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Box—Behnken optimized MPA-CdTe quantum dots
as turn-off fluorescent probes for sensitive
lurasidone determination in pharmaceutical,
biological, and environmental matricest

Razaz Abdulaziz Felemban,?® Maram H. Abduljabbar,© Reem M. Alnemari,®
Rami M. Alzhrani,® Yusuf S. Althobaiti,“ Mohammed F. Aldawsari,” Ahmed Serag & *9
and Atiah H. Almalki*®"

A sensitive and selective fluorescence quenching method was developed for the determination of
lurasidone using MPA-CdTe quantum dots as a “turn-off” fluorescent probe. The fluorescence intensity
of the MPA-CdTe QDs was quenched upon the addition of lurasidone, with the quenching efficiency
exhibiting a linear relationship with the lurasidone concentration in the range of 0.02-1.0 pg mL™.
Stern—Volmer analysis revealed that the quenching mechanism was predominantly static in nature, and
thermodynamic studies indicated that the interaction between lurasidone and MPA-CdTe QDs was
exothermic and spontaneous in nature. Factors affecting the quenching process, including pH, MPA-
CdTe QDs volume, and incubation time, were optimized using a Box—Behnken experimental design. A
significant model was obtained with a coefficient of determination (R?) of 0.9547, demonstrating the
reliability of the optimization process. The analytical performance of the method was validated according
to ICH guidelines, exhibiting good linearity and sensitivity with LOD of 5.90 ng mL™! and LOQ of 17.70
ng mL™% The accuracy and precision of the method were assessed through recovery studies, showing
satisfactory results with a mean recovery of 98.65 + 0.733% and RSD% > 2%. The proposed method was
successfully applied to the analysis of lurasidone in pharmaceutical dosage forms, spiked plasma, and
environmental water samples, with good recoveries and precision. The greenness and analytical
practicality of the method were evaluated using AGREE and BAGI tools, respectively, and the results
showed that the proposed method is a greener and more practical alternative to previously reported
analytical techniques for the determination of lurasidone. The present study demonstrates the potential
of MPA-CdTe QDs as a sensitive and selective fluorescent probe for the determination of lurasidone in
various matrices, with good analytical performance and environmental compatibility.

1. Introduction

Fluorescent nanomaterials have gained significant attention in
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recent years due to their unique optical properties, high sensi-
tivity, and potential for diverse analytical applications.”
Various luminescent nanomaterials have been explored for
analytical sensing, including carbon dots, metal-organic
frameworks, and semiconductor quantum dots.>”* While
carbon-based nanomaterials offer advantages in terms of
biocompatibility and sustainable synthesis, and metal-organic
frameworks provide unique structural versatility, they often face
limitations in quantum yield, emission tunability, and detec-
tion sensitivity in complex matrices.*” Among the range of
fluorescent nanomaterials, CdTe semiconductor quantum dots
have emerged as promising fluorescent probes, offering tunable
emission wavelengths and excellent photostability.*® When
functionalized with 3-mercaptopropionic acid (MPA), these
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quantum dots exhibit enhanced properties that make them
particularly suitable for sensing applications.’ The surface
modification with MPA serves several key functions: it improves
water solubility by introducing carboxyl groups, enhances
biocompatibility for biological applications, and provides
specific binding sites for target analytes." Additionally, the
surface passivation by MPA molecules significantly reduces
surface defects, resulting in a substantial increase in quantum
yield and photostability compared to bare CdTe QDs. The
remarkable stability of MPA-CdTe QDs in aqueous media,
combined with their strong fluorescence response to various
analytes through different quenching mechanisms, has led to
their widespread adoption in developing highly sensitive
analytical methods.™

For example, a turn-off fluorescent sensor based on MPA-
CdTe QDs has been reported for the detection of rifampicin
and rifaximin through a quenching mechanism, demonstrating
excellent sensitivity and selectivity.”® Another study utilized
MPA-CdTe QDs as a fluorescent probe for the sensitive deter-
mination of as “on-off-on” sensitive fluorescence probe to
detect ascorbic acid via redox reaction.”* The method is based
on the selective quenching of the fluorescence of MPA-CdTe
QDs by Fe*" ions and the subsequent “turn-on” of the fluores-
cence upon the reduction of Fe*" to Fe** by ascorbic acid.
Building on these successful applications, the present study
aims to investigate the potential of MPA-CdTe quantum dots as
a highly sensitive fluorescent probe for the determination of
lurasidone, an atypical antipsychotic drug used in the treatment
of schizophrenia and bipolar disorder.

Lurasidone is a benzothiazole derivative with a unique
pharmacological profile, characterized by high affinity for
serotonin receptors, moderate affinity for dopamine and
norepinephrine receptors, and low affinity for histamine and
muscarinic receptors.”**” Due to its favorable receptor-binding
profile, lurasidone has demonstrated efficacy in the treatment
of various psychiatric disorders, including schizophrenia and
bipolar depression, with a relatively low risk of adverse effects
such as weight gain, sedation, and extrapyramidal symp-
toms.*®** However, the accurate determination of lurasidone in
various matrices, including pharmaceutical formulations, bio-
logical samples, and environmental samples, remains a signifi-
cant challenge due to the complex nature of the matrices and
the low concentrations at which the drug is often present.
Several analytical techniques have been employed for the
determination of lurasidone, including high-performance
liquid chromatography,”®** liquid chromatography-mass
spectrometry,”®>* and electrochemical methods.** However,
these methods often suffer from limitations such as complex
sample preparation, lengthy analysis times, and the require-
ment of specialized instrumentation. Fluorescent probes offer
a promising alternative, as they can provide rapid, sensitive,
and selective detection of lurasidone with minimal sample
pretreatment. The only reported fluorescent-based method for
the determination of lurasidone utilized erythrosine B as
a fluorescent probe.”” To the best of our knowledge, this work
represents the first application of MPA-CdTe QDs for lurasidone
determination, offering significant advantages in terms of
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photostability, quantum yield, and tunable emission wave-
lengths compared to conventional fluorophores, making them
a more attractive choice for sensitive and selective analytical
applications for this important atypical antipsychotic drug.*

Therefore, the present study aims to develop a highly
sensitive and selective fluorescent sensing method for the
determination of lurasidone using MPA-CdTe quantum dots as
the fluorescent probe. The characterization of the MPA-CdTe
QDs, including their size, morphology, and optical properties,
will be carried out using techniques such as transmission
electron microscopy, as well as UV-visible and spectro-
fluorimetric analyses. The mechanisms underlying the fluo-
rescence quenching of MPA-CdTe QDs by lurasidone will be
investigated using Stern-Volmer analysis and thermodynamic
studies. The optimization of key experimental parameters will
be performed using the Box-Behnken experimental design to
achieve the best analytical performance. Furthermore, the
proposed method will be subjected to comprehensive validation
following the ICH guidelines to ensure its reliability, robust-
ness, and suitability for real-world applications.

The validated method will then be applied to the analysis of
lurasidone in pharmaceutical dosage forms, spiked plasma
samples, and environmental water samples (river and tap
water). Finally, the greenness and blueness of the developed
method will be evaluated using the AGREE* and BAGI*® tools,
respectively, to assess its environmental impact and analytical
practicality in comparison to the reported literature methods.
This study aims to contribute to the development of a sensitive,
selective, and environmentally friendly analytical method for
the determination of lurasidone, which can have significant
implications in pharmaceutical analysis, therapeutic drug
monitoring, and environmental monitoring.

2. Experimental

2.1. Materials and reagents

Lurasidone hydrochloride (purity 99.85%), NaBH,, Te powder,
3-MPA, and HPLC-grade solvents such as methanol, ethanol,
and acetonitrile were purchased from Sigma-Aldrich (St. Louis,
MO, USA). CdCl,-2.5H,0, NaOH, and all other reagents were of
analytical grade and obtained from Piochem Co., Cairo, Egypt.
Distilled water was used throughout the experiments. Britton—
Robinson buffer solutions (pH 5.0-10.0) were prepared
according to standard procedures. Pharmaceutical formulation
containing lurasidone (Elbaluran®, 20 mg) tablets was
purchased from a local pharmacy, Cairo, Egypt.

2.2. Instrumentation

Jasco FP-6200 spectrofluorometer equipped with a xenon lamp
as the excitation source was used for fluorescence measure-
ments. The excitation and emission slit widths were set at
10 nm. Spectra Manager II software was used for data acquisi-
tion and processing. UV absorption spectra were recorded using
a Shimadzu UV-1800 double beam spectrophotometer. Trans-
mission electron microscopy (TEM) images were obtained using
a JEM-2100 electron microscope operated at an acceleration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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voltage of 200 kV. Fourier-transform infrared (FT-IR) spectra
were recorded on a Nicolet iS5 FT-IR spectrometer in the
wavenumber range of 4000-400 cm ™' using the KBr pellet
technique. All pH measurements were carried out using a Jen-
way 3510 pH meter.

2.3.
dots

Synthesis and characterization of MPA-CdTe quantum

The MPA-CdTe quantum dots were synthesized following
a previously reported procedure with minor modifications.*
Briefly, Te powder (0.1 g) was mixed with NaBH, powder (0.07 )
in 4 mL of distilled water under vigorous stirring, and the
mixture was deoxygenated with nitrogen gas in an ice bath for 6
hours to yield freshly prepared NaHTe. Two mL of the resulting
NaHTe aqueous solution was transferred to another flask con-
taining CdCl, (0.1 g) and 200 pL of MPA in 60 mL of deoxy-
genated water. The solution was adjusted to pH 9 using 1 M
NaOH and refluxed at 100 °C for 10 hours to obtain the MPA-
capped CdTe QDs. The QDs were purified by repeated precipi-
tation with acetone and centrifugation. A stock solution of the
MPA-CdTe QDs was prepared in distilled water by dissolving the
MPA-CdTe QDs at a concentration of 2 mg mL™". The synthe-
sized MPA-CdTe QDs were characterized by TEM, FT-IR, UV-
visible spectroscopy, photoluminescence spectroscopy to
determine their size, morphology, structure and optical
properties.

2.4. Construction of the fluorescent sensor

Optimization of the sensing conditions was first carried out to
achieve the highest sensitivity. Different parameters, including
MPA-CdTe QDs concentration, pH of the medium, and incu-
bation time, were optimized using the Box-Behnken experi-
mental design. Initial screening experiments were performed to
determine the suitable range for each parameter. The pH was
studied in the range of 5.0-10.0 using Britton-Robinson buffer,
the MPA-CdTe QDs volume varied from 0.5 to 1.5 mL and the
incubation time was optimized between 1 and 5 minutes. With
5 central points, a total of 17 experimental runs were conducted
(Table S17). A quadratic model was fitted to the data, and the
optimal conditions were determined by analyzing the response
using Design-Expert software.

The optimized fluorescent sensing protocol was as follows:
to a 10 mL volumetric flask, different aliquots of the lurasidone
working standard solution (2 pg mL ") were added, followed by
1.25 mL of the MPA-CdTe QDs stock solution and 1 mL of
Britton-Robinson buffer (pH 7.8). The solution was left to stand
for 2.7 minutes at room temperature and the volume was made
up to the mark with distilled water. The fluorescence intensity
was measured at the excitation and emission wavelengths of
350 nm and 575 nm, respectively (F). A blank solution con-
taining all the components except lurasidone was prepared and
measured under the same conditions (Fj).

2.5. Method validation

The developed fluorescent method was validated according to
the ICH guidelines in terms of linearity, sensitivity, accuracy,
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precision, selectivity, and robustness. Linearity was evaluated
by constructing calibration curves using six standard solutions
of lurasidone in the range of 0.02-1.0 pg mL ™. The linearity was
assessed by the correlation coefficient (+*) and the linear
regression equation. The limit of detection and limit of quan-
tification were calculated based on the standard deviation of the
residuals and the slope of the calibration curve according to the
following equations:

LOD = 3.3 x a/S
LOQ = 10 x d/S

where ¢ is the standard deviation of the residuals and S is the
slope of the calibration curve.

The accuracy of the method was determined by recovery
studies at three different concentration levels (0.05, 0.5, and 0.8
pg mL ™) and the results were expressed as the percentage of
the recovered amount compared to the spiked amount. The
precision of the method was evaluated in terms of repeatability
and intermediate precision and expressed as the relative stan-
dard deviation (RSD%). The selectivity of the method was
investigated by analyzing common excipients and potential
interferent ions such as Na*, K*, Ca**, cd**, Ni*", Ccl-, PO,*",
and SO,>~ at 10-fold excess over the analyte concentration and
the quenching effect was compared to the analyte alone. The
robustness of the method was evaluated by intentionally varying
parameters such as the pH and MPA-CdTe QDs volume and the
effect on the analytical response was observed followed by
recovery studies.

2.6. Application to real samples

Ten lurasidone tablets were accurately weighed and finely
powdered. An appropriate amount of the powder equivalent to
10 mg of lurasidone was dissolved in 80 mL ethanol, sonicated
for 10 minutes, filtered, and made up to 100 mL with ethanol. A
working solution was prepared by diluting this stock solution
with ethanol to obtain a final concentration labeled to contain
2.0 pg mL™" of lurasidone. The optimized fluorescent sensing
protocol was applied to determine the lurasidone content in the
tablet samples within the established linear range.

For the analysis of spiked plasma, 10 mL of fresh pooled
human plasma was spiked with lurasidone at four concentra-
tion levels to obtain final concentrations of 0.02, 0.05, 0.1, and
0.5 pg mL™'. The plasma samples were processed by protein
precipitation with 3 mL acetonitrile, centrifuged at 12 000 rpm
for 15 minutes, and the supernatant was collected. The result-
ing clear solution was evaporated to dryness under a gentle
stream of nitrogen, reconstituted with 2 mL of ethanol, then
transferred to a 10 mL volumetric flask, and the fluorescent
sensing protocol was applied. The developed fluorescent sensor
was also applied to determine lurasidone in spiked environ-
mental water samples, including tap water and river water. To
a 10 mL volumetric flask, 2 mL of the water sample was spiked
with lurasidone at different concentration levels, and the opti-
mized fluorescent sensing protocol was followed without any
further pre-treatment. Recovery studies were performed to
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evaluate the accuracy of the method in the analysis of these real
samples. In addition, RSD% values were calculated to assess the
precision of the measurements.

3. Results and discussion

3.1. Characterization of MPA-CdTe QDs

The synthesized MPA-capped CdTe quantum dots were thor-
oughly characterized using complementary analytical tech-
niques to confirm their structural and optical properties. TEM
analysis revealed well-dispersed, spherical nanoparticles with
an average diameter of approximately 3.12 nm (Fig. 1A). The
TEM micrograph shows clearly defined quantum dots with good
monodispersity and minimal aggregation, indicating successful
synthesis.

FTIR spectroscopy was employed to confirm the successful
surface modification of CdTe QDs with MPA (Fig. 1B). The FTIR
spectrum of free MPA exhibited characteristic peaks at
approximately 3600-3400 c¢cm ' (O-H stretching), 2900-
2800 cm ™" (C-H stretching), and prominent bands in the 1700~
1600 cm ™' region (C=0 stretching of COOH). In the spectrum
of MPA-CdTe QDs, several significant changes were observed.
The characteristic peaks in the 2400-2000 cm ™" region showed
increased intensity in the MPA-CdTe QDs compared to free
MPA, indicating structural modifications during the capping
process. Additionally, notable differences in the fingerprint
region (1600-400 cm ™ ') confirm the successful binding of MPA
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to the QD surface. The spectral pattern in this region displays
altered peak intensities and slight shifts, particularly around
1400-1200 cm ™}, which can be attributed to the interactions
between the carboxyl groups of MPA and the Cd atoms on the
QD surface. The spectral differences between free MPA and
MPA-CdTe QDs provide strong evidence for the successful
capping of CdTe QDs with MPA, essential for the subsequent
fluorescence-based detection of lurasidone.

Optical characterization revealed distinct features indicative
of high-quality MPA-CdTe QDs. The UV-vis absorption spectrum
exhibited a pronounced absorption peak at 544 nm, corre-
sponding to the first excitonic transition, which confirms the
narrow size distribution and quantum confinement effect
(Fig. 1C). The fluorescence emission spectra showed a strong,
symmetric emission peak centered at 575 nm, characteristic of
the intrinsic bandgap luminescence of the MPA-CdTe QDs.
Upon varying the excitation wavelengths from 350 nm to
380 nm, the emission intensity decreased slightly without
any observable shift in the peak position, further confirming
that the emission originates from the bandgap rather than
surface trap states (Fig. 1D). These results collectively demon-
strate the successful synthesis of high-quality MPA-CdTe QDs
with superior photophysical properties suitable for further
applications. The quantum yield of the MPA-CdTe QDs was
determined to be 29.7% using quinine sulfate as the reference
standard, indicating their potential as efficient fluorescent
probes.
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Fig.1 Physical and optical characterization of MPA-CdTe quantum dots. (A) Transmission electron microscopy (TEM) image of well-dispersed,
spherical MPA-CdTe QDs with scale bar =10 nm. (B) FTIR spectra comparing free MPA (blue line) and MPA-CdTe QDs (red line), demonstrating
successful surface functionalization. (C) UV-visible absorption spectrum displaying characteristic first excitonic peak at 544 nm. (D) Fluorescence
emission spectra at different excitation wavelengths (350-380 nm) showing consistent emission peak at 575 nm.
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3.2. Sensing mechanism of lurasidone detection

The fluorescence properties of the MPA-CdTe QDs were inves-
tigated in the presence of lurasidone. Upon addition of
increasing concentrations of lurasidone to the MPA-CdTe QDs
solution, a progressive and significant quenching of the fluo-
rescence intensity was observed (Fig. 2A). Such quenching
behavior suggests a strong interaction between the lurasidone
and the MPA-CdTe QDs, enabling their use as a fluorescent
“turn-off” sensor for the determination of lurasidone. To
elucidate the quenching mechanism, Stern-Volmer analysis
was performed by plotting the ratio of the fluorescence intensity
of the MPA-CdTe QDs in the absence (F,) and presence (F) of
lurasidone as a function of the lurasidone concentration at
different temperatures (298 K, 303 K, and 308 K). The Stern-
Volmer plots exhibited good linearity, indicating a single
quenching mechanism, either static or dynamic (Fig. 2B). The
Stern-Volmer quenching constant was determined from the
slope of the linear plot according to:

% =1+ Ksv[Q]

where F, and F are the fluorescence intensities of the MPA-CdTe
QDs in the absence and presence of lurasidone, respectively,
and Kgy is the Stern-Volmer quenching constant.

The calculated Kgy values at 298 K, 308 K, and 318 K were
8.77 x 10°,7.52 x 10°, and 6.51 x 10> M, respectively (Table
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1). The decrease in the Kgy values with increasing temperature
suggests that the quenching mechanism is primarily static in
nature, arising from the formation of a ground-state complex
between lurasidone and the MPA-CdTe QDs. Furthermore, the
diffusion-controlled dynamic quenching constant (K,) was
calculated using the equation:

KSV = Kq’L'()

where 1, is the fluorescence lifetime of the MPA-CdTe QDs in
the absence of lurasidone, estimated to be 9.6 ns. The K, values
were on the order of 10" L mol™" s™*, which is much higher
than the maximum diffusion-controlled quenching rate
constant (2 x 10" L mol* s™'), further confirming that the
quenching is predominantly static in nature. The modified
Stern-Volmer analysis (Fig. 2C) was performed to determine the
association constant (K,) according to:

Fy 1 1
F,—F

It was found that the association constant at 298 K was 1.54
x 10 ® M, which indicates a strong binding affinity between
lurasidone and the MPA-CdTe QDs. Upon increasing the
temperature, the K, decreased, suggesting that the binding
process is exothermic in nature (Table 1).

3_
2_
w
S
w < 298 °K
n = 303 °K
+ 308 °K
0 T T T 1
0.0 0.5 1.0 1.5 2.0
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14.4
14.2
~ 14.0 °
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13.4 . . . .
0.0032 0.0033 0.0033 0.0034 0.0034
UT (K

Fig. 2 Fluorescence quenching analysis of MPA-CdTe QDs with lurasidone. (A) Fluorescence emission spectra of MPA-CdTe QDs showing
progressive quenching with increasing lurasidone concentration (0—1 ug mL™Y). (B) Stern—Volmer plots (Fo/F vs. lurasidone concentration) at
different temperatures (298 K, 303 K, and 308 K) showing linear relationships indicative of a single quenching mechanism. Error bars represent
standard deviation of triplicate measurements (n = 3). (C) Modified Stern—Volmer plots (Fo/(Fo — F) vs. 1/[Q]) at different temperatures for
determination of the association constant (K3). Error bars represent standard deviation of triplicate measurements (n = 3). (D) van't Hoff plot
(In(K3) vs. 1/T) for the determination of thermodynamic parameters of the binding interaction between lurasidone and MPA-CdTe QDs.
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Table 1 Temperature-dependent binding parameters and thermodynamic data characterizing the interaction between MPA-CdTe QDs and

lurasidone

Temperature (K) Ksy (10° M) K, (10°M™ AG (k] mol ™) AH (k] mol™) AS (Jmol 'K
298 8.77 1.54 —35.32 —47.90 —42.19

303 7.52 1.20 —35.29

308 6.51 0.82 —34.90

The previous finding was corporate by the thermodynamic
parameters calculated from the temperature-dependent fluo-
rescence quenching data using the van't Hoff plot (Fig. 2D). The
negative values of AG at all the studied temperatures indicate
a spontaneous binding process (Table 1). The negative value of
AH (—47.90 k] mol ') suggests that the binding is exothermic,
corroborating the static quenching mechanism. Moreover, the
negative value of AS (—42.19 J mol™* K™ ') indicates that the
binding is accompanied by a decrease in the entropy of the
system, which could be attributed to the formation of the
ground-state complex with a more ordered configuration. It is
worth mentioning that the inner filter effect caused by the
absorption of lurasidone was negligible as no significant
absorption was observed in the excitation or emission wave-
length regions.

Based on these findings, the sensing mechanism primarily
involves the formation of a ground-state complex between lur-
asidone and MPA-CdTe QDs through multiple interaction sites.
The carboxyl groups of MPA on the QD surface can interact with
the multiple nitrogen atoms in lurasidone's structure (pipera-
zine ring, benzothiazole moiety, and imide group) through
electrostatic attractions. Additionally, hydrogen bonding can
occur between the surface -OH groups of MPA-CdTe QDs and
the carbonyl groups of the imide moiety in lurasidone. The
benzothiazole ring system may also participate in m-electron
interactions with the QD surface. This multi-point binding
leads to efficient fluorescence quenching through electron
transfer from the excited state of QDs to the electron-deficient
regions of lurasidone.

3.3. Optimization of fluorescence quenching conditions

The fluorescence quenching of MPA-CdTe QDs by lurasidone
was further investigated by optimizing the critical parameters
affecting the sensitivity of the sensing system, including pH,
MPA-CdTe QDs volume, and incubation time. The effects of
these parameters were studied using a Box-Behnken design,
and the results were analyzed by fitting a response surface
quadratic model using multiple linear regression. Backward
elimination was applied to refine the model and ANOVA anal-
ysis showed that the proposed reduced model was significant (p
< 0.0001) with a lack of fit that was not significant (p = 0.3406),
indicating a good fit of the experimental data (Table S27).
Additionally, two factors (pH and MPA-CdTe QDs volume) were
found to have a significant effect on the fluorescence quenching
efficiency, while the incubation time had no significant impact.
It is worth noting that a quadratic effect was observed for these
two significant factors suggesting the existence of an optimal

8860 | RSC Adv, 2025, 15, 8855-8866

value within the experimental domain (Table S2}). The final
equation in terms of coded factors was:

R =2.21947 + 0.1996254 + 0.234733B
—0.4476414% — 0.194011B>

where R is the fluorescence quenching response (Fy/F), A is the
pH, and B is the MPA-CdTe QDs volume. The positive coeffi-
cients for the linear terms indicate that fluorescence quenching
increases as the pH and MPA-CdTe QDs volume increase, while
the negative coefficients for the quadratic terms suggest the
existence of an optimum level for these factors. This comes in
line with the observation that the fluorescence quenching
response increased with increasing pH, reaching a maximum
around pH 7.8, and then decreased at higher pH values
(Fig. 3A). Also, the quenching efficiency increased with
increasing MPA-CdTe QDs volume, attaining a maximum
around 1.25 mL, after which it slightly declined (Fig. 3B). The
incubation time was found to have a negligible effect on the
fluorescence quenching over the tested range of 1-5 min, sug-
gesting that the binding equilibrium between lurasidone and
MPA-CdTe QDs is rapidly achieved (Fig. 3C). The 3D-response
surface plot of pH and MPA-CdTe QDs clearly demonstrates
the optimal region to maximize the fluorescence quenching
response (Fig. 3D). It should be noted that pH below 5 and
above 10 were avoided due to potential interference with the
luminescence properties of the QDs. As the media become more
acidic, aggregation and precipitation of the MPA-CdTe QDs can
occur, while at high pH values, lurasidone becomes in its
deprotonated form, reducing its ability to interact with the
MPA-CdTe QDs. The potential interaction effects between pH
and MPA-CdTe QDs volume were also investigated during the
model development phase. The interaction term was found to
be statistically insignificant (p > 0.05) during the backward
elimination process and was therefore excluded from the final
reduced model. This absence of significant interaction is visu-
ally demonstrated in (Fig. S11), where the parallel nature of the
response curves at different factor levels indicates that the effect
of pH on fluorescence quenching remains consistent across
different QDs volumes. The lack of significant interaction
between these factors suggests that their effects on the fluo-
rescence quenching response are independent of each other,
which contributes to method optimization simplification and
analytical procedure robustness enhancement.

Validation of the developed model was conducted by
observing several criteria and diagnostic plots. The variance was
explained with an R” of 0.9547, indicating an excellent fit of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimization of experimental parameters affecting the fluorescence quenching response of MPA-CdTe QDs by lurasidone. (A) Effect of
pH on the fluorescence quenching response (Fo/F) showing optimal quenching at pH 7.8. (B) Influence of MPA-CdTe QDs volume on quenching
efficiency with maximum response at approximately 1.25 mL. (C) Effect of reaction time on the quenching response showing rapid equilibrium
achievement within 1-5 minutes. (D) Three-dimensional response surface plot illustrating the combined effects of pH and MPA-CdTe QDs

volume on the fluorescence quenching response.

experimental data. The adjusted R* and predicted R*> were
0.9396 and 0.8967, respectively, with an insignificant lack of fit,
confirming the validity of the model. The actual vs. predicted
plot showed that the developed model can accurately predict
the experimental responses (Fig. S2At), and the predicted vs.
the residual plot did not reveal any obvious patterns, indicating
the absence of bias in the model (Fig. S2Bt). Examination of the
residual and leverage vs. run order plots did not reveal any
outliers or influential data points indicating the absence of
experimental errors (Fig. S37).

Numerical and graphical optimization was performed to
determine the optimal conditions for maximum fluorescence
quenching. The criteria were set to maximize the fluorescence
quenching response while maintaining pH and MPA-CdTe QDs
volume within the experimental range. Desirability function
analysis identified optimal conditions at pH 7.8 and 1.25 mL of
MPA-CdTe QDs, yielding a maximum predicted fluorescence
quenching response (Fo/F) of 2.30 (Fig. S4At). The overlay plot
(Fig. S4Bt) visualizes these results, with the yellow region
indicating the optimal zone where pH, QD volume and the

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

fluorescence quenching response constraints are simulta-
neously satisfied. The optimal pH of 7.8 represents a critical
balance point in the system — at pH below 5, MPA-CdTe QDs risk
aggregation and precipitation, while at pH above 10, lurasidone
becomes deprotonated, diminishing its interaction with the
QDs as previously discussed. Similarly, the optimal MPA-CdTe
QDs volume of 1.25 mL achieves a balance between providing
sufficient sensing sites and avoiding self-quenching effects that
could occur at higher concentrations. The overlay plot effec-
tively illustrates this optimal region, serving as a practical guide
for selecting operational parameters that maximize quenching
efficiency while maintaining system stability. This optimization
approach not only maximizes the analytical signal but also
ensures robust performance by operating within a stable pH
range that aids in reliable measurements.

3.4. Validation of the analytical method

The analytical method was validated according to the ICH
guidelines in terms of linearity, sensitivity, accuracy, precision,
robustness, and selectivity.

RSC Adv, 2025, 15, 8855-8866 | 8861
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Linearity was evaluated by constructing a calibration curve
using standard solutions of lurasidone in the concentration
range of 0.02-1.0 ug mL™". The linear regression equation was y
= 1.1011x + 1.6665 with a correlation coefficient (*) of 0.9995,
indicating excellent linearity within the tested range (Table 2).
The limit of detection and limit of quantitation were found to be
5.90 ng mL ™' and 17.70 ng mL ", respectively, demonstrating
high sensitivity of the proposed method (Table 2). Accuracy was
assessed by analyzing lurasidone at three different concentra-
tion levels (0.05, 0.5, and 0.8 ug mL™") in triplicate, and the
mean recovery was 98.65 £ 0.733% indicative of excellent
accuracy. The intra-day and inter-day precision, expressed as
relative standard deviation, were less than 2% for both repeat-
ability and intermediate precision, confirming the high preci-
sion of the method (Table 2).

Robustness was evaluated by deliberately varying the critical
method parameters such as pH (7.6-8.0) and MPA-CdTe QDs
volume (1.2-1.3 mL) within the optimal ranges determined by
the DoE. The percentage recovery remained within 98-102%,
indicating the robustness of the proposed method (Table 2).
Selectivity was evaluated by analyzing samples containing
potential interferents at 10-fold higher concentrations than
lurasidone. Common pharmaceutical excipients (lactose,
starch, magnesium stearate, and talc) and ionic species (Na*,
K*, ca*', cd*, Ni*', ClI™, PO,’", SO,>7, Fe**, Cu®’, and Hg>")
were tested (Fig. 4). While most species showed negligible
interference (<5% signal change), Fe*", Cu®*, and Hg>" exhibited
moderate interference (15%, 12%, and 8% signal change
respectively). This interference was successfully mitigated by
adding EDTA (0.1 mM) for Fe®" and Cu®', and thiourea (0.1 mM)
for Hg”", reducing the interference to <5% in all cases (Fig. 4).
Biological components such as glucose, uric acid, and various
amino acids including glycine, alanine, and glutamic acid also
showed minimal interference (<5%), demonstrating the
method’s suitability for plasma analysis (Fig. 4). Under these

Table 2 Summary of analytical method validation parameters for the
fluorescence-based determination of lurasidone using MPA-CdTe
quantum dots

Parameters Lurasidone
Excitation wavelength (nm) 350
Emission wavelength (nm) 575
Linearity range (ug mL™") 0.02-1.00
Slope 1.6665
Intercept 1.1011
Correlation coefficient (%) 0.9995

LOD (ng mL™") 5.90

LOQ (ng mL ™) 17.70
Accuracy (% R)* 98.65 + 0.733
Repeatability precision (% RSD)” 0.743
Intermediate precision (% RSD)* 1.517
Robustness (% R) Buffer (pH) 99.16 + 1.06

MPA-CdTe QDs (mL) 101.31 £+ 1.257

“ Average of 9 determinations (3 concentrations repeated 3 times). ” %
RSD of 9 determinations (3 concentrations repeated 3 times) measured
on the same day. “ % RSD of 9 determinations (3 concentrations
repeated 3 times) measured in the three consecutive days.
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Fig. 4 Evaluation of selectivity of the developed MPA-CdTe QDs-
based fluorescence quenching method showing the fluorescence
quenching ratio (Fo — F)/Fo for lurasidone compared to common
pharmaceutical excipients (starch, lactose, magnesium stearate, talc),
ionic species (Na*, K*, Ca%*, Ni?*, Cd?*, 50,27, PO,>~, Cl~, Fe**, Hg?*,
Cu?*), and biological interferents (glucose, uric acid, glycine, alanine,
glutamic acid). The significantly higher quenching ratio observed for
lurasidone demonstrates the high selectivity of the method for the
target analyte in the presence of potential interferents commonly
found in pharmaceutical, environmental and biological matrices.

optimized conditions, the method demonstrated excellent
selectivity for lurasidone determination in pharmaceutical,
biological, and environmental matrices.

3.5. Application of the developed method

The developed MPA-CdTe QDs based fluorescence quenching
method was successfully applied for the determination of lur-
asidone in pharmaceutical dosage forms, spiked plasma, and
environmental water samples (river and tap water). The average
recovery of lurasidone in pharmaceutical formulations was
100.49 + 1.040%, demonstrating the applicability of the
method for routine quality control analysis (Table S37).
Furthermore, statistical comparison of the results obtained by
the proposed method with those from a reported HPLC
method*' showed no significant difference as evident from the
Student's ¢-test and F-test with ¢ = 0.330 and F = 1.099, which
are lower than the tabulated values (2.306 and 6.338 at P = 0.05),
confirming the accuracy and precision of the proposed method
(Table S37). Interval hypothesis testing of the results showed
that the bias values (6, = —1.270 and 6y = 1.695) were within
the acceptable +2% range, confirming the reliability of the
proposed method.

The developed method was also applied to the analysis of
lurasidone in spiked plasma and environmental water samples
(Table 3). The mean recovery of lurasidone in spiked plasma
samples ranged from 95.53 to 103.85%, with RSD% = 3.321%,
demonstrating the ability of the method to accurately quantify
lurasidone in complex biological matrices. The analysis of lur-
asidone in spiked river water samples resulted in recovery rates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Recovery studies for lurasidone determination in spiked
plasma and environmental water samples (river and tap water) using
the MPA-CdTe QDs fluorescence quenching method

Spiked Found RSD
Samples (mgmL™)  (ugmL™')  Recovery (%) (n=3,%)
Plasma 0.02 0.021 103.85 0.489
0.05 0.049 97.38 3.321
0.1 0.096 95.53 2.152
0.5 0.493 98.64 2.93
River water 0.02 0.021 104.81 0.572
0.05 0.048 95.77 3.903
0.1 0.102 102.03 1.437
0.5 0.513 102.57 0.880
Tap water 0.02 0.021 104.95 3.31
0.05 0.050 99.24 2.907
0.1 0.097 96.86 1.073
0.5 0.506 101.26 3.784

between 95.77 and 104.81%, with RSD% = 3.903%, indicating
the applicability of the method for environmental monitoring.
Besides, the analysis of spiked tap water samples showed
recovery rates between 96.86 and 104.95% with RSD% =
3.784%, further confirming the reliability of the method for
determining lurasidone in different water sources.

3.6. Greenness and blueness assessment

The greenness and blueness of the proposed MPA-CdTe QDs-
based fluorescence quenching method were evaluated using

E

?

gy
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the AGREE and BAGI tools, respectively, and compared with
previously reported analytical methods for the determination of
lurasidone (Fig. 5).

The AGREE tool provides an objective evaluation of the
method's environmental impact by evaluating the 12 principles
of green analytical chemistry across 12 separate segments in
a clock-shaped graph.*' Each segment corresponds to a specific
principle and is color-coded (red, yellow, or green) based on the
degree to which the analytical process adheres to green princi-
ples. The overall assessment value, ranging from 0 to 1, is
depicted in the center of the AGREE graph, with higher values
indicating greener analytical procedures. The AGREE score for
the proposed method was 0.73, indicating a relatively green
analytical process with minimal environmental impact
(Fig. 5A). When compared to a previously reported LC-MS
method*> (AGREE score of 0.66), the proposed method
demonstrates superior greenness, reflecting the use of less
hazardous reagents, reduced energy consumption, and lower
waste generation (Fig. 5B). The developed method also out-
performed the reported HPLC method® in terms of greenness
with an AGREE score of 0.73 compared to 0.55 for the HPLC
method (Fig. 5C). The factors contributing to the high green-
ness score include the use of aqueous-based MPA-CdTe QDs as
the sensing probe, the optimization of operational parameters
to minimize reagent and solvent consumption, and the
inherent eco-friendly nature of the fluorescence-based tech-
nique. Furthermore, the simple sample preparation, short
analysis time, and reduced waste generation also contribute to

Fig. 5 Greenness and analytical practicality assessment of different methods for lurasidone determination. (A—C) AGREE scores depicting
greenness evaluation: (A) proposed MPA-CdTe QDs fluorescence method (0.73), (B) LC-MS method (0.66), and (C) HPLC method (0.55). (D-F)
BAGI scores showing analytical practicality: (D) proposed fluorescence method (75.0), (E) LC-MS method (75.0), and (F) HPLC method (72.5).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the overall greenness of the proposed method. However, the use
of cadmium-based QDs may raise concerns regarding their
potential toxicity, which should be considered in the overall
assessment. Besides, the manual handling of the samples
unlike automated techniques can also contribute to a lower
greenness score.

The analytical practicality of the proposed method was
evaluated using the BAGI tool, which considers factors such as
simplicity, speed, cost-effectiveness, and ease of use. This tool
presents a novel metric for evaluating the practicality of an
analytical method by assessing ten critical attributes: type of
analysis, simultaneous determination of analytes, sample
analysis rate, reagents and materials utilized, necessary
instrumentation, level of automation, sample preparation
method, simultaneous sample treatment, preconcentration
needs, and sample quantity.*” The BAGI score for the developed
method was 75, indicating a highly practical analytical
approach (Fig. 5D). Compared to the previously reported LC-MS
and HPLC methods, the proposed fluorescence quenching
method exhibits similar analytical practicality, with scores of 75
(Fig. 5E) and 72.5 (Fig. 5F), for the LC-MS and HPLC methods
respectively. The main advantages of the proposed method
include the simplicity of the analytical procedure, the short
analysis time, the use of low-cost and widely available instru-
mentation, and the ease of sample preparation, all of which
contribute to its high analytical practicality. The LC-MS and
HPLC methods, while providing excellent automation and
analytical performance which contributes to their high BAGI
scores, they generally require more complex sample prepara-
tion, longer analysis times, and more expensive instrumenta-
tion, which may limit their applicability in resource-constrained
settings.

Table 4 Comparison of the proposed method with previously reported
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In summary, the developed MPA-CdTe QDs-based fluores-
cence quenching method for the determination of lurasidone
demonstrates excellent analytical performance, high selectivity,
and good accuracy and precision, as well as superior greenness
and analytical practicality compared to previously reported
methods.

3.7. Comparison with reported literature

The analytical performance of the developed MPA-CdTe QDs-
based fluorescence quenching method for lurasidone determi-
nation was compared with previously reported methods in the
literature. Table 4 summarizes the key analytical parameters of
various methods, including chromatographic techniques and
sensor-based approaches. The proposed MPA-CdTe QDs-based
method offers several advantages over previously reported
techniques. While LC-MS/MS methods*** demonstrate better
sensitivity with LOQ values as low as 0.25 ng mL™', these
techniques require expensive instrumentation, complex sample
preparation, and trained personnel. In contrast, the developed
method provides reasonable sensitivity (LOD = 5.90 ng mL™ ",
LOQ = 17.70 ng mL ") using simpler instrumentation and less
complex analytical procedures. Compared to the conventional
HPLC methods,**** the developed approach offers significantly
improved sensitivity. The chiral HPLC method reported by
Babaker et al. has an LOD (0.23 pg mL ') approximately 39
times higher than the developed method.** Furthermore, the
linear range of the developed method (0.02-1.0 pg mL™") is
more suitable for trace analysis compared to the broader range
(160-1200 pg mL™ ') of the HPLC method described by Vaja
et al*

Interestingly, the developed method shows comparable
performance to the recently reported spectrofluorimetric

methods for lurasidone determination

Detection system/

Analytical method nanomaterial Linear range LOD LOQ Sample matrix Reference
Fluorescence MPA-CdTe QDs 0.02-1.0 pg mL ™" 5.90ng mL™' 17.70 ng mL™' Pharmaceutical  Present work
quenching (20-1000 ng mL ") formulations,
spiked plasma,
environmental
water
HPLC-UV ODS C18 column, 160-1200 pg mL ™" 59.90 yg mL  181.51 ug mL  Pharmaceutical  Vaja et al.**
UV detection at 230 nm formulations
HPLC-UV Chiralcel OD-H column, 0.78-4.5 pg mL ™" 023 pgmL™ ' 0.78 pgmL '  Pharmaceutical  Babaker et al.*!
UV detection at 215 nm formulations
LC-MS Gemini C6-Phenyl column,  0.005-5.0 ug mL " — 5.0 ng mL ™" Rat plasma, bile, Chae et al.”*
selected ion monitoring (5-5000 ng mL ™) and urine
LC-MS/MS C18 column, Tandem mass 0.25-100 ng mL ™" — 0.25ng mL™'  Human plasma  Katteboina
spectrometry (0.00025-0.1 ug mL ™) et al.”
LC-MS/MS C18 column, Tandem mass  (0.005-1.2 pg mL™") — 5.0 ng mL ™" Rat plasma Rajadhyaksha
spectrometry and Londhe*
LC-MS/MS ODS C18 column, Tandem  0.002-1.0 ug mL " — 2.0 ng mL~* Rat plasma Koo et al.*
mass spectrometry (2-1000 ng mL ")
Potentiometric PVC/MIP/MWCNTSs on 0.044-44 pg mL ™" 44ngmLt  — Pharmaceutical ~ El-Beshlawy
sensor PANI-coated SPE (107%-107* M) (10 nM) formulations, et al.*®
spiked urine
Spectrofluorimetry Erythrosine B dye 0.02-0.6 pg mL ™" 45ngmL ' 13.5ngmL '  Pharmaceutical  Elhamdy et al.>’
(20-600 ng mL™") formulations
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method by Elhamdy et al.,” which used erythrosine B dye as
a fluorescent marker. While their method achieved slightly
better sensitivity (LOD = 4.5 ng mL™" vs. our 5.90 ng mL™ "), the
developed approach offers a broader linear range (up to 1000 ng
mL ™" compared to 600 ng mL ") and wider applicability to
complex biological and environmental matrices beyond phar-
maceutical formulations. The potentiometric sensor developed
by El-Beshlawy et al.>® shows excellent sensitivity, with a detec-
tion limit of 10 nM (approximately 4.4 ng mL~"). However, the
developed fluorescence-based method offers comparable
sensitivity with broader applicability to different sample
matrices, including environmental water samples. In terms of
practical applicability, the developed method demonstrates
successful application to pharmaceutical formulations, spiked
plasma, and environmental water samples, making it more
versatile than many of the reported methods that were validated
for specific sample types only. Additionally, the developed
method incorporates green analytical chemistry principles, as
evaluated by AGREE and BAGI tools, further enhancing its
appeal as an environmentally friendly analytical approach.

4. Conclusion

The present study reports the development of a sensitive and
selective fluorescence quenching method for the determination
of lurasidone using MPA-CdTe quantum dots as a “turn-off”
fluorescent probe. The proposed method exhibited excellent
analytical performance, with good linearity, sensitivity, accu-
racy, and precision, meeting the requirements of the ICH
guidelines. The quenching mechanism was elucidated through
Stern-Volmer analysis and thermodynamic studies, revealing
that the interaction between lurasidone and MPA-CdTe QDs
was predominantly static in nature and spontaneous and
exothermic. The influencing factors on the quenching process,
including pH, QDs volume, and incubation time, were opti-
mized using a Box-Behnken experimental design, leading to
a highly predictive and reliable model. The developed method
was successfully applied to the analysis of lurasidone in phar-
maceutical dosage forms, spiked plasma, and environmental
water samples, demonstrating its versatility and robustness.
The greenness and analytical practicality of the proposed
method were evaluated using the AGREE and BAGI tools,
respectively. The results showed that the MPA-CdTe QDs-based
fluorescence quenching method is a greener and more practical
alternative to the previously reported analytical techniques for
the determination of lurasidone. The present study highlights
the potential of MPA-CdTe QDs as a sensitive and selective
fluorescent probe for the determination of lurasidone in various
matrices, with good analytical performance and environmental
compatibility.

While CdTe QDs demonstrate excellent analytical perfor-
mance, their potential environmental impact due to cadmium
toxicity presents a notable limitation. To address this concern,
strict waste management protocols can be implemented,
including proper collection and disposal of Cd-containing
materials. Future research directions may involve the explora-
tion of other types of quantum dots or nanomaterials as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluorescent probes for the development of more sensitive and
selective analytical methods for lurasidone and other pharma-
ceuticals. Particularly promising alternatives can be found in
carbon dots, silicon quantum dots, and metal-free fluorescent
nanomaterials, which offer reduced environmental impact
while maintaining high analytical performance. The transition
to these greener alternatives represents an important direction
for future method development. Additionally, real sample
analysis in a wider range of matrices, such as biological fluids
and complex environmental samples, would further demon-
strate the robustness and applicability of the proposed method.
The development of surface modification strategies to enhance
the stability and reduce the environmental impact of quantum
dots can also be considered as a valuable direction for future
studies.
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