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This study presents the development of an eco-friendly and highly selective mitrogen-doped carbon quantum
dot based sensor (N-CQDs) for the detection of gabapentin — a commonly misused drug. A detailed
characterization of N-CQDs spectral features and their interaction with gabapentin is provided. The optimal
conditions for sensing, including pH value, buffer volume, N-CQDs concentration, and incubation time,
were established. The results showed excellent fluorescence quenching at 475 nm (Aex = 380 nm) due to
the dynamic quenching mechanism, and the sensor demonstrated excellent linearity in the 0.5-8.0 ng
mL~! concentration range with correlation coefficients of more than 0.999, a limit of detection (LOD) of
0.160 and limit of quantification (LOQ) of 0.480 pug mL™. The accuracy of the proposed sensor was
acceptable with a mean accuracy of 99.91 for gabapentin detection. In addition, precision values were
within the acceptable range, with RSD% below 2% indicating good repeatability and reproducibility of the
sensor. Selectivity was validated using common excipients and pooled plasma samples. The proposed
sensor accurately estimated gabapentin concentration in commercial pharmaceutical formulations and
spiked plasma samples, exhibiting excellent comparability with previously published methods. The
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environmental impact and strong alignment with green chemistry principles with a greenness score of
DOI: 10.1039/d3ra07365¢ 0.76. Thus, the developed N-CQDs-based sensor offers a promising, eco-friendly, and effective tool for

rsc.li/rsc-advances gabapentin detection in various situations, ranging from clinical therapeutics to forensic science.

1. Introduction biocompatibility, bright luminescence, high hydrophilicity, low

cytotoxicity, and tunable photoluminescence.>* These proper-
Carbon quantum dots are fluorescent nanoparticles that have ties make them highly versatile and suitable for numerous
gained tremendous attention in various fields due to their applications including bioimaging, drug delivery, tumour
unique properties.? They are characterized by their good diagnosis, catalysis, sensors, and even in cancer therapy.”
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their environmental friendliness, wide availability, biocompat-
ibility, and abundance of low-cost renewable raw materials rich
in C (carbon), H (hydrogen), N (nitrogen), and O (oxygen)
atoms.™ Hence, these green quantum dots have been applied
extensively for the analysis of various pharmaceuticals via
determining their unique optical features and exploring their
potential as fluorescent probes.*>™*”

Gabapentin is a medication approved by the U.S. Food and
Drug Administration for the treatment of seizures and nerve
pain.™ It is structurally similar to the neurotransmitter gamma-
aminobutyric acid but does not directly bind to GABA recep-
tors.” Instead, it works by modulating the activity of calcium
channels in the brain, which helps to reduce the excessive nerve
activity associated with seizures and neuropathic pain.*
However, gabapentin has also been misused and abused for
recreational purposes.*® The misuse of gabapentin has become
a growing concern, as it can lead to various adverse effects such
as respiratory depression, sedation, and addiction.”* Notably in
many countries, including Egypt and Saudi Arabia, gabapentin
is listed as a controlled substance due to its potential for
abuse.”

The current methods for detecting gabapentin include high-
performance liquid chromatography (HPLC) and -capillary
electrophoresis (CE) with UV or fluorescence detection.>*™* In
addition, gas chromatography-tandem mass spectrometry (GC-
MS/MS), and liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) have also been reported for gabapentin anal-
ysis.>**” However, these techniques have drawbacks such as the
need for derivatization to create a detectable chromophore or
they often require expensive equipment, skilled operators, and
time-consuming sample preparation procedures. Alternative
methods like UV visible spectrophotometry*®*?° and
spectrofluorimetry*'~** have been also explored for gabapentin
analysis but still face limitations due to the extra derivatization
step required for gabapentin detection due to the lack of chro-
mophoric group. To overcome these challenges, there is
a growing interest in developing more accessible, cost-effective,
and rapid detection methods for gabapentin that do not require
additional steps like derivatization.

The present work aims to develop a novel green, fluorescent
probe based on N-doped carbon quantum dots (N-CQDs) for the
detection of gabapentin in pharmaceutical dosage forms and
biological fluids. Optimization of the experimental condition
has been performed to enhance the sensitivity of the N-CQDs
probe for gabapentin detection. Additionally, validation of the
developed method has been conducted as per ICH guidelines to
ensure the linearity, accuracy, precision, and selectivity of the
developed method. Aside, greenness evaluation has also been
studied using the Analytical GREEnness (AGREE) tool which is
based on the twelve principles of green analytical chemistry to
assess the environmental impact of the developed method.

2. Experimental
2.1. Materials, reagents, and standard solutions

Gabapentin, with a confirmed purity of 99.5%, was obtained
from the Egyptian Drug Authority and used as is without any
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additional purification. Conventin® capsules of 400 mg per
capsule made by Eva pharma company and Gabapentin® film-
coated tablets of 800 mg per tablet manufactured by UNI
pharma were purchased from local pharmacies. All chemicals
employed in the analysis were of highly pure analytical grade
acquired from El Nasr Company. Fresh double distilled water
was used for the procedure. Various buffer solutions with
different pH levels were prepared following guidelines outlined
in the US Pharmacopoeia. The synthesis of the N-CQDs from the
guava fruit was conducted following the exact same procedure
described in our previous work.'® Briefly, the flesh of the guava
fruit (free from pulp and seeds) was sliced and subjected to
carbonization in an electric oven at 250 °C for 50 minutes. After
cooling, the resulting product was finely ground into a powder.
A quantity corresponding to 200 mg of the powdered product
was dissolved in 60 mL double-distilled water, boiled for 10
minutes, and then centrifuged for another 20 minutes. The
yellow N-CQDs solution obtained after filtration was transferred
into a 100 mL volumetric flask and filled with double-distilled
water up to the required volume (Fig. S17).

A stock standard solution of gabapentin was prepared at
a concentration of 100 pg mL ™" by dissolving an appropriate
amount of gabapentin in double distilled water. Then,

a working solution of gabapentin in the concentration of 20 pg
—1

mL~~ was prepared by appropriate dilution of the stock
solution.
2.2. Instrumentations

A Jasco FP-6200 spectrofluorometer with a 1 cm cell and exci-
tation and emission monochromators slit widths of 5 nm and
10 nm, respectively, was utilized for fluorescence measure-
ments. A Shimadzu UV-visible 1800 spectrophotometer was
used for measuring the UV-visible absorption spectra.

2.3. Procedure for calibration graph

To create the calibration graph, a range of standard solutions
containing different concentrations of gabapentin (ranging
from 0.5 to 8 pug mL~") were prepared. Each solution was made
by adding appropriate volumes of the working solution to
separate 10 mL volumetric flasks that already contained 1 mL of
N-CQDs solution and 1.5 mL of borate buffer solution at pH 8.
After allowing the solutions to incubate for 5 minutes, they were
thoroughly mixed, and the final volume was adjusted with
double distilled water. The fluorescence intensities (F) of these
solutions were measured using an excitation wavelength of
380 nm and an emission wavelength of 475 nm. A blank sample
was also prepared under the same identical conditions and the
fluorescence intensity of this blank sample was recorded (F,). By
plotting (F,/F) against the drug concentrations in pg mL ", the
calibration curve was constructed.

2.4. Validation of the developed N-CQDs-based sensor for
gabapentin detection

Validation of the developed N-CQDs sensor for detecting gaba-
pentin was performed in accordance with the ICH** and ICHM10
(ref. 35) guidelines. Linearity was evaluated using seven different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrations of gabapentin with the same procedures previ-
ously described under Section 2.3. The resulted calibration curve
was analyzed to obtain the value of correlation coefficient (R?),
slope, and y-intercept. Limits of detection (LOD) and quantifi-
cation (LOQ) were determined based on the standard deviation of
the response as calculated from the residual and the slope of the
calibration curve based on the below equation:

LOD = 3 x (¢/S) and LOQ = 10 x (o/S), where o is the
standard deviation of the response and S is the slope of the
calibration curve.

The accuracy and precision of the developed N-CQDs sensor
were assessed by comparing the measured concentrations of
gabapentin in samples with their known concentrations. The
accuracy was measured by analyzing three replicates of three
gabapentin concentration levels (2, 4 and 6 pg mL ') and
calculating the percentage recovery. The precision of the
developed sensor was evaluated by calculating the relative
standard deviation (RSD%) of the measured concentrations for
each level of gabapentin (2, 4 and 6 pg mL™") under the speci-
fied conditions either in the same day (repeatability) or in three
consecutive days (intermediate precision). Moreover, robust-
ness of the developed N-CQDs sensor was assessed by evalu-
ating the effect of small variations in experimental conditions,
such as pH (£0.25), buffer volume (£0.1 mL) and incubation
time (+1 min).

The selectivity of the developed N-CQDs sensor for gaba-
pentin was evaluated by measuring its response in the presence
of some interfering substances that may be present in its
formulation. Besides, the plasma matrix effect was also exam-
ined as per ICHM10 guidelines to ensure that the presence of
other compounds in plasma does not interfere with the detec-
tion and quantification of gabapentin using the N-CQDs sensor.

2.5. Procedure for analysis of different pharmaceutical
dosage forms

The analysis of different pharmaceutical dosage forms such as
tablets and capsules containing gabapentin was conducted using
the developed method. The contents of five tablets or capsules
were accurately weighed and triturated to obtain a fine powder.
Then, an accurately weighed amount of the powder equivalent to
10 mg of gabapentin was transferred into a 100 mL volumetric
flask. Next, 50 mL of double distilled water was added to the flask
and sonicated for 30 minutes to ensure complete dissolution of
the drug. After sonication, the solution was filtered and appro-
priately diluted to obtain a working concentration of 20 ug mL ™.
The same working procedure was followed as described previ-
ously in creating the calibration graph using the working solu-
tion. Then, the fluorescence intensity of the sample solutions was
measured using the same excitation and emission wavelengths
as mentioned before. The content of gabapentin in tablets or
capsules was determined from the calibration curve by applying
the corresponding regression equation.

2.6. Procedure for analysis of spiked human plasma

One milliliter aliquots of human plasma samples were spiked
with increasing amounts of a gabapentin standard solution
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(20 pg mL™'). The mixture was vortexed for one minute in
centrifugation tubes. To precipitate the plasma proteins, 5 mL
of acetonitrile was added, and the tubes were vortexed for about
30 seconds. After centrifuging at 3600 rpm for approximately 30
minutes, the clear supernatant was filtered using syringe filters.
The filtrate was then dried using a rotary evaporator and the
residues were dissolved in minimal water before being trans-
ferred to 10 mL volumetric flasks. Next, each flask was filled
with 1 mL of N-CQDs solution and mixed with 1.5 mL of borate
buffer solution (pH8) before being diluted to volume with water.
A similar procedure without any analyte present was carried out
as a control blank sample. After preparing the solutions, the
fluorescence intensity of the samples was measured using the
same excitation and emission wavelengths as mentioned before
and the concentration of gabapentin in the spiked human
plasma samples was determined using the corresponding
regression equation.

3. Results and discussion

3.1.
dots

Spectral characteristics of the synthesized quantum

The fluorescence and UV-vis techniques were used to examine
the spectral characteristics of the synthesized N-doped carbon
quantum dots (N-CQDs) in order to assess their suitability for
gabapentin detection. The UV-vis spectrum of the N-CQDs
(Fig. 1A) exhibits a characteristic absorption peak at 283 nm,
with an extended tail into the visible region representing the -
7* and n-7* transition of C=C and C=0 bonds. In terms of
emission, the N-CQDs displayed a potent emission at
a maximum wavelength of 475 nm when excited at 380 nm
(Fig. 1B). Furthermore, the intensity of emission peaks exhibi-
ted by the current N-CQDs is found to be strongly reliant on
excitation wavelengths. Fig. 1C demonstrates that as the exci-
tation wavelength increased from 380 nm to 450 nm, there was
a decrease in peak intensity and a shift towards higher wave-
lengths. Consequently, all experiments were conducted with an
excitation wavelength of 380 nm. Additionally, when compared
to quinine sulfate as the calculated reference standard, it was
determined that the fluorescence quantum yield of the obtained
N-CQDs was approximately 26%.

3.2. Sensing principles of gabapentin based on N-CQDs

The fluorescence characteristics of N-CQDs are altered upon
interaction with gabapentin, resulting in a quantitative
decrease in their fluorescence intensity (Fig. 2A), a similar effect
that was also observed previously in the interaction of CQDs
with many compounds.”®'* Various mechanisms, such as static
quenching, dynamic quenching, or the inner filter effect, may
contribute to these interactions. In order to investigate and
analyze the fluorescence quenching observed in the presence of
gabapentin, additional research was conducted. The UV-vis
spectrum of gabapentin was examined and found to have no
absorbance beyond 300 nm, indicating that the observed fluo-
rescence quenching cannot be attributed to the inner filter
effect caused by gabapentin's absorption properties. To

RSC Adv, 2024, 14, 4089-4096 | 4091
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Fig. 1 Spectral features of the developed N-CQDs including (A) UV-vis absorption spectrum of the N-CQDs showing Amax at 283 nm. (B)
Excitation and emission fluorescence spectra showing a potent emission at a Aax Of 475 nm when excited at 380 nm. (C) Excitation-dependent
emission spectra of N-CQDs which show a decrease in the emission intensity as the excitation wavelengths increase.

determine whether the quenching mechanism is dynamic or
static, a temperature dependence experiment was performed
where increasing temperatures would lead to an increase in
diffusion coefficient and energy transfer for dynamic quench-
ing, while for static quenching, as the temperature rises, there
would be a decrease in the rate constant of quenching due to
decreased stability of non-fluorescent complex. These mecha-
nisms can be investigated using the Stern-Volmer equation
which relates the fluorescence intensity of a fluorophore to the
concentration of the quencher. The Stern-Volmer analysis of
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the fluorescence quenching of N-CQDs in the presence of
gabapentin revealed that the quenching mechanism is likely
dynamic as the slope increases with increasing temperature
(Fig. 2B).

3.3. Optimization of sensing conditions

Before conducting the quantitative analysis of gabapentin using
the recommended probe, multiple experiments were conducted
to optimize the detection conditions including pH value, buffer

B
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(A) Emission fluorescence spectra obtained from the quenching reaction of N-CQDs with different concentrations of gabapentin, and (B)

Stern—Volmer plots of the gabapentin interaction with the developed N-CQDs at different temperatures.
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Fig. 3 Optimization of experimental parameters influencing the stability of fluorescence quenching of N-CQDs by gabapentin including (A)
buffer pH, (B) buffer volume, (C) N-CQDs volume, and (D) incubation time. The error bars represent the standard deviation of three independent

measurements.

volume, concentration of N-CQDs used in the sensor, and
incubation time. Various buffers at different pH values were
tested, including phthalate buffer (pH 3.0-5.0), phosphate
buffer (pH 6.0-7.5) and borate buffer (pH 8.0-10.0). Among
these buffers, the borate buffer at pH 8 was found optimum
with uniform fluorescence intensity and minimal interference
from other factors (Fig. 3A). It is worth noting that the pH value
of the buffer greatly affects the stability and fluorescence
intensity of the sensor, as well as the binding affinity between
gabapentin and N-CQDs. Lower pH values were observed to
lower the quenching efficiency and fluorescence intensity of the
developed sensor, while higher pH values >10 led to decreased
stability and increased background interference. Hence, the
selection of borate buffer with a pH value of 8 was crucial for
achieving consistent and reliable results in the gabapentin
detection process. Consequently, the volume of the added
buffer was also studied revealing that a buffer volume of 1.5 mL
was suitable for achieving a stable and consistent fluorescence
signal (Fig. 3B). The concentration of N-CQDs used in the
sensor was also optimized, and it was found that 1 mL of the N-
CQDs solution (containing 200 ug mL ™" N-CQDs) provided the
best fluorescence quenching efficiency (Fig. 3C). Additionally,
the incubation time between N-CQDs and gabapentin was
investigated to determine the duration that would result in
optimal quenching. Based on the research conducted, an
incubation time of 5 minutes was found to yield the highest
fluorescence quenching efficiency (Fig. 3D).

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.4. Method validation

The method validation of the proposed N-CQDs-based sensor
for the detection of gabapentin was investigated (Table 1). The
sensor exhibited good linearity in the concentration range of
0.5-8.0 ug mL~ " with a correlation coefficient (R*) value of
0.9994. The limits of detection (LOD) and quantification (LOQ)
were found to be 0.1600 and 0.4801 ug mL ™", respectively. The
results of this sensor transcended some reported methods for

Table 1 Validation data for determination of gabapentin by the
developed N-CQDs fluorescent probe

Parameters Gabapentin
Excitation wavelength (nm) 380
Emission wavelength (nm) 475
Linearity range (ug mL ") 0.5-8.0
Slope 0.1299
Intercept 1.0004
Correlation coefficient (R?) 0.9994

LOD (ug mL™) 0.1600

LOQ (ug mL ™) 0.4801
Accuracy (R%)“ 99.91 + 1.580
Repeatability precision (RSD%)” 0.875
Intermediate precision (RSD%)* 1.721

“ Average of 9 determinations (3 concentrations repeated 3 times).
b RSD% of 9 determinations (3 concentrations repeated 3 times)
measured in the same day. “RSD% of 9 determinations (3
concentrations repeated 3 times) measured in the three consecutive
days.

RSC Adv, 2024, 14, 4089-4096 | 4093
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Fig. 4 The competitive selectivity experiments showing the fluores-
cence quenching factor [(Fo — F)/Fol responses of the developed N-
CQDs interaction with gabapentin and various interfering compounds
in addition to plasma samples.

gabapentin detection, particularly the spectrophotometric
methods,***® in terms of sensitivity and linearity. Furthermore,
the linearity and sensitivity of the developed sensor were
comparable to some chromatographic methods and reported
spectrofluorometric methods without the need for the extra
derivatization reactions for gabapentin detection.>”**

The accuracy of the proposed N-CQDs-based sensor for
gabapentin detection was evaluated by comparing the
measured concentrations of gabapentin with their known
concentrations. The results showed that the sensor achieved
high accuracy, with percentage recoveries ranging from 99.74 to
100.07 with mean accuracy of 99.91. The precision of the sensor
was also assessed via repeatability and intermediate precision
experiments. The repeatability experiment, performed within
the same day, yielded a RSD% value of less than 2% for all
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gabapentin concentration levels. The intermediate precision
experiment, conducted over three consecutive days, also
demonstrated a RSD% value below 2% for all gabapentin
concentration levels. Detailed results of the accuracy and
precision evaluation of the proposed N-CQDs-based sensor for
gabapentin detection can be found in Table S1.}

Robustness studies were also conducted to assess the impact
of small variations in experimental conditions on the perfor-
mance of the proposed N-CQDs-based sensor for gabapentin
detection. These studies revealed that the method remained
robust and reliable, as small changes in parameters such as pH,
buffer volume, and reaction time did not significantly affect the
accuracy of gabapentin detection using the N-CQDs-based
sensor (Table S27).

A critical aspect of quantum dots validation is the selectivity
of the synthesized probe. In the case of detecting gabapentin,
the selectivity of the N-CQDs-based sensor was evaluated by
studying the interference from commonly co-existing excipients
in the formulation of gabapentin. The results of this evaluation
demonstrated that the proposed sensor exhibited excellent
selectivity, as no noticeable interference was observed from
common excipients present in gabapentin formulations such as
starch, lactose, and magnesium stearate (Fig. 4). Aside, to
ensure the applicability of the method in the biological fluids,
the selectivity of the N-CQDs-based sensor was also tested
against pooled plasma samples from different individuals. The
results showed that the proposed sensor was highly selective for
gabapentin detection in plasma samples, with no interference
observed from other components present in the samples
(Fig. 4). However, the developed sensor may face challenges in
terms of selectivity and specificity when exposed to other drugs
that share similar functional groups, like risperidone.'® Cross-
reactivity with N-CQDs-based sensors is a known concern and
to tackle this issue in future research, the sensor could be

Table 3 Application of the proposed method for the determination of
gabapentin in spiked plasma samples

Amount added Amount found Recovery (%)

0.5 0.56 112.49
2 2.15 107.27
4 4.24 105.90
7 7.52 107.49
8 8.16 101.95
Mean + RSD% 107.02 & 3.53

Table 2 Quantitative analysis of gabapentin in the commercial Conventin® capsules and Gabapentin® film-coated tablets by the proposed

methods and statistical comparison with the reported method

N-CQDs probe

Reported method>*

Conventin®capsules Gabapentin®tablets Conventin®capsules Gabapentin®tablets
Recovery% + RSD%)” 100.29 + 1.58 100.09 + 1.16 99.80 + 1.61 99.54 + 1.23
Ty
t-test (2.306) 0.491 0.729
F-test (6.388)" 1.027 1.110

“ Average of five determinations. ” The values in parenthesis are tabulated values of “t“and “F” at (P = 0.05).
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Fig. 5 The analytical greenness score obtained by AGREE software for the proposed spectrofluorimetric method.

functionalized®® or doped with gabapentin analogs or analog-
specific recognition elements, to enhance its selectivity and
mitigate potential cross-reactivity with structurally similar
drugs. Additionally, molecular imprinting techniques®” could
be employed to establish specific recognition sites for gaba-
pentin within the N-CQDs, thus improving the sensor's selec-
tivity towards gabapentin and reducing potential cross-
reactivity with structurally similar drugs.

The plasma matrix effect has also been calculated as per
ICHM10 guidelines. Such guideline has been developed to
provide recommendations on the validation of bioanalytical
assays for chemical and biological drugs and their metabolites
in biological matrices.*® The procedures for conducting the
matrix effect involve spiking two concentration levels of gaba-
pentin to blank plasma samples from different individuals, and
the results indicated that there was no significant matrix effect
observed, suggesting that the proposed N-CQDs-based sensor
can provide accurate detection of gabapentin in complex bio-
logical matrices (Table S37).

3.5. Application of the proposed sensor for gabapentin
analysis in pharmaceutical dosage form and spiked human
plasma

The proposed N-CQDs-based sensor was successfully applied
for the analysis of gabapentin in pharmaceutical dosage forms.
The results showed that the concentrations of gabapentin in the
commercial formulations were within the expected range
(100.09-100.29%), demonstrating the accuracy and reliability of
the sensor for real sample analysis (Table 2). In addition,
comparing the results with a previously published spectropho-
tometric method,* the proposed sensor showed no significant
statistical difference in mean and variance, indicating its
potential as a reliable method for gabapentin analysis in
pharmaceutical dosage forms.

Furthermore, the applicability of the N-CQDs-based sensor
was tested for gabapentin detection in spiked human plasma at
different concentration levels (Table 3). The results of this
analysis demonstrated that the proposed sensor was able to
accurately detect gabapentin in spiked human plasma samples,

© 2024 The Author(s). Published by the Royal Society of Chemistry

without any noticeable interference from other components
present in the samples. Overall, the proposed N-CQDs-based
sensor showed excellent selectivity and accuracy for the detec-
tion of gabapentin in pharmaceutical dosage forms and spiked
human plasma samples, making it a promising tool for the
analysis of this misused drug in both clinical and forensic
samples.

3.6. Greenness evaluation of the proposed sensor and eco-
impact assessment of the method

In addition to its analytical performance, the proposed N-CQDs-
based sensor also offers several advantages in terms of its eco-
friendliness. The preparation of the sensor from plant mate-
rial not only reduces the reliance on synthetic materials but also
minimizes the generation of hazardous waste. Aside, using
water as a solvent in all the method procedures eliminates the
need for organic solvents that are harmful to the environment.
In order to assess such impact, the Analytical GREEnness
calculator (AGREE) was used to evaluate the environmental
impact of the proposed sensor.*® This tool is based on the 12
principles of green analytical chemistry, which aim to minimize
the use and generation of hazardous substances in chemical
processes. In addition, the tool assesses factors such as waste
generation, energy consumption, and resource utilization. The
results of the greenness evaluation indicated that the proposed
N-CQDs-based sensor has a low environmental impact
achieving a score of 0.76 and is considered a green analytical
method (Fig. 5).

4. Conclusion

In conclusion, this study offered the effective development of
a N-CQDs sensor capable of precisely detecting gabapentin
without any extra derivatization or use of chromogenic reagent
procedures. Demonstrating commendable selectivity and
accuracy, the sensor accurately measured gabapentin concen-
trations in varying contexts, such as commercial pharmaceu-
tical formulations and plasma samples spiked with gabapentin.
Moreover, it successfully adhered to the principles of green
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chemistry, positioning it as an environmentally considerate
analytical method. However, certain limitations ie., the
conductance of the analysis under restricted validation against
certain common gabapentin excipients and plasma compo-
nents, dictate the need for further research for enhancing
method selectivity and specificity. Future prospects involve the
extension of these findings to real-world environments and
comprehensive potential interfering
substances. Additionally, investigating the potential of N-CQDs
in detecting other misused drugs could amplify the application
spectrum of this nascent, green sensing technology. Therefore,
the N-CQDs-based sensor shows immense promise as a vital,

inclusion of more

eco-friendly tool for comprehensive drug detection in clinical
therapeutics and forensic science.
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