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Autism is one of the most pressing issues facing the international community in recent years, particularly in
Middle Eastern countries. Risperidone is a selective serotonin type 2 and dopamine type 2 receptor
antagonist. It is the most administered antipsychotic medication in children with autism-related
behavioral disorders. Therapeutic monitoring of risperidone may improve safety and efficacy in autistic
individuals. The main objective of this work was to develop a highly sensitive green fitted method for the
determination of risperidone in the plasma matrix and pharmaceutical dosage forms. Novel water-
soluble N—-carbon quantum dots were synthesized from guava fruit, a natural green precursor, and used
for determination of risperidone based on quenching fluorescence spectroscopy phenomena. The
synthesized dots were characterized by transmission electron microscopy and Fourier transform infrared
spectroscopy. The synthesized N—carbon quantum dots exhibited aquantum yield of 26.12% and showed
a strong emission fluorescence peak at 475 nm when excited at 380 nm. The fluorescence intensity of
the N-carbon quantum dots decreased with increasing risperidone concentration, indicating that the
fluorescence quenching was concentration dependent. The presented method was carefully optimized
and validated according to the guidelines of ICH, and it demonstrated good linearity in a concentration
range of 5-150 ng mL™. With a LOD of 1.379 ng mL™* and a LOQ of 4.108 ng mL™%, the technique was

Received 30th April 2025 extremely sensitive. Due to the high sensitivity of the proposed method, it could be effectively used for

Accepted 6th June 2023
the determination of risperidone in the plasma matrix. The proposed method was compared with the
DOI: 10.1039/d3ra02855k ’ ) I . .
previously reported HPLC method in terms of sensitivity and green chemistry metrics. The proposed

rsc.li/rsc-advances method proved to be more sensitive and compatible with the principles of green analytical chemistry.

1. Introduction community in recent years, particularly in Middle Eastern

countries where prevalence rates have skyrocketed.'” According
Autism, commonly known as autism spectrum disorder (ASD), to WHO, one in 100 children worldwide has autism, and prev-
is one of the most pressing issues facing the international alence has increased by 178% since 2000. The increase could be
attributed more to increased awareness and screening than to
the fact that autism has become more common.* Autism prev-
alence has increased significantly in the Middle East in recent
years, owing to increased societal awareness campaigns, stigma
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Fig. 1 Structural formula of RPD.

premature birth, and consanguineous marriages may increase
a child's risk for autism."™ Treatment approaches are often
collaborative, tailored to the individual, and aim to alleviate
symptoms that interfere with daily functioning. These
approaches include behavioral, educational, social, psycholog-
ical, and pharmacological treatments.'®** Risperidone and ari-
piprazole, atypical antipsychotics, are FDA-approved
medications for autism-related irritability.*?

Risperidone (RPD), Fig. 1, is a selective serotonin type 2 and
dopamine type 2 receptor antagonist. It is the most commonly
administered antipsychotic medication in children and
adolescents for the treatment of schizophrenia symptoms as
well as to manage irritability, tantrums, aggression, and self-
injury in autistic patients.'' Its treatment has been associ-
ated with significant adverse effects such as weight gain, seda-
tion, extrapyramidal symptoms, and prolactin increase. Clinical
studies have shown that higher RPD plasma concentrations are
associated with more side effects and increased efficacy in
autistic patients. It has been suggested that therapeutic moni-
toring of RPD can improve safety and efficacy in autistic indi-
viduals by assessing compliance and identifying the drug levels
that may be low, resulting in therapeutic failure, or high,
resulting in adverse effects."

Analytical techniques for the detection of drugs in biological
samples require certain characteristics in terms of detection
limits of the equipment used and ease of use in small labora-
tories with limited facilities. Along with adhering to green
analytical chemistry concepts to aid the global trend in
achieving sustainable development goals and addressing
climate changes.

Several techniques for determining ARP in various matrices

have been published in the literature, including
chromatographic,*-° electrochemical,*** and
spectroscopic®*** methods. These techniques have significant

drawbacks, such as being time-consuming, requiring sample
pretreatment before measurement, being costly and unavail-
able in small laboratories, providing poor sensitivity, and not
adhering to green analytical chemistry principles. The spectro-
fluorimetric approach, on the other hand, offers the advantages
of being easy, time saving, very sensitive, and environmentally
friendly.

Carbon quantum dots (CQDs) are fluorescent semiconductor
nanoparticles that have recently been used in pharmaceutical
and biomedical analysis by measuring the enhancement or
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quenching of the fluorescent signal from the CQDs as a result of
an interaction of the CQDs with the compound of interest.*>>°
Originally, CQDs were prepared from primary chemical
precursors such as citric acid, polyethyleneimine, zinc oxide,
phenolic resins, and ethylene glycol, which were incompatible
with concepts of green analytical chemistry.** Therefore,
scientists have recently focused on finding environmentally
friendly precursors from nature as substitutes, such as biomass
wastes and plant-derived pharmaceuticals, because they are
environmentally friendly, widely available, biocompatible, and
rich in low-cost renewable raw materials (rich in C, H, N, and O
atoms) such as polysaccharides, proteins, nucleic acids, and
phospholipids.>*°

The main objective of this work is to develop simple green
fitted method for the analysis of RPD in biological fluids and
pharmaceutical dosage forms with higher sensitive detection
limits. To achieve this goal, novel water-soluble N-CQDs were
synthesized from guava fruit, a natural green precursor, and
used for RPD determination based on quenching fluorescence
spectroscopy phenomena. The synthesized N-CQDs showed
a strong emission fluorescence peak at 475 nm when excited at
380 nm. The fluorescence intensity of the prepared dots was
decreased dynamically with increasing RPD concentration. The
proposed method was efficiently used for the estimation of RPD
up to nano-gram levels in the plasma matrix and the pharma-
ceutical dosage forms. The suitability of the method for the
analysis of RPD was verified using ICH guideline for validation
of analytical procedures Q2(R1).*® Linearity, limits of detection
(LOD) and quantitation (LOQ), accuracy, precision, robustness,
and specificity were all investigated as validation
characteristics.

Furthermore, the green fitness of the described method was
measured using the analytical eco-scale and the analytical
greenness metric (AGREE). The described method exhibited an
agreement with the green analytical chemistry principles in
terms of the common green metric values.

2. Experimental

2.1. Materials and chemicals

RPD powder was supplied by Apex pharma (Egypt). Apexidone®
tablets (0.5 mg RPD per tablet) and Apexidone® syrup (1 mg
RPD per 1 mL) were obtained from a local pharmacy. All
chemicals used during the analysis were of high analytical
purity and were provided by El Nasr Company (Egypt). The water
used for the procedure was fresh double distilled. The guava
fruits were purchased from the Egyptian market. Several buffer
solutions with different pH values were prepared in accordance
with the US Pharmacopoeia.

2.2. Instrumentation

Fluorescence measurements were performed using a Jasco FP-
6200 spectrofluorometer (Japan). UV-visible measurements
were performed using a Shimadzu UV-visible 1800 spectro-
photometer (Japan). Transmission electron microscopy (TEM)
images were acquired using a JEOL JEM-M2100 transmission

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Preparation of N-CQDs.

electron microscope (USA). Fourier transform infrared (FTIR)
spectrum was acquired using a PerkinElmer FTIR spectropho-
tometer (USA).

2.3. Standard solutions

A standard stock solution (100 pg mL ") of RPD was prepared by
transferring 10 mg of drug powder with 10 mL ethanol and
40 mL water into a 100 mL volumetric flask, shaking till dis-
solved, and then filling the flasks to the mark with water. A
working solution (1 ug mL ") was prepared from their stock
solution by further dilution with water.

2.4. Synthesis of N-CQDs

The guava fruit flesh (pulp-and-seed-free) was cut into slices and
carbonized in an electric oven at 250 °C for 50 minutes. The
obtained product was allowed to cool before being ground into
a fine powder. A weight equivalent to 200 mg of the product
powder was dissolved in 60 mL double-distilled water and
boiled for 10 minutes before being centrifuged for 20 minutes.
The obtained yellow solution was then filtered into a 100 mL
volumetric flask, which was then filled with double-distilled
water to the desired volume (Fig. 2).

2.5. Procedures

2.5.1. Construction of calibration curve. Calibration
samples were prepared at the room temperature by transferring
aliquots equivalent to (50-1500 ng) of RPD into a series of 10 mL
volumetric flasks prefilled with 0.5 mL of N-CQDs solution and
1 mL of borate buffer solution (pH 9), mixing well, and then
filling the flasks to mark with water. A blank sample was
prepared under the same conditions. After 2 minutes, the
fluorescence intensities of calibration samples (F) and a blank
sample (F,) were measured at 475 nm after excitation at 380 nm.
The calibration curve was constructed by plotting (F,/F) against
the drug concentrations in ng mL™".

2.5.2. Application to spiked human plasma. Five spiked

plasma samples were prepared by separately transferring

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aliquots equivalent to 100 ng, 200 ng, 400 ng, 800 ng, and 1200
ng from RPD working standard solution into a series of 10 mL
centrifugation tubes. The tubes were then filled with 0.1 mL of
human plasma and 5 mL of acetonitrile and vortexed for 1
minute before being centrifuged for 30 minutes. The superna-
tants were dried in a rotary evaporator, and the residues were
dissolved in the smallest amount of ethanol possible before
being transferred to 10 mL volumetric flasks. The flasks were
then filled with 0.5 mL of N-CQDs solution and 1 mL of borate
buffer solution (pH 9) and diluted to volume with water. A blank
was prepared under the same conditions and the procedure
described above was followed.

2.5.3. Application to different pharmaceutical dosage
forms
2.5.3.1. Apexidone® tablets. Ten Apexidone® tablets, each

containing 0.5 mg RPD, were weighed and ground finely. An
exact weight of powder corresponding to one tablet was added
to a 100 mL volumetric flask with 10 mL ethanol and 40 mL
water. The flask was vigorously shaken for 20 minutes, filtered,
and adjusted to 100 mL with water. After further dilution with
water, five samples of varying concentrations were prepared,
and the procedure described above was followed.

2.5.3.2. Apexidone® syrup. 5 mL of Apexidone® syrup con-
taining 5 mg RPD were transferred into a 100 mL volumetric
flask and made to the volume with water. After further dilution
with water, five samples of varying concentrations were
prepared, and the procedure described above was followed.

3. Results & discussion

3.1. Characterization of N-CQDs

The size diameter of N-CQDs was determined using TEM. The
particle size distribution was in the range 3.8 to 5.2 nm with an
average diameter of 4.5 (Fig. 3a).>®"°

The functional groups on N-CQDs were studied using Four-
ier transformed infrared (FT-IR) spectroscopy. Peaks at
2919 em ™, 1728 em™*, 1630 ecm ™', 1512 cm™!, 1378 cm ™Y,
1265 cm™ ', and 1022 cm ™ * were associated to C-H, C=0, C=C,

RSC Adv, 2023, 13, 17765-17774 | 17767
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Fig. 3 (a) TEM image of N-CQDs, and (b) FTIR spectra of N-CQDs.

N-O, COO-, C-N, and C-O groups, whereas broad peak at
3376 cm™ ! was related to O-H and N-H groups (Fig. 3b).>>*!

3.2. Spectral properties of N-CQDs

UV-vis and fluorescence spectroscopy were used to study the
spectral properties of N-CQDs. The UV-vis absorption spectra of
the N-CQDs showed a maximum peak at 283 nm and a tail that
extended into the visible region. This corresponds to the m—m*
electronic transition of the C=C band and the n-7* transition
of the C=0 band (Fig. 4a).® Moreover, N-CQDs emit a strong
emission fluorescence peak at 475 nm when excited at 380 nm
(Fig. 4b). An excitation-dependent character of N-CQDs was also
investigated by shifting the excitation wavelength from 380 to
450 nm. Shifting the excitation to higher wavelengths resulted
in a red shift of the emission fluorescence peak from 475 to
515 nm with a significant decrease in fluorescence intensity,
confirming the excitation-dependent emission of N-CQDs,
which is a characteristic property of CQDs (Fig. 4c).”®**

The quantum yield of N-CQDs was calculated using
a comparative single-point method with quinine sulfate as
a fluorescence reference standard in 0.01 M H,SO, at an excita-
tion wavelength of 380 nm according to the following equation®®

Ar Ex 7752
(ps = (pr AS Ey nrz

where, @ is fluorescence quantum yield, 7 is a refractive index of
the solvent, A is absorbance of the solution, E is integrated
fluorescence intensity (area) of the emitted light, and subscript
“r” and “s” refer to the reference and sample, respectively. The

17768 | RSC Adv, 2023, 13,17765-17774
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quantum yield of guava fruit N-CQDs was calculated to be
26.12%.

3.3. Reaction of RPD with N-CQDs

The fluorescence intensity of N-CQDs gradually decreases with
increasing RPD concentration, as shown in Fig. 5a, indicating
that fluorescence quenching is concentration dependent.

To determine whether the quenching mechanism of RPD-
NCQD interaction is dynamic or static, the calibration curve
was plotted (between Fy/F and Q) at different temperatures (25 °©
C, 30 °C, and 40 °C) using the Stern-Volmer equation®***

Fy
D14+ K
a + Ksv Q

where, F, and F are the fluorescence intensities of CQDs in the
absence and presence of RPD, Kgy is the Stern-Volmer
quenching constant (slope), and Q is the RPD concentration.

In dynamic quenching, the slope (Stern-Volmer quenching
constant) increases with increasing temperature, whereas in
static quenching, the slope decreases with increasing temper-
ature. As shown in Fig. 5b, the slope value increased as
temperature increased, implying that the quenching mecha-
nism of RPD-NCQD interaction is dynamic.

Dynamic quenching of N-CQDs fluorescence by RPD could
be developed through collisional interaction between the
excited state of the N-CQDs and the quencher RPD. The excited
state energy of the N-CQDs is transferred to RPD, leading to
a decrease in the fluorescence intensity, which is typically gov-
erned by the Forster resonance energy transfer mechanism.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) UV-vis absorption spectra of N-CQDs, (b) fluorescence spectra of N-CQDs, and (c) excitation dependent emission spectra of N-CQDs.
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3.4. Method optimization

The factors affecting the stability of fluorescence quenching of
N-CQDs by RPD were investigated and optimized. These vari-
ables include pH and volume of buffer, volume of N-CQDs, and
incubation time. Fluorescence quenching was studied with and
without the addition of buffer solutions with different pH values
(3-10). As shown in Fig. 6a, uniform quenching was achieved

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Quenching reaction of N-CQDs with different concentrations of RPD, and (b) Stern—Volmer plot at different temperature.

with a borate buffer solution with a pH of 9. The quenching
response decreased significantly as the acidity of the solution
increased. Different volumes of the buffer solution were tested,
and it was found that 1 mL was the best solution (Fig. 6b).
Fluorescence quenching was also studied with different
volumes of N-CQDs solution. It was found that 0.5 mL of the N-
CQDs solution (containing 100 ug mL ™" N-CQDs) caused the

RSC Adv, 2023,13,17765-17774 | 17769
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Fig. 6 Optimization of experimental parameters influencing the stability of fluorescence quenching of N-CQDs by RPD including (a) buffer pH,

(b) buffer volume, (c) N-CQDs volume, and (d) incubation time.

greatest fluorescence quenching with RPD (Fig. 6c¢). At different
time intervals from 0 to 30 minutes, the efficacy of fluorescence
quenching in the presence of RPD was investigated. Maximum
fluorescence quenching of N-CQDs was achieved in 2 minutes,
and no additional quenching was observed when the reaction
time was prolonged (Fig. 6d).

3.5. Method validation

The method was validated in accordance with ICH standards.®
The method demonstrated good linearity in a concentration
range of 5-150 ng mL™ ", according to the Stern-Volmer equa-
tion, with a linear equation of y = 0.0149x + 0.997 and a corre-
lation coefficient of 0.9991. Table 1 shows the data for the
regression parameters. The limits of detection (LOD) and
quantitation (LOQ) were calculated using the standard devia-
tion of response and the slope of the calibration curve, as
follows: LOD = 3.3 SD/slope and LOQ = 10 SD/slope. The LOD
and LOQ values were determined to be 1.379 and 4.180 ng
mL ", respectively (Table 1). The method's accuracy was calcu-
lated as mean percent recovery after triplicate determination of
three concentration levels (10, 60, and 120 ng mL™'). The
method was found to be accurate, with a mean percent recovery
of 99.13%, as listed in Table 1. The method's precision, calcu-
lated as the relative standard deviation (RSD), was evaluated by
determining the same concentration levels three times in one
day for repeatability and three times in three days for inter-
mediate precision. The method was found to be precise, with

17770 | RSC Adv, 2023,13, 177765-17774

a % RSD less than 2 (Table 1). The robustness of the method was
ensured by its ability to withstand minor changes in the
parameters that could affect the results. No significant effect
was observed when minor changes to the buffer pH (9 + 0.5),

Table 1 Regression and validation data for the determination of RPD
using N-CQDs

Parameters RPD
Excitation wavelength (nm) 380
Emission wavelength (nm) 475
Linearity range (ng mL™ ") 5-150
LOD (ng mL ") 1.379
LOQ (ng mL ™) 4.180
Slope 0.0149
Intercept 0.9997
Coefficient of determination (r*) 0.9991
Accuracy (% R)* 99.13
Repeatability precision (RSD)? 0.429
Intermediate precision (RSD)” 0.745

Robustness (% R + RSD)
Buffer pH (+0.5)

Buffer volume (+0.25 mL)
N-CQDs volume (£0.1 mL)
Incubation time (+1 min)

100.62 £ 0.868
99.47 £ 1.030
99.93 £+ 0.784
100.76 + 0.887

¢ Average of nine determinations (three concentrations repeated three
times). © RSD of nine determinations (three concentrations repeated
three times).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Application of the proposed method for the determination of
RPD in spiked plasma samples

Added (ng mL™) Found (ng mL™) Recovery (%)

10 9.30 92.95
20 18.70 93.49
40 38.21 95.52
80 76.66 95.83
120 116.26 96.88
Mean + RSD 94.94 + 1.744

buffer volume (1 + 0.25 mL), N-CQD volume (0.5 + 0.1 mL), and
incubation time (2 + 1 min) were made, as shown in Table 1.
The specificity of the method was ensured by its capacity to
quantitatively determine RPD accurately and specifically in
spiked plasma samples as well as pharmaceutical dosage forms
without interference from plasma endogenous components or
pharmaceutical excipients. Table 2 shows that the plasma
endogenous components had no effect, whereas Table 3 shows
that the pharmaceutical excipients had no effect, confirming
the excellent specificity of the applied approach. The specificity
was also ensured using the standard addition technique, which
involved adding known amounts of pure RPD (20, 40, and 80 ng
mL ') to a pharmaceutical sample containing 10 ng mL ™" RPD
and then calculating the percent recovery of the pure added
concentrations. The results were displayed in Table 4.

3.6. Application to spiked plasma samples

Due to the high sensitivity of the proposed method, it could be
effectively used for the analysis of RPD in spiked human
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plasma. The mean maximum plasma concentration for RPD
was 15.90 ng mL™", is within the linearity range.® Table 2 shows
that the method was successfully applied for the determination
of RPD in spiked plasma samples without the influence of
endogenous plasma components.

3.7. Application to pharmaceutical dosage form

The described method was effectively utilized to determine
RPD in two different pharmaceutical dosage forms, tablet and
syrup, without influence from excipients (Table 3), as evi-
denced by the standard addition technique results (Table 4).
Using the Student's ¢-test and F-test, the obtained results were
compared to the reported method.* The results revealed no
statistically significant difference between the two methods
(Table 5).

Table5 Comparison and statistical assessment of the results obtained
by the proposed and the reported methods for the determination of
RPD in pharmaceutical tablets

Parameters Proposed method Reported method*?

Linearity range 5-150 ng mL " 10—60 pg mL "

LOD 1.379 ng mL ™" 1.79 pg mL "
Mean recovery % £RSD 99.81 £ 1.079 100.16 & 0.850
N 5 5

t-test (2.306)° 0.572

F-test (6.388)" 1.598

“ Number of experiments. ® The values in parenthesis are tabulated
values of “¢” and “F” at (P = 0.05).

Table 3 Application of the proposed method for the determination of RPD in pharmaceutical dosage forms

Apexidone® tablets

Added (ng mL™Y) Found (ng mL™") Recovery (%)

Apexidone® syrup

Added (ng mL ™) Found (ng mL™%) Recovery (%)

10 9.97 99.66

20 20.04 100.20

40 40.22 100.55

80 78.41 98.01

120 120.76 100.63

Mean + RSD 99.81 £ 1.079

10 9.85 98.52

20 19.74 98.72

40 39.75 99.38

80 80.69 100.86

120 120.96 100.80

Mean + RSD 94.66 + 1.121

Table 4 Recovery study of RPD by standard addition technique using the proposed method

Amount of drug Amount of pure Found
Drug (ng mL™) added (ng mL ") (ng mL™) Recovery (%)
Apexidone® tablets 10 20 20.29 101.44
40 39.62 99.04
80 80.02 100.03
Mean + RSD 100.17 £+ 1.204
Apexidone® syrup 10 20 19.89 99.43
40 40.42 101.06
80 80.76 100.95
Mean + RSD 100.48 £ 0.905

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Greeneess comparison between the proposed and the reported methods

The proposed method

The reported method*?

Parameters Penalty points
Analytical eco-scale

Reagents

Water 0

Borate buffer pH 9 2
Instrument spectrofluorometer

Energy: <0.1 kW h per sample 0
Occupational hazards 0

Waste (1-10 mL) 3

> penalty points 5

Total scores 100 — 5 =195

AGREE tool

3.8. Comparison with the reported method

In terms of sensitivity and greenness, the suggested method was
compared to the reported HPLC method,* which used methanol
and acetonitrile as mobile phases and UV detection of the RPD at
280 nm. The suggested method is more sensitive than the re-
ported method, with LOD and linearity ranges of 1.379 ng mL "
and 5-150 ng mL ™", respectively, compared to 1.79 ug mL " and
10-60 ug mL~" for the reported method, as illustrated in Table 5.
The analytical eco-scale”” and the analytical greenness metric
(AGREE)® were used to assess and compare the suggested and
reported methods' adherence to green analytical chemistry
concepts. Using the analytical eco-scale metric, the suggested
method is greener than the reported HPLC method, with a total
score of 95 compared to 83 for the reported method, which is
based on adding up all penalty points for reagents and instru-
ments used in the analytical procedures and subtracting them
from a base of 100. The results were illustrated in Table 6.
Furthermore, the suggested method greenness was confirmed
over the reported HPLC using the analytical greenness metric
(AGREE), which is based on scoring the twelve-significance prin-
ciple of green analytical chemistry as an input criterion from 0 to 1
and mirrored them on the intuitive red-yellow-green colour scale.
The outcome is a clock-like pictogram with the average score and
colour representation in the center. The excellent analysis is
highlighted by a dark green colour and has a score of one. The
AGREE pictograms illustrated in Table 6 demonstrate that the
suggested method is greener than the reported HPLC method,

17772 | RSC Adv, 2023,13, 17765-17774

Parameters Penalty points
Reagents

Methanol 6

Acetonitrile 4

Instrument HPLC

Energy: <1.5 kW h per sample 1
Occupational hazards 3

Waste (1-10 mL) 3

> penalty points 17

Total scores 100 — 17 =83

12 1

0.51
a

with a light green highlighted 0.77 score compared to a yellow
highlighted 0.51 score for the reported method.

4. Conclusion

In this work, N—-carbon quantum dots based on guava fruit were
synthesized and used for the determination of risperidone
based on quenching fluorescence spectroscopy phenomena.
The synthesized N-carbon quantum dots showed a strong
emission fluorescence peak at 475 nm when excited at 380 nm,
and their fluorescence intensity decreased dynamically with
increasing risperidone concentration. The described method
was effectively used for the determination of risperidone in
pharmaceutical dosage forms, tablets and syrup, as well as in
spiked human plasma. The described method was found to be
more sensitive, nanoscale determination, and more consistent
with the principles of green analytical chemistry compared with
previously reported HPLC methods.
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