co-doped carbon quantum dots (N,P CQDs) have been
less reported, but they have shown great promise due to their
enhanced photoluminescence and reduced toxicity. For
instance, N,P CQDs have been utilized for the sensitive
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detection of detection of Cr(vi) and ascorbic acid in pure
aqueous solutions and in living cells.*® A combination of inner
filter effect and static quenching mechanism contributed to the
high detection sensitivity of N,P-CQDs towards these analytes.
However, to the best of our knowledge, the application of N,P-
CQDs for the sensitive determination of fexofenadine has not
been explored.

This study aims to develop a novel fluorescent probe based
on N,P CQDs for the sensitive determination of fexofenadine in
pharmaceutical formulations and rabbit plasma samples. The
morphology and optical properties of the N,P CQDs were
extensively characterized using various techniques. The mech-
anism of fluorescence quenching of N,P CQDs by fexofenadine
was investigated through Stern-Volmer analysis and thermo-
dynamic studies. Moreover, the experimental parameters
affecting the quenching process, such as pH, N,P CQDs volume,
and incubation time, were optimized using Box-Behnken
design to achieve maximum sensitivity. The analytical perfor-
mance of the proposed method was validated according to ICH
M10 guidelines for bioanalytical method validation. Besides,
the greenness and blueness of the proposed method were
evaluated using the AGREE (Analytical GREEnness calculator),**
MOGAPI (Modified Green Analytical Procedure Index),* and
BAGI (Blue Applicability Grade Index) AGREE?® tools to assess
its environmental impact and analytical practicality compared
to the reported literature. The applicability of the developed
method was demonstrated by analyzing fexofenadine in phar-
maceutical formulations and pharmacokinetics in rabbit
plasma to support therapeutic drug monitoring and clinical
studies.

2. Experimental

2.1. Materials

Fexofenadine hydrochloride (99.82%) was acquired from the
Egyptian Drug Authority (EDA), Cairo, Egypt. Aspartic acid,
boric acid, phosphoric acid, acetic acid, and sodium hydroxide
were purchased from Piochem Co., Cairo, Egypt. Diethylene-
triamine, acetone and HPLC-grade acetonitrile were obtained
from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals
used were of analytical grade and were used without further
purification. Distilled water was used throughout the experi-
ments. Pharmaceutical fexofenadine tablets (Fexon®), each
tablet claimed to contain 120 mg fexofenadine hydrochloride,
were purchased from a local pharmacy, Cairo, Egypt.

2.2. Instrumentation

A Shimadzu UV-1800 UV-visible spectrophotometer and a Jasco
FP-6200 spectrofluorometer were used for recording the UV-vis
absorption and fluorescence spectra, respectively. The instru-
mental parameters for the fluorescence measurements were:
excitation slit width = 10 nm, emission slit width = 10 nm, scan
speed = 4000 nm min ", and emission range = 400-650 nm.
Dynamic light scattering (DLS) measurements were performed
using a Malvern Zetasizer Nano ZS instrument to determine the
hydrodynamic size and zeta potential of the N,P CQDs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2100 instrument at an accelerating voltage of
200 kV to investigate the morphology and size of the N,P CQDs.
pH measurements were carried out using a Jenway 3505 pH
meter equipped with a combined glass electrode.

2.3. Synthesis and characterization of the N,P CQDs

The N,P CQDs were synthesized via a one-step hydrothermal
method using aspartic acid, diethylenetriamine, and phos-
phoric acid as precursors.” Briefly, aspartic acid (0.5 g), dieth-
ylenetriamine (1 mL), and phosphoric acid (1 mL) were
dissolved in 15 mL of distilled water. Following vigorous stir-
ring, the mixture was transferred to a Teflon-lined stainless-
steel autoclave and heated at 280 °C for 4 hours. The resulting
brown suspension was cooled to room temperature, and the as-
synthesized N,P CQDs were filtered using a 0.45 um syringe
filter and centrifuged at 10 000 rpm for 10 minutes to remove
any large particles. The N,P CQDs were further purified by
dialysis against distilled water for 24 hours using a dialysis
membrane with a molecular weight cutoff of 3500 Da. The
purified N,P CQDs were precipitated by adding acetone and
collected by centrifugation at 10 000 rpm for 10 minutes. A stock
solution of the N,P CQDs was prepared in water at a concen-
tration of 1 mg mL ™" and stored at 4 °C for further use. The
morphology and size distribution of the N,P CQDs were char-
acterized by TEM and DLS. The optical properties of the N,P
CQDs, including UV-vis absorption and fluorescence emission
spectra, were also examined.

2.4. Optimization of the sensing conditions

The sensing conditions for the determination of fexofenadine
using the N,P CQDs were systematically optimized using the
Box-Behnken design. The independent variables investigated
were pH (X1), volume of N,P CQDs (X2), and incubation time
(X3). The response variable was the quenching efficiency of
the N,P CQDs by fexofenadine (QE%) calculated as:

Quenching efficiency (%) = (Fo — F)/Fy x 100

where F, is the fluorescence intensity of N,P CQDs in the
absence of fexofenadine, and F is the fluorescence intensity in
the presence of fexofenadine. Initial experiments were con-
ducted to determine the appropriate ranges of the independent
variables, and then the Box-Behnken design was used to opti-
mize the sensing conditions. ANOVA was performed to evaluate
the statistical significance of the fitted model, and the optimal
conditions were determined using desirability function anal-
ysis. All calculations were performed using Design Expert soft-
ware. The optimized sensing conditions include pH 8.8 using
1 mL of Britton-Robinson buffer, 0.85 mL of 1 mg per mL N,P
CQDs, and an incubation time of 1.5 minutes which provided
the maximum fluorescence quenching efficiency.

2.5. Method validation

The developed method for fexofenadine determination
using N,P CQDs was validated following ICH M10 guidelines for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bioanalytical method validation.>” Sample preparation involved
a straightforward protein precipitation protocol, where aceto-
nitrile (3 mL) was added to rabbit plasma (3 mL), followed by
vertexing for 1 min and centrifugation at 10 000 rpm for 10 min.
The supernatant was collected, evaporated under a gentle
nitrogen stream, and reconstituted in 1 mL of water prior to
analysis under optimized sensing conditions. Method linearity
was established over a concentration range of 0.02-1.5 ug mL ™"
for both aqueous solutions and spiked rabbit plasma samples.
Calibration curves were constructed by plotting Fy/F values
against fexofenadine concentrations after mixing appropriate
aliquots of standard solutions with the optimized volume of N,P
CQDs. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated based on the standard deviation of blank
measurements (o) and the calibration curve slope (S), using the
equations: LOD = 3.3 ¢/S and LOQ = 10 a/S.

Method accuracy and precision were evaluated using
fexofenadine-spiked plasma samples at four concentration
levels: LLOQ (0.02 pg mL ™), LQC (0.06 ug mL™ "), MQC (0.75 pg
mL '), and HQC (1.25 pg mL ). Intra-day assessments involved
analyzing five replicates at each concentration level on the same
day, while inter-day evaluations were conducted over three
consecutive days. Method robustness was investigated through
deliberate variations in critical parameters, including pH (0.1
units), N,P CQDs volume (+20 pL), and incubation time (+0.2
min). Matrix effects were thoroughly investigated by analyzing
fexofenadine-spiked plasma samples at low, medium, and high
concentrations in three different lots of rabbit plasma. The
acceptance criteria were set at £15% for all QC levels and £20%
for LLOQ, following regulatory guidelines.

The method's selectivity was established by evaluating
potential interference from pharmaceutical excipients and
endogenous plasma components (amino acids, glucose,
albumin) at concentrations 10-fold higher than the target ana-
Iyte. Additionally, the quenching efficiency (QE%) was also
assessed in the presence of common metals and anions typi-
cally found in biological matrices.

2.6. Application in pharmaceutical analysis and
pharmacokinetics

The validated N,P CQDs-based method was applied for the
determination of fexofenadine in commercial pharmaceutical
formulations. Ten fexofenadine tablets were accurately
weighed, finely powdered, and an amount equivalent to 10 mg
of fexofenadine was dissolved in 50 mL of distilled water. The
solution was sonicated for 10 minutes, filtered through a 0.45
pum syringe filter, and the volume was adjusted to 100 mL with
water. Appropriate dilutions were made with water, and the
fexofenadine content was determined using the developed
method.

To evaluate the pharmacokinetic profile of fexofenadine,
a study was conducted in albino rabbits (2.5-3.0 kg). The
experimental protocols were designed and conducted in
compliance with the established guidelines for the humane
treatment and care of laboratory animals, and the study was
reviewed and approved by the Institutional Ethics Committee at
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the Faculty of Medicine, Al-Azhar University, Damietta campus,
Egypt (Approval No: DFM-IRB00012367-25-02-055). Five rabbits
administered a single oral dose of fexofenadine hydrochloride
equivalent to 10 mg kg™~ " via oral gavage. Blood samples (5 mL)
were collected from the marginal ear vein at various time points
(0, 1, 3, 6, 12, 24 and 48 hours) after drug administration.
Samples were immediately processed, and the resulting plasma
was stored at —80 °C until analysis. Fexofenadine levels in the
rabbit plasma samples were quantified using the validated N,P
CQDs-based fluorescence quenching method. Pharmacokinetic
parameters including the maximum plasma concentration
(Cmax), time to reach Cpax (Tmay), area under the plasma
concentration-time curve (AUC,_, and AUC,_..), elimination
rate constant (k), elimination half-life (¢,,,), and mean residence
time (MRT) were calculated based on non-compartmental
analysis using PK Solver software.>®

3. Results and discussion

3.1. Characterization and optical properties of N,P CQDs

The synthesized N,P CQDs were comprehensively characterized
using complementary analytical techniques to evaluate their
physicochemical and optical properties (Fig. 1). Dynamic light
scattering analysis revealed a narrow size distribution with an
average hydrodynamic diameter of 2.55 + 0.54 nm, demon-
strating excellent monodispersity of the nanoparticles (Fig. 1A).
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The sharp, symmetrical peak in the DLS profile suggests
uniform particle formation during the hydrothermal synthesis.
Transmission electron microscopy imaging confirmed the
successful synthesis of well-dispersed, spherical N,P CQDs with
sizes consistent with the DLS measurements (Fig. 1B). The TEM
micrograph shows discrete dark spots corresponding to indi-
vidual quantum dots distributed uniformly across the field of
view, with minimal aggregation and a scale bar of 10 nm
providing clear size reference.

The optical properties of the N,P CQDs were investigated
through UV-visible absorption and fluorescence spectroscopy.
The UV-vis spectrum (Fig. 1C) exhibited a characteristic
absorption peak centered at 327 nm, attributed to the n-m*
electronic transitions of the C=0 bonds, along with a shoulder
around 275 nm corresponding to m-m* transitions of the
aromatic sp> domains. The gradual decrease in absorption at
longer wavelengths is typical for carbon quantum dots and
indicates successful carbonization during synthesis. The fluo-
rescence properties revealed strong photoluminescence with an
excitation maximum at 324 nm and a corresponding emission
peak at 425 nm (Fig. 1D). The well-defined excitation and
emission bands with minimal overlap demonstrate the excel-
lent optical properties of the N,P CQDs. The large Stokes shift of
approximately 100 nm between excitation and emission
maxima is advantageous for analytical applications as it mini-
mizes self-quenching effects. Quantum yield measurements
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Fig.1 Physicochemical and optical characterization of synthesized N,P-CQDs: (A) dynamic light scattering (DLS) size distribution showing mean
diameter of 2.55 + 0.54 nm, (B) transmission electron microscopy (TEM) image demonstrating spherical morphology and uniform dispersion
(scale bar =10 nm), (C) UV-visible absorption spectrum exhibiting characteristic peak at 327 nm, and (D) fluorescence excitation (Aex = 324 nm)
and emission (Aem = 425 nm) spectra showing strong photoluminescence properties.
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using quinine sulfate as a reference standard revealed
a remarkably high value of 72.3%, indicating successful
nitrogen and phosphorus doping that enhanced the fluores-
cence properties through the creation of new emissive states.
These exceptional optical characteristics, combined with
uniform size distribution and morphology, make the N,P CQDs
highly suitable as fluorescent probes for the sensitive detection
of fexofenadine.

3.2. Fluorescence quenching mechanism

A key aspect of this study was the investigation of the fluores-
cence quenching mechanism between the N,P CQDs and fex-
ofenadine. Upon addition of increasing concentrations of
fexofenadine to the N,P CQD solution, a progressive decrease in
fluorescence intensity was observed, indicating an efficient
quenching effect (Fig. 2A). Hence, the mechanism of this fluo-
rescence quenching was further elucidated through Stern-
Volmer analysis and thermodynamic studies (Table 1). A
temperature-depending Stern-Volmer plot was constructed,
and a decrease in the slope of the Stern-Volmer plot with
increasing temperature suggested that the quenching process
was predominantly static in nature (Fig. 2B). The Stern-Volmer
constants were calculated at three different temperatures (298,
303, and 308 K) to corroborate the quenching mechanism using
the following equation:

Fy/F = 1 + Ksv[Q]

View Article Online
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where F, and F represent the fluorescence intensities in the
absence and presence of the quencher (fexofenadine), respec-
tively, and K, is the Stern-Volmer quenching constant. A
decrease in the K, values from 1.36 x 10° M~ * at 25 °C t0 0.95 x
x 10° M™" at 35 °C further confirmed the static nature of the
quenching (Table 1). Besides, the high K, values to the x 10°
M order of magnitude also suggest the formation of a strong
complex between the N,P CQDs and fexofenadine. These
observations were supported by the calculation of the bimo-
lecular quenching rate constant using the following equation:

kq = KSV/‘L'()

where 1, is the average lifetime of the N,P CQDs in the absence
of the quencher, which is in the nano-second range. Hence, the
bimolecular quenching rate constants (ky) were determined to
be in the order of 10" M™" s™", substantially exceeding the
diffusion-controlled limit (2 x 10" M~" s7"), further confirm-
ing the static nature of the quenching process.

To gain deeper insights into the interaction between N,P
CQDs and fexofenadine, UV-vis absorption spectroscopy was
employed to investigate ground-state complex formation
(Fig. 2C). The absorption spectrum of the N,P CQDs-
fexofenadine mixture showed distinct changes compared to
the individual spectra of N,P CQDs and fexofenadine alone. The
appearance of a new spectral feature in the ion-pair complex
spectrum that differs from the simple superposition of
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Fig.2 Fluorescence quenching mechanism study of N,P CQDs by fexofenadine. (A) Fluorescence emission spectra of N,P CQDs with increasing
concentrations of fexofenadine (0-1.5 ng mL™). (B) Stern—Volmer plots at different temperatures (298, 303, and 308 K) showing decreasing
slopes with increasing temperature, characteristic of static quenching. (C) UV-visible absorption spectra of N,P CQDs (blue), fexofenadine (red),
and their ion pair complex (green) demonstrating ground-state complex formation.
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Table 1 Stern—Volmer quenching constants (Ky,), association constants (K,), and thermodynamic parameters for the interaction between N,P

CQDs and fexofenadine at different temperatures

Temperature (K) Ky (10°M7) K, (10°M™) AG (k] mol ™) AH (k] mol ™) AS (Jmol ' K1)
298 1.36 2.23 —36.23 —-30.31 19.86

303 1.09 1.89 —36.43

308 0.95 1.50 —36.43

individual component spectra provided direct spectroscopic
evidence for ground-state complex formation. This observation
aligns with the static quenching mechanism proposed from the
Stern-Volmer analysis and further supports the conclusion that
quenching occurs through the formation of a non-fluorescent
ground-state complex rather than through dynamic collisional
processes.

Different thermodynamic parameters were calculated to
further elucidate the nature of the interaction (Table 1). The
van't Hoff plot was constructed (Fig. S11), and the calculated
values of enthalpy change (AH° = —30.31 k] mol ') and entropy
change (AS° = 19.86 ] mol ' K ') suggest that the binding
between N,P CQDs and fexofenadine is an exothermic process
driven by both enthalpy and entropy. The negative values of
Gibbs free energy change indicate the spontaneous nature of
the complex formation, with values ranging from —36.23 to
—36.43 k] mol ', These thermodynamics studies suggest that
the interaction between N,P CQDs and fexofenadine is sponta-
neous, exothermic, and driven by both enthalpy and entropy,
typical of static quenching through the formation of a stable
ground-state complex. The negative enthalpy change suggests
the dominance of hydrogen bonding and electrostatic interac-
tions between the N,P CQDs and fexofenadine. Although the
increased entropy of the system seems contradictory despite
complex formation, this can be attributed to the release of water
molecules from the hydration shells surrounding the N,P CQDs
and fexofenadine upon complex formation, leading to an
overall increase in the disorder of the system.

To further validate the experimental thermodynamic find-
ings and gain deeper molecular-level insights into the binding
mechanism, quantum mechanical calculations using the PM3
semi-empirical method were performed. The PM3 method was
selected over density functional theory (DFT) approaches due to
the large size of the N,P-CQDs-fexofenadine system and the
need to balance computational efficiency with adequate accu-
racy for non-covalent interaction analysis. For complex biomo-
lecular systems of this scale, semi-empirical methods have been
demonstrated to provide reliable structural and energetic
information while requiring significantly fewer computational
resources than full DFT calculations. The optimized structures
of fexofenadine, N,P-CQDs, and their complex are presented in
Fig. 3, along with their respective electronic energies.

In addition, the electronic energy (E) for fexofenadine
(—0.20866 hartree), N,P-CQDs (—0.21848 hartree) and their
binding complex (—0.43773 hartree) were calculated based on
the optimized structures as shown in Fig. 3. The changes in
energy (AE) associated with the binding of fexofenadine to

14550 | RSC Adv, 2025, 15, 14545-14557

the N,P-CQDs were calculated according to the following
equation:

AE = E(N,P-CQDs-fexofenadine) — E(N,P-CQDs)
— E(fexofenadine) = —0.43773
— (—0.21848) — (—0.20866) = —0.0106 hartree

This negative value indicates a favorable binding between
fexofenadine and the N,P-CQDs, corresponding to approxi-
mately —27.8 k] mol ", which aligns well with the experimen-
tally determined AG® values (—36.23 to —36.43 k] mol ). The
close agreement between computational and experimental
binding energies confirms the suitability of the PM3 method for
this particular system. The slight difference can be attributed to
the inherent parametrization limitations of semi-empirical
methods and the simplified model of N,P-CQDs used in the
calculations.

The optimized geometry of the complex (Fig. 3C) reveals
specific interaction sites that contribute to the binding affinity.
Particularly noteworthy are two key hydrogen bonding interac-
tions: one between the hydroxyl group of fexofenadine and
a carboxylate oxygen on the N,P-CQDs with a distance of 2.6 A,
and another between a carboxyl group on the N,P-CQDs and
a hydroxyl group of fexofenadine with a distance of 2.9 A. These
short interatomic distances are characteristic of strong
hydrogen bonds and corroborate the thermodynamic data
suggesting the importance of hydrogen bonding in the complex
formation. Additionally, in the spatial arrangement of the
complex, the tertiary amine group of fexofenadine is positioned
favorably for electrostatic interaction with the electron-rich
regions of the N,P-CQDs. The aromatic rings of fexofenadine
are aligned with the graphitic domains of the quantum dots,
facilitating -7 stacking interactions that further stabilize the
complex. This computational analysis provides a molecular
rationale for the static quenching mechanism observed in the
experimental studies, offering a clear explanation for the high
binding affinity and selectivity observed in the N,P-CQDs-
fexofenadine system.

3.3. Optimization of experimental parameters

Optimization of the experimental parameters affecting the
fluorescence quenching process, such as pH, N,P CQDs volume,
and incubation time, was carried out using a Box-Behnken
experimental design to achieve maximum sensitivity. A total of
17 experimental runs were performed, and the response surface
methodology was employed to obtain the optimum conditions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Optimized Complex: -0.43773 Hartree

Fig. 3 Optimized molecular structures from PM3 semi-empirical quantum mechanical calculations showing: (A) fexofenadine molecule with
energy of —0.20866 hartree, (B) simplified model of N,P-CQDs with energy of —0.21848 hartree, and (C) optimized complex between fex-
ofenadine and N,P-CQDs with energy of —0.43773 hartree, revealing significant hydrogen bonding interactions at distances of 2.6 Aand 2.9 A.
Atom colors: carbon (gray), hydrogen (white), oxygen (red), nitrogen (blue), and phosphorus (orange). The negative binding energy of —0.0106
hartree (—27.8 kJ mol™) indicates favorable complex formation, supporting the static quenching mechanism.

(Table S1t). The QE% was selected as the response variable,
which represents the analytical sensitivity of the N,P CQDs-
fexofenadine system. Second-order polynomial models were
developed for the QE% as a function of the three variables,
followed by backward elimination to remove insignificant
terms. The final regression equation obtained was:

QE% = 64.3991 + 8.963374 + 11.2763B
+16.10394B — 17.1064> —8.35054 B>

where A, B, and AB represent pH, N,P CQDs volume, and their
interaction, respectively. The coefficients represent the relative
importance of each factor on the QE% where the quadratic
effect of pH had the most significant impact on the response.
The interaction term AB was also found to be significant, indi-
cating the interdependence of pH and N,P CQDs volume on the
quenching efficiency. The positive coefficients for the linear
terms suggest that an increase in pH and N,P CQDs volume
leads to an enhancement in the QE% while the negative coef-
ficients for the quadratic terms indicate that the response rea-
ches an optimal value and then decreases upon further increase
in the variable.

ANOVA analysis of the reduced quadratic model confirmed
its statistical significance with an F-value of 60.60 and a p-value
less than 0.0001 (Table S21). The model exhibited a high

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

coefficient of determination (R* = 0.9650) and an adjusted R* of
0.9490, indicating that the model can explain 96.50% of the
total variation in the QE%. The lack of fit test was insignificant,
confirming the adequacy of the model to represent the experi-
mental data (Table S27). Furthermore, the adequate precision
ratio of 24.47 indicates an adequate signal, suggesting that the
model can be used to navigate the design space. Several diag-
nostic plots, such as normal probability (Fig. S21), and pre-
dicted vs. actual (Fig. S31), were examined to validate the
model's assumptions. The results demonstrated the good fit of
the model to the experimental data. Moreover, the influence of
run order effect was found to be negligible (Fig. S4 and S57),
confirming the reliability of the experiments.

The main effect plots (Fig. 4A-C) clearly illustrate how each
individual parameter affects the quenching efficiency. For pH
(Fig. 4A), a pronounced quadratic relationship is observed, with
QE% increasing from pH 5.0, reaching a maximum at approx-
imately pH 8.8, and then slightly decreasing at higher pH
values. This pattern is attributed to the optimal ionization state
of both the N,P CQDs surface functional groups and the fex-
ofenadine molecule at slightly alkaline conditions. Similarly,
the N,P CQDs volume (Fig. 4B) shows a positive effect on QE%
up to approximately 0.85 mL, after which the effect plateaus,
likely due to reaching saturation in the quantum dot-analyte
interaction. In contrast, incubation time (Fig. 4C) shows

RSC Adv, 2025, 15, 14545-14557 | 14551
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Fig. 4 Main effect plots from Box—Behnken optimization showing the influence of individual parameters on the quenching efficiency (QE%)
of N,P CQDs by fexofenadine: (A) effect of pH demonstrating optimal response at approximately pH 8.8 with significant quadratic relationship; (B)
effect of N,P CQDs volume (mL) showing optimal response around 0.85 mL of 1 mg per mL N,P CQDs solution; (C) effect of incubation time (min)
indicating rapid equilibrium with minimal influence across the studied range (1-10 min). Experiments conducted with fexofenadine concen-

tration of 1.0 ug mL~* under controlled conditions.

a remarkably flat profile across the entire range (1-10 min),
indicating that equilibrium between N,P CQDs and fex-
ofenadine is achieved rapidly, which is advantageous for
developing a rapid analytical method.

Moving from individual parameter effects to their interac-
tions, Fig. 5A presents the interaction plot between pH and N,P
CQDs volume, revealing a strong synergistic effect. At low pH
(5.0, black line), the effect of increasing N,P CQDs volume is
minimal, while at higher pH values (10.0, red line), increasing
the N,P CQDs volume substantially enhances the quenching
efficiency. This synergistic effect can be attributed to the
increased ionization of the carboxyl groups on the N,P CQDs
surface at higher pH, enhancing the electrostatic interaction
with the protonated tertiary amine group of fexofenadine.
Considering that the pK, of fexofenadine is approximately 9.53,
at slightly alkaline pH, the optimal balance between N,P CQDs
surface charge and fexofenadine ionization state is achieved,
favoring the formation of a stable complex. To better visualize
this complex interaction, a 3D response surface plot was
generated (Fig. 5B), which comprehensively illustrates the

14552 | RSC Adv, 2025, 15, 14545-14557

combined effects of pH and N,P CQDs volume on the quenching
efficiency. The 3D plot shows a clear nonlinear relationship with
a well-defined optimal region where maximum QE% is ach-
ieved. This visualization makes it apparent that both parame-
ters must be carefully controlled to achieve maximum analytical
sensitivity, with the highest QE% values occurring in the region
of pH 8.5-9.0 and N,P CQDs volume 0.8-0.9 mL.

Based on these comprehensive analyses, desirability func-
tion analysis was used to determine the specific optimal
conditions that maximize the QE% while keeping the N,P CQDs
volume and pH within practical limits (Fig. S61). Since the
incubation time did not have a significant effect, it was mini-
mized to allow rapid analysis. The optimal conditions were
determined to be pH 8.8, N,P CQDs volume of 0.85 mL, and
incubation time of 1.5 min, which resulted in a maximum QE%
of 73.4% for 1 pg per mL fexofenadine. These optimized
conditions were subsequently used for all analytical perfor-
mance evaluations, providing the foundation for a sensitive,
rapid, and reliable analytical method for fexofenadine
determination.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Advanced visualization of parameter interactions in the N,P CQDs-fexofenadine system: (A) interaction plot demonstrating the synergistic
effect between pH and N,P CQDs volume at different pH values (5.0, 7.5, and 10.0), with enhanced quenching efficiency observed at higher pH
and increased N,P CQDs volume; (B) 3D response surface plot illustrating the combined effects of pH and N,P CQDs volume on quenching
efficiency (QE%), revealing the optimal region (pH 8.5-9.0, N,P CQDs volume 0.8-0.9 mL) that maximizes the analytical sensitivity of the

method.

3.4. Validation of the analytical method

The analytical performance of the developed N,P CQDs-based
fluorescence quenching method for fexofenadine determina-
tion was evaluated according to the ICH M10 guidelines for
bioanalytical method validation. The linearity of the method
was assessed by constructing a calibration curve in the
concentration range of 0.02-1.5 pg per mL fexofenadine. The
calibration curve exhibited excellent linearity with a coefficient
of determination (R*) of 0.9998 (Table 2). The regression equa-
tion was Y = 2.5185X + 1.1368, where Y is Fy/F and X is the
fexofenadine concentration in pg mL ™. The limit of detection
and limit of quantification were calculated to be 0.0058 pg mL ™"
and 0.0173 pg mL ™, respectively, indicating the high sensitivity
of the proposed method (Table 2). When compared to previ-
ously reported methods based on UV-vis spectrophotometry
and HPLC-UV®*’ for fexofenadine determination, the current
method demonstrated significantly improved sensitivity.
Comparable LOD and LOQ values have only been achieved
using sophisticated techniques like LC-MS/MS, which are not

Table 2 Analytical parameters of the calibration curve for fex-
ofenadine determination using N,P CQDs fluorescence quenching
method

Parameter Fexofenadine
Linearity range (ug mL ") 0.02-1.5
Intercept (a) 1.1368

Slope (b) 2.5185
Coefficient of determination (%) 0.9998

SE of intercept (Sa) 0.0108

SE of slope (Sb) 0.0150

SD of residuals 0.0044

LOD (ug mL™%) 0.0058

LOQ (ug mL™) 0.0173

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

readily available in most pharmaceutical laboratories in
resources limited settings.

The accuracy and precision of the method were evaluated by
spiking fexofenadine at four different concentration levels
(0.02, 0.06, 0.75, and 1.25 pug mL ") in rabbit plasma (n = 5). The
intra-day and inter-day accuracy ranged from 96.39% to
103.86% and 97.81% to 103.02%, respectively, demonstrating
excellent accuracy (Table S31). The intra-day and inter-day
precision, expressed as the relative standard deviation, were
less than 3.57% and 3.69%, respectively, meeting the ICH
acceptance criteria of =<15% (Table S31). The method also
exhibited good robustness, as evidenced by the recovery values
of 97.22% to 102.63% when the critical parameters like pH, N,P
CQDs volume, and incubation time were deliberately varied
within the optimal range (Table S4+).

Furthermore, the selectivity of the method was evaluated by
assessing the interference from common drug excipients,
metabolites, and endogenous compounds in rabbit plasma
(Fig. 6). The QE% of the interfering compounds were less than
5% of the QE% of fexofenadine even at 10-fold higher concen-
trations, indicating the high selectivity of the proposed method.
To further validate the N,P-CQDs system's response characteris-
tics, control experiments were conducted with well-established
fluorescence quenchers. Heavy metal ions including Fe** and
Cu”*, known to strongly quench fluorescence through electron or
energy transfer processes, were tested. These metal ions
demonstrated significant quenching effects on the N,P-CQDs,
with quenching efficiencies of 45% and 38% for Fe** and Cu*",
respectively, at concentrations of pg mL™~'. However, 0.5 mM
EDTA effectively masked the interference from Fe*' and Cu>*
without affecting the fexofenadine-induced quenching response.
This approach ensured the method's selectivity even in samples
containing these potential interferents. The matrix effect was

RSC Adv, 2025, 15, 14545-14557 | 14553


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01920f

Open Access Article. Published on 06 May 2025. Downloaded on 1/17/2026 12:37:02 AM.

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

(cc)

RSC Advances

80+
X
>~ 601
(%)
c
K
L2
it
Py 40
[ =
£
]
c
Q
S
g 201
o.
@02 wwww"%"m O Q.00
6‘00"0'@ 'z""\ {\'z’\; (,‘b SISERELHAY “0“‘(‘ fb\“\ S
X ol OR WSO DR R G0 WD
g@o N \% * 750\§
& &S d ° o®
3 & P o <°
S
> &
&~ P

Fig. 6 Selectivity study showing the quenching efficiency (QE%) of
fexofenadine and potential interfering substances in rabbit plasma.
Fexofenadine (1.0 ng mL™Y) demonstrates high quenching efficiency
(74%), while potential interferents tested at 10-fold higher concen-
trations show minimal effect (<5%). Fe>* and Cu®* exhibit significant
quenching but show minimal interference after treatment with 0.5 mM
EDTA, demonstrating effective masking of these known fluorescence
quenchers without affecting fexofenadine response. Error bars
represent standard deviation (n = 3).

evaluated by spiking fexofenadine at low, medium, and high
concentrations in 3 different batches of rabbit plasma (Table
S4t). The accuracy and precision ranged from 95.55% to
102.70% and 1.29% to 3.89%, respectively, confirming the
absence of significant matrix effects.

3.5. Pharmaceutical application

The developed N,P CQDs-based fluorescence quenching
method was successfully applied for the determination of fex-
ofenadine in pharmaceutical formulations. The recovery of
fexofenadine from commercial tablets was found to be 99.96 +
1.081% of the labeled claim, demonstrating the reliability of the
method for routine quality control of fexofenadine drug prod-
ucts (Table 3). The results were in good agreement with those
obtained using a reported HPLC-UV method’ with a mean
recovery of 100.33 + 0.793%. Statistical comparison using
Student's ¢-test showed no significant difference between the
two methods (P = 0.558), further confirming the accuracy of the
proposed method (Table 3). Additionally, F-test revealed no
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significant difference in the precision of the two methods (P =
0.564) (Table 3). Interval hypothesis testing was then performed
to determine the extent of equivalence between the two
analytical methods. The calculated 6, (—1.750) and 6y (1.015)
values were within the acceptance criteria of +2%, indicating
that the two methods are equivalent for the determination of
fexofenadine in pharmaceutical formulations (Table 3).

3.6. Pharmacokinetic application

The plasma concentration-time profile (Fig. 7) and pharmaco-
kinetic parameters of fexofenadine following oral administra-
tion to rabbits were investigated using the developed N,P-CQDs
fluorescent probe method (Table 4). After a single oral dose of
10 mg kg™, fexofenadine exhibited a mean maximum plasma
concentration (Cpay) Of 344 + 84 ng mL ™' achieved at 3.6 +
1.3 h (Tphax)- The drug was characterized by moderate elimina-
tion with a mean half-life (¢;/,) of 12.5 £+ 1.3 h and elimination
rate constant (1,) of 0.06 + 0.01 h™". The extent of drug exposure
was determined by mean AUC,_,, and AUC,_, .. values of 6018
+ 1116 and 6495 + 1174 ng-h mL ™', respectively, with a mean
residence time (MRT) of 15.5 + 1.3 h.

When compared with previously published data, the
observed T,ax was found to be longer than values reported in
human studies (0.83-1.33 h). This difference can be attributed
to interspecies variations in gastrointestinal motility and P-
glycoprotein (P-gp)-mediated efflux, which are known to slow

400-

300-

200-

Concentration (ng/mL)

100-

0 6 12 18 24 30 36 42 48
Time (h)

Fig. 7 Mean plasma concentration—time profile of fexofenadine
following oral administration (10 mg kg™ to rabbits (n = 5). Data
points represent mean + SD.

Table 3 Statistical comparison between the developed N,P CQDs fluorescence quenching method and reported HPLC-UV method for fex-
ofenadine determination in pharmaceutical formulations using t-test, F-test, and interval hypothesis testing

Method Mean* SD t-Test (2.306)° Pvalue F-Value (6.338)" Pvalue 0.f 0v°
Developed method 99.96 1.081 0.613 0.558 1.856 0.564 —1.750 1.015
Reported method 100.33 0.793

¢ Average of five determinations.

14554 | RSC Adv, 2025, 15, 14545-14557

b The values in parenthesis are tabulated values of “” and “F” at (P = 0.05). ©

Bias of +2% is acceptable.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Pharmacokinetic parameters of fexofenadine following oral
administration (10 mg kg~?) to rabbits determined using the N,P CQDs
fluorescent probe method (n = 5)

Parameters Mean values (CV%)
Cmax (ng mL™") 344 24.31
Tinax (h) 3.6 37.27
t1 (h) 12.5 10.35
s (h) 0.06 11.71
AUCy_,(ngmL " h™") 6018 18.55
AUC,_, .. (ng mL™" 6495 18.08
h™)

MRT.inf obs (h) 15.5 8.40

absorption in rabbits.> The Cy,,x was determined to be lower
than values reported in humans at therapeutic doses (200-400
ng mL~" at 120 mg), which may be explained by higher meta-
bolic clearance in rabbits or differences in formulation
bioavailability.®

Comparative analysis with previous literature revealed that
the ¢1/, (12.5 h) closely matches human data (~14 h), suggesting
similar elimination mechanisms primarily through renal
excretion and P-gp-mediated transport.* The AUCy_, » (6495
ng-h mL™") demonstrated proportional differences when
compared to human studies after dose adjustment [5]. Rela-
tively high interindividual variability was observed in Cpax
(CV% = 24.3) and Tp,ax (CV% = 37.3), which is characteristic of
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fexofenadine's disposition. This variability can be attributed to
the significant influence of drug transporters such as P-gp and
OATP on fexofenadine pharmacokinetics, contributing to the
documented variability in its oral bioavailability.

Based on these pharmacokinetic findings, the successful
application of the N,P-CQDs-based fluorescence quenching
method for the quantitative determination of fexofenadine in
rabbit plasma was demonstrated, establishing its suitability for
pharmacokinetic studies. It should be noted that cross-validation
with a reference bioanalytical method such as LC-MS/MS would
further strengthen the reliability of the developed method, an
approach that will be implemented in future investigations.

3.7. Comparative analysis of greenness and blueness of the
developed method

The environmental impact and practical applicability of the
developed N,P CQDs-based method was comprehensively eval-
uated using three complementary assessment tools: AGREE,
MOGAPI and BAGI (Table 5). These assessments were compared
with conventional HPLC-UV’ and UPLC-MS/MS" methods for
fexofenadine determination to provide a holistic evaluation of
the method's sustainability and practicality.

The AGREE assessment demonstrated that the N,P CQDs-
based method achieved a greenness score of 0.78, significantly
higher than HPLC-UV (0.65) and UPLC-MS/MS (0.64) (Table 5).
This superior performance can be attributed to several factors:

Table 5 Greenness and blueness assessment scores of the proposed N,P CQDs fluorescent method compared to conventional chromato-
graphic methods for fexofenadine determination using AGREE, MOGAPI, and BAGI tools

Method AGREE MOGAPI BAGI Ref.

N,P CQDs This work

HPLC-UV Reid, 2023(ref. 7)
UPLC-MS/MS West et al., 2024 (ref. 10)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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minimal solvent consumption (only using acetonitrile for protein
precipitation), reduced energy requirements due to room
temperature operation, absence of complex sample preparation
steps, and elimination of toxic mobile phases typically associated
with chromatographic methods. When examining individual
AGREE criteria, our method scored particularly well in the cate-
gories of reagent toxicity, energy consumption, and waste
generation. The primary contribution to point deduction came
from the necessity of using acetonitrile for sample preparation,
though this impact was minimal compared to the extensive
solvent requirements of chromatographic methods.

The MOGAPI evaluation yielded scores of 78, 70, and 70 for
the N,P CQDs method, HPLC-UV, and UPLC-MS/MS, respec-
tively (Table 5). The pentagram analysis revealed predominantly
green and yellow sections for the N,P CQDs method, particularly
in the areas of reagent consumption, energy usage, and waste
generation. Notable strengths included the use of water as the
primary analysis medium, and minimal waste generation. The
chromatographic methods showed more red sections, espe-
cially in terms of solvent consumption and energy requirements
for maintaining high pressures.

BAGI assessment provided a comprehensive evaluation of
practical applicability, revealing that our method achieved
a score of 77.5, which was comparatively lower than both UPLC-
MS/MS (82.5) and HPLC-UV (80.0) (Table 5). This lower score
primarily reflected limitations in two key aspects: the method's
single-analyte determination capability and its manual opera-
tional nature. Unlike UPLC-MS/MS and HPLC-UV systems,
which offer automated sample injection and multi-analyte
analysis capabilities, our fluorescence-based method requires
manual sample handling and can only determine fexofenadine
specifically. Nevertheless, the method demonstrated strong
performance in other practical aspects, including rapid analysis
time, simple sample preparation, cost-effectiveness of reagents
and instrumentation, and minimal maintenance requirements.
The combined assessment using these three tools demonstrates
that while our N,P CQDs-based method may have certain
practical limitations compared to well-established chromato-
graphic techniques, it offers a more environmentally sustain-
able approach with acceptable practical applicability for routine
pharmaceutical analysis and pharmacokinetic studies, partic-
ularly in laboratories where resource availability might limit the
use of more sophisticated instrumentation.

3.8. Analytical performance compared to reported methods

The analytical performance of the developed N,P-CQDs based
fluorescence quenching method was compared with previously
reported methods for fexofenadine determination (Table S61). A
comprehensive evaluation of various chromatographic, spec-
troscopic, and electrochemical techniques was conducted to
highlight the relative merits of the current approach.

Excellent sensitivity was demonstrated by the present method
with an LOD of 6 ng mL™" and an LOQ of 17 ng mL™*, which was
found to be significantly superior to conventional HPLC-UV
methods (LOD: 1.64 pg mL ') and comparable to more sophis-
ticated techniques such as HPLC with fluorescence detection
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(LOD: 1 ng mL ). While slightly better sensitivity was offered by
UPLC-MS/MS (LOD: 0.25 ng mL™ "), the current method provides
a more accessible alternative without the requirement for
expensive instrumentation. Better sensitivity than potentio-
metric methods using carbon paste electrodes (LOD: 9 ng mL )
and synchronous spectrofluorimetry (LOD: 24 ng mL ") was also
observed, while comparable sensitivity to silver nanoparticle-
based fluorescence quenching (LOD: 5.4 ng mL ") was achieved.

A significant advantage of the present method is its rapid
analysis time (1.5 min), which was determined to be considerably
shorter than HPLC-UV (>10 min), HPLC-fluorescence (~17 min),
and even UPLC-MS/MS (4 min). This rapid analysis capability,
combined with simple sample preparation and room tempera-
ture reaction conditions, makes the method particularly suitable
for high-throughput analyses. Furthermore, unlike the silver
nanoparticle-based method where complex synthesis procedures
are required and environmental concerns due to potential silver
toxicity are raised, the N,P-CQDs are synthesized from environ-
mentally benign precursors through a green approach.

The linear range of the developed method (0.02-1.5 ug mL ™)
was found to be appropriate for pharmaceutical analysis and
pharmacokinetic studies, covering concentrations typically
encountered in biological samples after therapeutic doses. While
wider linear ranges are offered by some methods such as HPLC-
UV (20-70 ug mL~") and potentiometric methods (2.28-4569 g
mL "), these approaches lack the sensitivity required for bio-
analytical applications. Conversely, highly sensitive techniques
like UPLC-MS/MS provide excellent sensitivity but at significantly
higher operational costs and environmental impact.

The N,P-CQDs fluorescence quenching method represents
an effective analytical solution for fexofenadine determination,
balancing analytical performance, operational simplicity, and
environmental considerations. The method is particularly well-
suited for routine pharmaceutical analysis and pharmacoki-
netic applications in resource-limited settings where advanced
instrumentation might be unavailable.

4. Conclusion

The present work described the development and application of
a highly sensitive and selective fluorescence quenching method
for the determination of fexofenadine using N,P CQDs as a fluo-
rescent probe. Characterization of the N,P CQDs revealed their
suitable morphological and optical properties for use as an
analytical sensor with excitation and emission maxima at 324 and
425 nm, respectively. Upon interaction with fexofenadine, the
fluorescence of the N,P CQDs was quenched through a static
quenching mechanism, which was optimized using a Box-
Behnken design. The proposed method demonstrated excellent
analytical performance in terms of linearity (R* > 0.999), sensi-
tivity (LOD 0.0058 pg mL™"), accuracy (recovery 96.39% to
103.86%), and precision (RSD < 4%) in compliance with ICH M10
guidelines. Notably, the method was successfully applied for the
determination of fexofenadine in pharmaceutical formulations
and pharmacokinetic studies in rabbit plasma revealing compa-
rable pharmacokinetic parameters to previous literature reports.
Comprehensive evaluation of the method's greenness and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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practicality using AGREE, MOGAPI and BAGI tools demonstrated
its superior environmental sustainability and acceptable practical
applicability compared to conventional HPLC-UV and UPLC-MS/
MS techniques. Hence, the developed N,P CQDs-based fluores-
cence quenching method provides a sensitive, selective, rapid,
and environmentally friendly approach for the quantification of
fexofenadine in pharmaceutical and bioanalytical applications.
Such green analytical techniques hold great promise for broader
implementation in the pharmaceutical industry, contributing to
more sustainable analytical practices.

Future work will focus on the development of automated
sample handling systems compatible with this fluorescence-
based approach to address the current limitation of manual
operation, potentially increasing sample throughput and
reducing operator variability. Cross-validation with reference
LC-MS/MS methods will be undertaken to further establish the
reliability of the N,P-CQDs method for bioanalytical applica-
tions. Furthermore, the integration of these fluorescent
nanoprobes into portable, low-cost analytical devices presents
an intriguing avenue for point-of-care therapeutic drug moni-
toring in clinical settings. The applicability of similar N,P-CQDs
systems for other pharmaceuticals will also be explored,
potentially establishing a versatile platform for bioanalytical
applications. Overall, the developed N,P-CQDs-based fluores-
cence quenching method provides a sensitive, selective, rapid,
and environmentally friendly approach for the quantification of
fexofenadine in pharmaceutical and bioanalytical applications.
Such green analytical techniques hold great promise for
broader implementation in the pharmaceutical industry,
contributing to more sustainable analytical practices.
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