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Abstract

In this study, carbon quantum dots (CQDs) were synthesized through a green hydrothermal method
using Acer monspessulanum leaf extract as a natural, renewable carbon source. The synthesized CQDs
were thoroughly characterized using fluorescence spectroscopy, FTIR, SEM, EDX, and elemental mapping
techniques to confirm their structural and optical features. The resulting nanomaterial exhibited strong
and stable fluorescence emission, which was effectively quenched in the presence of raloxifene (RLX),
enabling its sensitive detection based on a fluorescence quenching mechanism. Experimental
parameters influencing sensor performance were systematically optimized using Design-Expert
software in combination with Response Surface Methodology (RSM), yielding a linear detection range of
10.0 to 750.0 pM, with a low limit of detection (LOD) of 1.27 pM and a limit of quantification (LOQ) of
3.82 uM. The developed fluorescence sensor demonstrated excellent repeatability (RSD = 0.092%, n = 10)
and reproducibility (RSD = 0.092%), indicating its robustness for routine analysis. Furthermore, machine
learning algorithms were employed to enhance model prediction accuracy and to support deeper insight
into the complex interactions between experimental variables. The applicability of the sensing platform
was successfully validated through the detection of raloxifene in spiked real samples, with negligible
matrix effects and satisfactory recovery values. These findings highlight the potential of the CQDs-based
sensor as an eco-friendly, cost-effective, and high-performance tool for monitoring pharmaceutical
residues in biological and environmental matrices.

Introduction

Raloxifene is a selective estrogen receptor modulator (SERM) widely prescribed for the prevention and
treatment of osteoporosis in postmenopausal women, as well as for reducing the risk of invasive breast
cancer in high-risk populations. Despite its therapeutic benefits, raloxifene exhibits poor water solubility
and variable bioavailability, which can lead to inconsistent pharmacokinetics and potential accumulation
in biological systems. Moreover, its widespread use and excretion in unmetabolized or partially
metabolized forms have raised concerns regarding its presence in environmental water bodies and
pharmaceutical wastewater. From an analytical perspective, the detection and quantification of
raloxifene are critical for several reasons. First, precise monitoring of raloxifene levels in pharmaceutical
formulations is essential to ensure dosage accuracy and therapeutic efficacy. Second, surveillance of
raloxifene residues in biological samples—such as serum, urine, or breast milk—is important for
pharmacokinetic studies and patient compliance monitoring. Third, the identification of raloxifene in
environmental matrices, including wastewater and surface water, has become increasingly relevant due
to the emergence of pharmaceuticals as micropollutants with endocrine-disrupting potential.

Traditional analytical techniques such as high-performance liquid chromatography (HPLC) [1, 2],
spectrophotometry[3], reverse phase HPLC [4], chemiluminescence, and electrochemical [5, 6] have been
employed for raloxifene detection. However, these methods often require complex sample preparation,
expensive instrumentation, and time-consuming procedures. As a result, there is a growing demand for
alternative sensing platforms that offer high sensitivity, rapid response, cost-effectiveness, and
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environmental compatibility. Fluorescence-based nanosensors, particularly those utilizing carbon
quantum dots (CQDs), have emerged as promising tools for the trace-level detection of pharmaceutical
compounds due to their tunable photoluminescence, low toxicity, and facile surface functionalization.
The development of green, sustainable, and selective sensing approaches for raloxifene detection is not
only beneficial for pharmaceutical quality control but also contributes to environmental monitoring and
public health protection. Therefore, designing eco-friendly CQD-based sensors with optimized
performance through advanced chemometric tools represents a timely and impactful research direction
[7, 8].

In recent years, green synthesis strategies have gained significant attention as environmentally friendly
alternatives to conventional nanomaterial fabrication methods, which often rely on toxic reagents, high
energy inputs, and hazardous byproducts [9]. Green synthesis leverages natural, renewable, and
biodegradable resources—such as plant extracts, fruit peels, and microbial metabolites—as reducing,
stabilizing, and carbonizing agents, aligning with the principles of green chemistry. These approaches
not only minimize environmental impact but also impart beneficial surface functionalities to the resulting
nanomaterials, enhancing their biocompatibility and sensing performance. Among various natural
precursors, plant-based sources are particularly attractive due to their abundance of phytochemicals,
including polyphenols, flavonoids, and organic acids, which facilitate efficient carbonization and surface
passivation. Acer monspessulanum, a Mediterranean tree species rich in bioactive compounds, presents
a promising and underexplored candidate for the green synthesis of carbon quantum dots (CQDs).
Utilizing such botanical precursors supports sustainable nanotechnology development while enabling
tailored optical and chemical properties for advanced analytical applications [10, 11].

Fluorescence-based sensing techniques have emerged as powerful tools in analytical chemistry due to
their high sensitivity, rapid response, and non-destructive nature. Unlike conventional detection methods,
such as electrochemical or chromatographic techniques, fluorescence sensors enable real-time
monitoring of analytes at trace levels without the need for extensive sample preparation. Carbon
quantum dots (CQDs), as novel fluorescent nanomaterials, offer additional advantages, including
excellent photostability, low cytotoxicity, tunable emission wavelengths, and facile surface
functionalization. These features make CQDs particularly suitable for the development of selective and
sensitive sensors for pharmaceutical compounds. Moreover, the fluorescence quenching or
enhancement behavior of CQDs in response to target analytes provides a straightforward and cost-
effective signal transduction mechanism. When combined with green synthesis approaches, CQD-based
fluorescence sensors represent a sustainable and efficient platform for applications in pharmaceutical
analysis, environmental monitoring, and biomedical diagnostics. [12]. The performance of fluorescence-
based sensors is highly influenced by multiple experimental parameters, including pH, reaction time,
temperature, precursor concentration, and analyte interaction conditions. To achieve optimal sensor
performance, systematic optimization strategies such as Design of Experiments (DoE) and Response
Surface Methodology (RSM) are employed to model complex variable interactions, reduce experimental
trials, and maximize analytical response. These chemometric tools not only enhance the reliability and
reproducibility of the sensor but also contribute to its scalability and practical implementation. In recent

Page 3/26



years, machine learning (ML) techniques have been increasingly integrated into analytical chemistry to
improve data interpretation, pattern recognition, and predictive modeling. Algorithms such as artificial
neural networks (ANN), support vector machines (SVM), and decision trees can extract non-linear
relationships from high-dimensional data, providing deeper insights beyond traditional statistical
methods. The combination of experimental design with ML-driven analysis thus offers a robust
framework for developing high-performance, intelligent sensing systems tailored to specific analytical
challenges.

The present study aims to develop an eco-friendly and sensitive fluorescence sensor for the detection of
raloxifene using carbon quantum dots synthesized via a green hydrothermal method from Acer
monspessulanum leaf extract. The research focuses on comprehensive characterization of the CQDs'
structural and optical properties, followed by the optimization of sensing parameters through Design-
Expert software coupled with Response Surface Methodology (RSM). Furthermore, advanced machine
learning algorithms are integrated to enhance predictive accuracy and interpret complex sensor data.
Finally, the practical applicability of the developed sensor is validated by detecting raloxifene in real
samples, demonstrating its potential as a cost-effective, sustainable, and high-performance analytical
tool for pharmaceutical monitoring and environmental safety.

Experimental

2.1. Reagents and materials

Acer monspessulanum leaves were collected during the autumn season, thoroughly washed, shade-
dried, and ground into a fine powder. To prepare the aqueous plant extract, a measured amount of the
dried material was boiled in distilled water under controlled conditions. All chemicals and reagents used
in this study, including phenobarbital, isoniazid, nevirapine, efavirenz, tenofovir, phenol, thiourea, glucose,
catechol, L-cysteine, raloxifene, sumatriptan, Calcium (Ca?*), Potassium (K*), Sodium (Na*), Glucose,
Albumin, Ascorbic acid (Vitamin C), Riboflavin (Vitamin B2), Triglycerides, and Lactic acid—were included
for interference and sensing studies and were sourced from the same supplier. The pH of all prepared
solutions was carefully adjusted to 6.0 using 0.1 M solutions of phosphoric acid, sodium phosphate,
hydrochloric acid, or sodium hydroxide, as required. All working solutions were freshly prepared using
double-distilled water to maintain analytical accuracy and reproducibility.

2.2 Synthesis of Carbon Quantum Dots (CQDs)

Carbon quantum dots (CQDs) were synthesized via a green hydrothermal method using an aqueous
extract of Acer monspessulanum leaves as the natural carbon source. Initially, dried leaf powder was
mixed with deionized water and heated under reflux to obtain the plant extract. A specific volume of this
extract was transferred into a Teflon-lined stainless steel autoclave and subjected to hydrothermal
treatment at 180 °C for 6 hours. After cooling to room temperature, the dark brown solution was
centrifuged at 10,000 rpm for 15 minutes to remove large particulates. The resulting supernatant was
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filtered through a 0.22 ym membrane to isolate uniformly dispersed CQDs. Finally, the fluorescent CQD
solution was stored at 4 °C for further characterization and sensing experiments.

2.3 Characterization Techniques

A comprehensive suite of analytical techniques was employed to investigate the structural,
morphological, and optical features of the synthesized carbon quantum dots. Fluorescence properties
were evaluated using a PerkinElmer LS 45 spectrofluorometer, while UV-Vis absorption measurements
were performed with a Cary 100 spectrophotometer to assess optical behavior. Functional group
analysis was carried out using Fourier-transform infrared (FTIR) spectroscopy with a Thermo Avatar
system, enabling identification of surface chemical bonds. The morphology, particle distribution, and
surface texture of the CQDs were visualized through field emission scanning electron microscopy (FE-
SEM, TESCAN MIRA llI, operating at 15 kV). Elemental composition and spatial distribution of elements
were further analyzed using energy-dispersive X-ray spectroscopy (EDX), supported by elemental
mapping and line scan profiling to ensure compositional uniformity.

2.4 Experimental Design and Optimization

To systematically optimize the operational parameters influencing the fluorescence sensing efficiency of
the CQDs-based sensor, a Central Composite Design (CCD) was applied using Design-Expert software
(v11.1.1.0, USA). Three critical factors—solution pH (ranging from 3.0 to 9.0), incubation time (3.0 to 15
minutes), and sensing temperature (30—60 °C)—were selected as independent variables. A total of 20
experimental runs were conducted, incorporating factorial points, axial points, and six center replicates
to ensure model robustness, as detailed in Table 1. The experimental data were fitted to a second-order
polynomial regression model (Equation 1), which accounted for linear, quadratic, and interaction terms
between variables.

Y=Bo+B1A+BB+B3C+B11Ax+ByBy+B33C,+B1,AB+B,3AC+B,3BC Eq. 1

In this model, Y represents the predicted fluorescence intensity, while A (pH), B (temperature), and C
(reaction time) are the coded variables. The coefficients (B) reflect the magnitude and direction of
individual and combined effects. Model adequacy and statistical significance were assessed via ANOVA
at a 95% confidence level (p<0.05). Additionally, three-dimensional surface plots were generated to
visualize variable interactions and determine the optimal sensing conditions.

Table 1
2.5 Fluorescence Sensing Procedure

To evaluate the fluorescence sensing capability of the synthesized Acer monspessulanum-derived
carbon quantum dots (CQDs) toward raloxifene, a standardized assay was developed. In each trial, 30 ug
of CQDs was added to 3mL of phosphate-buffered aqueous solution (pH 6.0), and the mixture was
incubated under optimized conditions. Fluorescence emission spectra were recorded using an excitation
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wavelength of 420 nm, with maximum emission intensity observed near 550 nm. The sensing response
was determined by comparing the fluorescence intensity of the CQDs in the absence (F,) and presence
(F) of raloxifene. The quenching ratio (F,/F) was calculated and plotted against varying concentrations of
the target analyte to construct a calibration curve and assess linearity. This metric was used to
determine the analytical performance parameters of the system. The limit of detection (LOD) was
estimated based on a signal-to-noise (S/N) ratio of 3, in accordance with standard analytical guidelines,
thereby establishing the minimum concentration of raloxifene that could be reliably detected using the
developed fluorescence probe.

2.6. Machine Learning Analysis

To improve the accuracy and reliability of the fluorescence-based detection of raloxifene, multiple
supervised machine learning models were implemented using Python (v3.13.2) in conjunction with the
Scikit-learn library. Several regression algorithms—including support vector regression (SVR), random
forest regression (RFR), artificial neural networks (ANN), k-nearest neighbors (KNN), gradient boosting
regression (GBR), and decision tree regression (DTR)—were applied to the experimental dataset
generated from fluorescence intensity measurements. Model performance was evaluated using
standard statistical criteria such as the coefficient of determination (R?), root mean square error (RMSE),
and mean absolute error (MAE). The algorithm yielding the highest predictive power, indicated by a
strong R? value and minimal error metrics, was identified as the most suitable model for accurate
quantification of raloxifene concentrations. This approach highlights the synergy between nanomaterial-
based sensing and data-driven prediction for enhanced analytical performance.

2.7. Preparation of sample

To investigate the real-world applicability of the developed CQDs-based fluorescence sensor, human
plasma samples were utilized as a biological matrix. Fresh plasma specimens were collected from a
certified clinical laboratory and stored at -20 °C until analysis. Prior to testing, the samples were thawed
at room temperature and subjected to a deproteinization step to minimize matrix interference. In a
typical procedure, 1.0 mL of plasma was transferred into a 10 mL centrifuge tube and mixed with 2.0 mL
of 10% (w/v) trichloroacetic acid to precipitate plasma proteins. The mixture was vortexed for 2 minutes
and sonicated at 25°C for 10 minutes. Following this, centrifugation was carried out at 10,000 rpm for 15
minutes. The resulting clear supernatant was carefully separated, adjusted to pH 6.0 using dilute NaOH,
and filtered through a 0.22 um membrane to eliminate residual particulates. For recovery studies,
selected plasma samples were spiked with known concentrations of raloxifene, processed identically,
and analyzed using the optimized fluorescence sensing method.

2.8. Recovery Procedure

To assess the extraction efficiency and analytical applicability of the developed CQDs-based
fluorescence sensor, recovery studies were performed using human plasma samples. Known
concentrations of raloxifene were spiked into plasma at three different levels (low, medium, and high)
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covering the linear dynamic range of the sensor. Each spiked sample underwent the same pretreatment
protocol described in Section 2.7, including protein precipitation, centrifugation, neutralization, and
filtration. Fluorescence measurements were then conducted under optimized conditions. All recovery
experiments were carried out in triplicate to ensure reproducibility.

Results and discussion

3.1. Morphological and Elemental Characterization of CQDs

The morphological and compositional features of the synthesized carbon quantum dots (CQDs) were
extensively evaluated through field emission scanning electron microscopy (FE-SEM), elemental
mapping, and energy-dispersive X-ray spectroscopy (EDX). The SEM image (Fig. 1(A)) reveals that the
particles possess a nearly spherical shape with smooth surfaces and uniform distribution at the
nanoscale, indicating successful carbonization and the absence of significant aggregation. Elemental
mapping results (Fig.1 (B)) confirmed the even distribution of primary and trace elements, suggesting
good homogeneity across the CQDs surface. As demonstrated in the EDX spectrum (Fig.1 (C)), carbon
and oxygen were the dominant constituents, with carbon at 34.55 wt% and oxygen at 32.22 wt%,
confirming the organic and carbon-rich nature of the biosynthesized nanostructures. These two
elements together accounted for over 66% of the total elemental composition, consistent with the
expectations for carbon-based nanomaterials. Notably, several trace elements were also detected,
including potassium (19.15 wt%), chlorine (5.52 wt%), calcium (4.16 wt%), magnesium (1.65 wt%),
sodium (1.14 wt%), sulfur (0.93 wt%), and silicon (0.69 wt%). These residual elements likely originate
from the intrinsic phytochemical composition of Acer monspessulanum, the natural precursor used in
the green synthesis. The presence of such heteroatoms and mineral traces can play a significant role in
modifying the surface functionality, enhancing hydrophilicity, and facilitating electron transfer—important
factors for fluorescence sensing performance. The atomic percentages also reflect a high carbon
(49.50%) and oxygen (34.66%) content, underscoring the abundance of C=0, C-0, and other oxygen-
containing functional groups, which are vital for interaction with target molecules and enhancing
quantum yield. Overall, these results validate the successful green synthesis of CQDs and confirm their
compositional suitability for optical sensing applications.

To further investigate the surface chemical uniformity and bonding characteristics of the biosynthesized
CQDs, EDX line scan analysis and FT-IR spectroscopy were performed. The EDX line profile (Fig. 2(A))
illustrates the spatial distribution of major and minor elements across a 30 um line on the CQD surface.
The most intense and consistent signals correspond to carbon (C), oxygen (0), and potassium (K),
reaffirming their dominance in the CQD matrix. Elements such as chlorine (Cl), calcium (Ca), and
magnesium (Mg) displayed relatively lower but evenly distributed intensities, suggesting their presence
as surface-bound residues likely inherited from the plant-based precursor material (Acer
monspessulanum). The relatively stable signal profiles across the scanned region confirm the
homogeneous distribution of elements within the synthesized nanomaterial. Complementary FT-IR
analysis (Fig. 2(B)) was conducted to elucidate the surface functional groups present in the CQDs. The
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broad absorption band centered at 3281 cm~ is attributed to O—H and/or N—H stretching vibrations,
indicative of hydroxyl and amino functional groups commonly observed in carbon-based nanostructures.
A prominent peak at 1637 cm~" corresponds to C=0 stretching vibrations, confirming the presence of
carbonyl functionalities. Additionally, the peak at 625 cm~ can be assigned to C—H bending or possible
metal—-oxygen (M-0) vibrations. These findings collectively demonstrate that the CQDs possess
abundant surface functional groups capable of interacting with target analytes, thereby enhancing their
fluorescence sensitivity and solubility in aqueous media.

The photoluminescence behavior of the synthesized carbon quantum dots (CQDs) was systematically
investigated across a broad excitation wavelength range (280—-380 nm) to determine their optimal
optical performance. As illustrated in Fig. 3, the emission intensity of the CQDs was highly dependent on
the excitation wavelength. Among the tested wavelengths, excitation at 360 nm produced the most
intense and well-defined emission peak centered around 453 nm, indicating the most efficient excitation-
emission pair for the as-prepared nanomaterial. This excitation-dependent emission behavior is
characteristic of CQDs and is typically attributed to a combination of quantum confinement effects,
surface state emissions, and diverse emissive traps originating from various surface functional groups.
The strong and stable blue fluorescence under 360 nm excitation suggests excellent potential for the
CQDs in sensitive fluorescence-based sensing applications.

Fig. 1

Fig. 2

Fig. 3

3.2. Statistical Optimization of Sensor Response via Response Surface Methodology

To achieve optimal fluorescence quenching efficiency Fy/F) in the detection of metronidazole using the
synthesized carbon quantum dots (CQDs), a Response Surface Methodology (RSM) approach based on
Central Composite Design (CCD) was employed. This design enabled the systematic assessment of
three key variables—pH (A), temperature (B), and reaction time (C)—through 20 experimental runs. The
experimental conditions and corresponding fluorescence responses are summarized in Table 2, where
the observed values ranged from 1.5 to 1.82, confirming the substantial influence of these parameters
on the sensor performance. Among the tested statistical models (linear, interaction, and quadratic), the
quadratic model showed the best performance in fitting the experimental data. As shown in Table 3, the
model yielded a high R? value of 0.9556, along with an adjusted R? of 0.9556 and predicted R? of 0.8779.
The minor difference (<0.2) between the adjusted and predicted values reflects the model’s reliability and
low risk of overfitting. Furthermore, the Adequate Precision ratio of 16.20 (much higher than the desired
threshold of 4) indicates an excellent signal-to-noise ratio, affirming the model’s robustness for exploring
the design space. The final regression equation in terms of coded variables is:

Fo/F=1.0882+0.0902A+0.0061B+0.0708C+0.055AC+0.0281A,-0.0067B,-0.0009C, Eq. 2
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In this equation, positive coefficients denote synergistic effects, particularly for pH (A) and reaction time
(C), both individually and through their interaction (AC). Meanwhile, the negative quadratic terms for
temperature (B2) and reaction time (C?) suggest inhibitory effects at extreme values. These findings
underscore the critical role of parameter tuning in maximizing sensor performance. Collectively, the
results validate the quadratic model as a predictive and effective tool for optimizing operational
parameters, providing a solid basis for practical application of the CQDs-based fluorescence sensor.

Table 2
Table 3
3.3. ANOVA

Based on the ANOVA results for the quadratic model (Table 4), the overall model was statistically
significant, with an F-value of 44.07 and a corresponding p-value < 0.0001, indicating that the variation
explained by the model is highly unlikely to be due to random noise. Among the individual factors, pH (A)
and reaction time (C) were identified as highly significant variables, with p-values < 0.0001. In addition,
the interaction between pH and time (AC) and the quadratic term of time (C?) also exhibited significant
effects on the response, confirming their substantial contributions. In contrast, temperature (B) and its
quadratic term (B?), as well as the interactions AB and BC, were not statistically significant, suggesting
minimal impact within the studied range. Furthermore, the lack of fit was not significant (F = 1.05, p =
0.4935), supporting the adequacy of the model in capturing the experimental data. The residual and pure
errors were small, further reinforcing the robustness and predictive capability of the quadratic model for
optimizing the sensor’s performance.

Table 4
3.4. 3D Response Surface Plots

Three-dimensional response surface plots were generated to investigate the individual and interactive
effects of pH (A), temperature (C), and reaction time (B) on the fluorescence quenching response (F,/F),
based on the fitted quadratic model (Fig. 4A—C). In Fig.4A, the interaction between pH and temperature
is illustrated. The response surface demonstrates moderate curvature, suggesting a noticeable but not
dominant interaction. As pH increases, the fluorescence response initially rises and then plateaus, while
changes in temperature show a slight modulation of this trend. The nearly linear and parallel contour
lines imply that pH plays a more substantial role than temperature, which may be due to the
thermosensitivity of the probe being limited within the experimental range. In Fig.4B, the interaction
between pH and reaction time exhibits a more pronounced curvature, along with elliptical contour lines.
The fluorescence response increases with both pH and time, reaching a maximum before declining,
indicating a significant synergistic interaction. This pattern reflects a nonlinear dependency, which likely
arises from optimal surface-state interactions or aggregation dynamics at certain pH-time combinations
that enhance quenching efficiency. Fig.4C explores the interaction between temperature and reaction
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time. Here, the response surface appears relatively flat, and the contour lines are almost parallel,
indicating a weak interaction between these variables. While a slight increase in fluorescence quenching
is observed with increasing reaction time, temperature has minimal influence over the studied range.
This suggests that the quenching process is more time-dependent, while temperature does not
substantially affect the molecular interaction mechanisms under these conditions. Overall, the plots
confirm that pH and reaction time are the most influential factors, while temperature plays a secondary
role. The presence of well-defined optima in the response surfaces further underscores the utility of
response surface methodology (RSM) in optimizing experimental conditions for maximal sensor
performance.

Fig.4
3.5. Statistical Evaluation of the Quadratic Model for Fluorescence Quenching Response

The statistical analysis of the quadratic model developed for predicting the fluorescence quenching
response (F,/F) is summarized in Table 5, confirming its strong performance and reliability. The
coefficient of determination (R?) was 0.9778, indicating that 97.78% of the variability in the response was
explained by the model. The adjusted R? of 0.9556 and the predicted R? of 0.8779 were in reasonable
agreement (difference < 0.2), further supporting the model’s robustness and predictive capability. The
standard deviation (SD) of 0.0227 and a low coefficient of variation (C.V.) of 1.41% demonstrate minimal
experimental error and high precision. Moreover, the adequate precision value of 21.48, which is well
above the threshold of 4, highlights a strong signal-to-noise ratio and confirms the suitability of the
model for navigating the design space. Collectively, these statistical parameters validate the accuracy,
precision, and applicability of the quadratic model in optimizing the fluorescence sensing system.

Table 5
3.6. Model Diagnostics and Assumptions Verification

To assess the statistical integrity and adequacy of the developed quadratic model, a series of diagnostic
plots were examined (Fig.5 A—D). These plots facilitate the evaluation of critical regression assumptions,
including normality, homoscedasticity, and independence of residuals. In Fig. 5A (Residuals vs. Predicted
Values), the residuals are evenly dispersed around the horizontal axis with no discernible pattern,
suggesting homoscedasticity and consistent variance across predicted values, which is a fundamental
requirement in regression analysis. Fig.5B (Normal Probability Plot of Residuals) illustrates that the
residuals closely follow a straight line, indicating an approximate normal distribution and minimal
skewness or influential outliers, thereby supporting the model's validity. In Fig.5 C (Predicted vs. Actual
Values), the majority of points cluster near the diagonal line, demonstrating strong concordance
between predicted and experimental values. However, slight deviations at extreme values suggest
potential minor over- or under-prediction in those regions. Fig. 5D (Residuals vs. Run Order) reveals no
systematic trends, confirming the independence of residuals and the absence of temporal biases in the
experimental process. Collectively, these diagnostic plots validate the model's adherence to essential
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regression assumptions, affirming its reliability and robustness for predictive and optimization purposes
in the studied application.

Fig.5
3.7. Machine Learning Model Evaluation for Metronidazole Prediction

The 3D performance comparison plot (Fig.6 A) illustrates the trade-off between R%, RMSE, and MAE
across the three models. The Random Forest model stands out with the lowest RMSE (~0.03) and MAE
(~0.02), indicating high precision and minimal average error in predicting the fluorescence quenching
response. Its positioning in the optimal region of the plot reflects its superior ability to model the
nonlinear relationships in the data. In contrast, Linear Regression and SVR exhibit higher RMSE (~0.08
and ~0.10, respectively) and MAE (~0.06 and ~0.07, respectively), suggesting larger deviations between
predicted and actual values. This clustering in a less favorable region of the plot underscores their
struggle to capture the dataset's complexity, likely due to their reliance on linear or kernel-based
assumptions that do not generalize well. The Actual vs. Predicted plot (Fig. 6B) reinforces this, with
Random Forest predictions (green points) closely aligning with the diagonal line, while Linear Regression
(red) and SVR (blue) show greater scatter, consistent with their higher error metrics.

Fig.6
3.8. Method Selectivity

To evaluate the selectivity of the developed sensing platform, a series of potentially interfering
compounds were tested under identical conditions, including dopamine, phenobarbital, isoniazid,
nevirapine, efavirenz, tenofovir, phenol, thiourea, glucose, catechol, L-cysteine, and sumatriptan. The
normalized fluorescence responses of these analytes were consistently close to unity, indicating
negligible interference with the sensing system. In sharp contrast, raloxifene induced a significant
enhancement in fluorescence intensity, reaching a normalized value of 1.23. This pronounced difference
highlights the exceptional selectivity of the sensor toward raloxifene, while demonstrating minimal
cross-reactivity with other structurally or functionally related compounds. Such specificity underscores
the system'’s promise for reliable raloxifene detection in complex matrices.

Fig.7
3.9. Calibration and Detection of raloxifene

In this study, carbon quantum dots (CQDs) were green-synthesized through a sustainable hydrothermal
approach using Acer monspessulanum leaf extract as a renewable carbon source. The resulting CQDs
exhibited a pronounced fluorescence emission that was significantly enhanced upon interaction with
raloxifene (RLX), laying the groundwork for their application as an eco-friendly fluorescence sensor.
Under optimized experimental conditions, the fluorescence intensity of the CQDs increased progressively
with increasing RLX concentrations, facilitating sensitive detection. To evaluate the sensor’s analytical
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performance, RLX concentrations ranging from 10.0 to 750.0 uM were introduced into the sensing
system, and the fluorescence intensity ratio (F,/F) was plotted as a function of RLX concentration. As
shown in Fig. 8A, the sensor demonstrated a distinct linear response across this range, supported by a
high correlation coefficient (R?), indicating excellent linearity and precision. The limit of detection (LOD)
and limit of quantification (LOQ), calculated based on the standard deviation of the blank and the slope
of the calibration curve, were determined to be 1.27 uM and 3.82 pM, respectively (Fig. 8B), highlighting
the sensor’s high sensitivity. This fluorescence enhancement is likely attributed to the interaction
between raloxifene and the CQDs’ surface functional groups, potentially altering the electronic
environment and promoting radiative recombination. The robust linearity and low detection limits affirm
the CQDs-based sensor’s capability for accurate and reliable quantification of raloxifene in aqueous
samples.

Fig.8
3.10. Interference Study for raloxifene Detection

To evaluate potential interferences in the determination of raloxifene, common plasma constituents
were introduced into the test system. The fluorescence intensity of 250 pM raloxifene was measured in
the absence and presence of 500 uM of each possible interfering compound, including Calcium (Ca?*),
Potassium (K*), Sodium (Na*), Glucose, Albumin, Ascorbic acid (Vitamin C), Riboflavin (Vitamin B2),
Triglycerides, and Lactic acid. The obtained results showed negligible changes in the fluorescence
response, confirming that these substances exert no significant effect on raloxifene detection. These
findings highlight the excellent selectivity of the CQDs-based sensor and demonstrate its suitability for
reliable quantification of raloxifene in complex plasma matrices (Fig.9).

Fig.9
3.11. Applications in Plasma Samples

To evaluate the practical applicability of the developed CQDs-based fluorescent sensor, human plasma
was employed as a representative real sample due to its clinical relevance. Plasma samples were
pretreated by protein precipitation followed by dilution with phosphate buffer (pH 7.4) to reduce matrix
effects and simulate physiological conditions. Under optimized conditions, the sensor’s performance
was assessed by spiking known concentrations of raloxifene (15, 200,500 and 700 uM) into the treated
plasma matrices. Fluorescence signals were recorded, and raloxifene concentrations were quantified
using the established calibration curve. As summarized in Table 6, the calculated recoveries were 10.1%,
100.51.2%, 100.83% and 100.13% for the respective spiked levels. Moreover, the method demonstrated
strong precision, with relative standard deviation (RSD%) values of 3.0%, 2.34%,1.25% and 0.93%. These
results confirm the sensor’s high reliability for raloxifene determination in complex plasma matrices and
underline its potential for clinical and pharmacokinetic applications.

Recovery Study in Plasma Samples
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The reliability and accuracy of the developed fluorescence sensor were further validated through
recovery experiments. The obtained recovery values ranged from 94.2% to 102.5%, reflecting high
extraction efficiency and negligible matrix interference. Additionally, the RSD values for triplicate
measurements remained below 4.0%, confirming the excellent repeatability of the method. Collectively,
these findings highlight the robustness of the proposed CQDs-based sensor and its suitability for routine
pharmacological monitoring of raloxifene in plasma samples. Table 7 summarizes the analytical
performance of several fluorescence-based methods reported for raloxifene detection. Different
strategies, including micelle and metal complexation, gold—chitosan hydrogel, Zn-based metal-organic
frameworks, and g-C;N,-Co-Fe nanocomposites, have been explored, each offering distinct advantages
in terms of sensitivity and linear range. Among these, the Zn-MOF system demonstrated the lowest LOD
(0.485 nM), while g-C;N,-Co-Fe and micelle-based methods provided broader but relatively less sensitive
ranges. In comparison, the CQDs synthesized from Acer monspessulanum in the present work achieved
a wide linear range (10.0-750.0 pM) with an acceptable LOD of 1.27 pM, demonstrating a balance
between sensitivity, eco-friendliness, and cost-effectiveness. These results highlight the potential of
green-synthesized CQDs as a competitive alternative for raloxifene detection, particularly in applications
where sustainability and practicality are prioritized alongside analytical performance [7,8,13,14].

Table 6

Table 7

Conclusions

This research presents the development of an innovative, environmentally sustainable, and highly
sensitive fluorescence-based sensor utilizing carbon quantum dots (CQDs) synthesized from Acer
monspessulanum via a green hydrothermal process. Comprehensive characterization through advanced
techniques such as fluorescence spectroscopy, FTIR, SEM, EDX, and elemental mapping validated the
CQDs’ unique structural and luminescent properties. The sensor effectively harnessed a fluorescence
quenching mechanism to detect raloxifene (RLX), achieving an optimized linear detection range (10.0 to
750.0 uM) and a notably low limit of detection (1.27 pM) alongside a limit of quantification (3.82 uM), as
refined through Response Surface Methodology (RSM) with Design-Expert software. The sensor’s
precision was further evidenced by its commendable repeatability and reproducibility metrics.
Incorporation of machine learning techniques provided enhanced predictive capabilities, offering
valuable insights into the interplay of experimental variables and bolstering the sensor’s analytical
robustness. Selectivity assessments revealed minimal interference from structurally diverse compounds,
affirming the sensor’s specificity for raloxifene. Validation in spiked real samples demonstrated
consistent performance with negligible matrix effects and robust recovery rates, underscoring its
practical utility. Collectively, this CQDs-based sensor emerges as a cost-effective, eco-conscious solution
for the precise monitoring of pharmaceutical residues, with significant potential for application in
environmental and biological matrices, contributing to advanced pharmaceutical surveillance and safety
protocols.
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Tables
Table 1: Experimental parameters and levels in the 20 CCD for the optimization of pH, Temp, and Time
Factor Name Level LowLlevel HighLevel Std.Dev. Coding
A pH 6.00 3.00 9.00 0.0000 Actual
B temperature  45.00 30.00 60.00 0.0000 Actual
C time 9.00 3.00 15.00 0.0000 Actual

Table 2: Experiment runs and responses for optimizing parameters evaluation
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Factor 1
Run  A:pH
1 9
2 3
3 6
4 6
5 6
6 10
7 6
8 3
9 6
10 9
11 6
12 6
13 3
14 9
15 1
16 6
17 9
18 6
19 3
20 9

Factor2 Factor3

B:Temp C:Time

60
60
45
70
20
45
45
30
45
60
45
45
30
30
45
45
30
45
60
60

15
15

Response 1
Fo/F
1.82
1.5
1.55
1.6
1.55
1.72
1.82
1.5
1.6
1.55
1.53
1.6
1.55
1.82
1.5
1.6
1.55
1.6
1.55
1.82

Table 3: Model summary statistic.
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Source Sequential p-value Lack of Fit p-value  Adjusted R?  Predicted R?

Linear < 0.0001 0.0431 0.7840 0.6681

2FI 0.0050 0.1635 0.9038 0.8684

Quadratic  0.0185 0.4935 0.9556 0.8779 Suggested
Cubic 0.4935 0.9569 Aliased

Table 4: ANOVA for response surface quadratic model for Fy/F

Source Sum of Squares df Mean Square F-value p-value

Model 0.2042 9 0.0227 44.07 <0.0001 significant
A-pH 0.0741 1 0.0741 143.98 < 0.0001
B-temperature  0.0005 1 0.0005 0.9948 0.3446

C-time 0.0846 1 0.0846 164.22 < 0.0001

AB 0.0000 1 0.0000 0.0000 1.0000

AC 0.0242 1 0.0242 46.99 < 0.0001

BC 0.0000 1 0.0000 0.0000 1.0000

Az 0.0005 1 0.0005 1.06 0.3293

B2 0.0015 1 0.0015 2.95 0.1197

C? 0.0061 1 0.0061 11.82 0.0074

Residual 0.0046 9 0.0005

Lack of Fit 0.0026 5 0.0005 1.05 0.4935 not significant
Pure Error 0.0020 4 0.0005

Cor Total 0.2089 18

Table 5: Standard deviation and R? of the response.

Std. Dev.  0.0227 R2 0.9778
Mean 1.61 Adjusted R? 0.9556
CV.% 1.41 Predicted R? 0.8779

Adeq Precision 21.4828
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Table 6: Determination of Raloxifene concentration in real samples. By fluorescence method (n = 5)

sample  Spiked value Raloxifene (uM)  Found value RSD%  Recovery (%)
by the sensor Raloxifene
(uM)

1 15 15.16 £0.456 3.0 101.1

2 200 201.0214.89 2.34 100.51

3 500 502.3816.26 1.25 100.83

4 700 700.9416.43 0.93 100.13

Relative standard error: RSD

Table 7. Comparison of different fluorescence methods for raloxifene detection.

Methods used Linear range LOD Ref.

micelle and metal complexation ~ 0.01 and 0.02 yg/mL  0.02 yg/mL  [12]

Gold-chitosan hydrogel 5x107t0o5x10°M 34x108 M  [13]

Zn metal-organic framework 0.7 to 350 ng/mL 0.485 nM [34]

g-C5N4-Co-Fe 10.0-500.0 5.0uM [25]

CQDs by Acer monspessulanum  10.0-750.0 1.27 uM Current work
Figures
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A) SEM images, B) mapping imaging, C) EDS of CQDs
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Fluorescence spectrum of CQDs in excitation with different wavelengths from 280 nm to 380 nm
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Figure 4
Response surface plots illustrating the effects of (A) pH—temperature, (B) pH-time, and (C)

temperature—time on the fluorescence quenching response (F,/F). pH and time emerged as the
dominant factors, while temperature showed a minor influence within the studied range.
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Figure 5

Diagnostic plots of the quadratic model: (A) residuals vs. predicted values, (B) normal probability plot of
residuals, (C) predicted vs. actual values, and (D) residuals vs. run order. The plots confirm normality,
homoscedasticity, independence of residuals, and strong agreement between predicted and
experimental values, validating the model's adequacy and robustness.
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Model Performance Comparison
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Regression, and SVR, showing Random Forest with the lowest errors and superior predictive ability; (B)
actual vs. predicted values, where Random Forest aligns closely with the diagonal line, while Linear

Regression and SVR exhibit larger deviations.
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Figure 7

Selectivity study of the developed fluorescence sensor toward raloxifene against common potential
interferents, showing a pronounced response exclusively for raloxifene while other analytes exhibited

negligible effects.

800
700
3.5
— 600 y =0.0024x + 1.1533
5 3 R2=0.9717 o, e
%500 2.5 4 ek
E 400 s e
sk A
] N P A
S 300 = .
bt 1.5
- s
o |
200 1 4
100 0.5
0 - 0
350 400 450 500 550 600 650 0 200 400 600 800
Wavelength (nm) Concentration of Raloxifene (uM)
Figure 8

Calibration curve for raloxifene detection using CQDs-based fluorescence sensor. The sensor shows a
linear response from 10.0 to 750.0 uM, with LOD of 1.27 uM and LOQ of 3.82 uM, demonstrating high
sensitivity and precision.

Page 25/26



25

1.

0.

FO/F
= th - 7 9
0@ e

¥ ) & &
> o D
> o cjb' @ ¢ o =a-
> & N A\ a» ~¢°’ & @ & &
KN f &é& S 4@& &5 \;é“
.&@Q : s@o 6330 Q’@‘ %0 &‘
& ¢
< <
Figure 9

Interference study showing negligible effect of common plasma constituents on the fluorescence
detection of 175uM and 400 pM raloxifene, demonstrating high sensor selectivity.
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