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ABSTRACT: Herein, we synthesized biogenic carbon dots (CDs) with
blue-shifted maximum excitation (λex/λem of 320/404 nm) from largely
wasted tangerine seeds for the first time via a one-step hydrothermal
method. The biogenic CDs exhibit a maximum excitation wavelength that
overlaps with the absorption spectrum of ketorolac tromethamine (KETO)
at 320 nm. The developed CDs serve as a turn-off fluorescent probe via an
inner filter effect (IFE) quenching mechanism. The resulting CDs have high
quantum yield (QY) (39% ± 2.89%, n = 5) and exhibited great
performance toward KETO over a concentration range of 0.50−16.00
μg/mL with a limit of detection (LOD) = 0.17 μg/mL. The nanoprobe
achieved a high % recovery in assaying KETO in tablet dosage form and
had not been significantly affected by various interferents including co-
formulated and co-administered drugs. The nanoprobe shows selectivity
toward KETO, even in the presence of its photocatalytic degradation products. It can effectively investigate the elimination of KETO
from aquatic systems and test its stability in pharmaceutical preparations. The developed nanoprobe underwent a comprehensive
evaluation of its environmental impact using analytical eco-scale (AES), complex green analytical procedure index (Complex GAPI),
and the Analytical GREEnness calculator (AGREE). The sustainability of the developed nano sensor was assessed and compared to
the reported metal-based quantum dots probe for KETO using the innovative RGB 12 model, considering 12 white analytical
chemistry (WAC) perspectives.

1. INTRODUCTION
Nowadays, carbon dots (CDs) are considered the magic star
for constructing myriad eco-friendly fluorescent-based sensing
platforms. They have a size of less than 10 nm and contain
plenty of different functional groups attached to their surface,
making them react selectively with different analytes via
different mechanisms. CDs are primarily prepared via two well-
reported approaches: bottom-up and top-down. Bottom-up is
considered the most common approach for preparing CDs
from different biowaste and chemical precursors. CDs are
prepared using different methods that are located under the
umbrella of the bottom-up approach, but the most common
methods used in the literature are the hydrothermal and
microwave-assisted synthesis techniques since they are
economically saving, facile, and can be scaled up easily. Most
notably, modifications including doping are accomplished
using facile and mild conditions.1,2

Approximately 1.3 billion tons of food waste is disposed of
every year, leading to resource wastage and environmental
harm.3 Traditional methods of managing food waste, such as
composting and landfilling, have proven to be ineffective.
However, recent developments have focused on converting

food waste into valuable products, including biochar, bioactive
compounds, enzymes, exopolysaccharides,3−5 and fluorescent
CDs.6 CDs synthesized from food waste6 have found
applications in environmental and pharmaceutical analysis, as
well as bioimaging, due to their water solubility, stability, and
biocompatibility.
Citrus fruits generate substantial waste, with global

production exceeding 40 million tons annually.7 Tangerine
seeds, solid waste of Citrus reticulata blanco and its cultivated
varieties, contain active constituents like polyphenols,
flavonoids, and tannins.8 Tangerine seeds are mostly discarded
or minimally utilized.9 So, in this study, tangerine seeds were
rationally selected as a cost-effective and abundant biogenic
precursor for the synthesis of highly fluorescent biogenic CDs
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using a one-step hydrothermal method. As the active
constituents of tangerine seeds contain plenty of oxygen-
containing functional groups, we predicted that the resulting
CDs would be rich in oxygen-containing groups. Although
CDs have been applied to detect various drugs, CDs are
limited mainly to the drugs having UV absorption spectra with
λmax between 340 and 400 nm that quench the CDs’
fluorescence by the IFE mechanism. Upon carefully surveying
the literature, we observed that CDs that are synthesized from
natural precursors rich in oxygen containing function groups
have a hypsochromic shift in their excitation wavelength
compared to the traditional doped one10−13 and hence could
be employed to detect drugs that have UV absorption spectra
with λmax between 300 and 330 nm. So, the challenge in this
work is to carefully select an affordable and widely available
natural precursor that is rich in oxygen to give pristine CDs
with reasonably high QY to avoid the need for doping
common atoms such as nitrogen or sulfur to enhance the
resulted QY, as these doped atoms had been well reported to
cause bathochromic shift to the maximum excitation wave-
length of the resulted CDs14,15 which is not well fitted with its
application in analysis of the non-fluorescent drugs that
strongly absorb near the middle UV region via the IFE
quenching mechanism.
The literature was surveyed to guide and support our

hypothesis for the optimal selection of the used precursor, and
we found that Liu et al.10 reported a facile one-pot
hydrothermal method for the synthesis of oxygen-rich CDs
from chocolate as it is well-known that it contains large
amount of polyphenols which endowed the resulted CDs rich
in oxygen groups and the reported CDs have (λex/λem of 280/
354 nm), also Xue et al.11 reported a simple one-step pyrolysis
method for synthesis of oxygen-rich CDs from peanut shells
which composed of plenty of oxygen-rich chemical compounds
as this precursor contains 40.5% cellulose, 14.7% hemi-
cellulose, and 26.4% lignin,16 which produced CDs rich in
oxygen groups and have (λex/λem of 320/440 nm). Hu and
Gao12 reported an H2O2-assisted hydrothermal method for the
preparation of oxygen-rich CDs from wasted chewing gum
made of polymeric hydrocarbons, the resulting CDs have
abundant oxygenous groups with (λex/λem of 320/431 nm).
Zhang et al.13 reported the synthesis of oxygen-rich CDs from
the phenolic compounds extracted from coffee bean shells, the
resulting CDs have numerous oxygen-rich groups with (λex/λem
of 320/380 nm). It was noticed from the reported methods
that oxygen-rich group CDs have a hypsochromic shift in their
maximum excitation wavelength in comparison to the
nitrogen- and sulfur-doped CDs, so oxygen-rich group CDs
are promising to detect the non-fluorescent drugs that strongly
absorb near the middle UV region (300−330 nm) via the IFE
quenching mechanism. Fortunately, the developed tangerine
seeds-derived CDs were found to be rich in oxygen containing
function groups and their maximum excitation wavelength was
found to be 320 nm (very near to the middle UV region)
which is completely overlapped with the KETO absorption
spectrum (λmax= 320 nm). This enabled the sensitive and
highly selective determination of KETO in the presence of
common interfering substances in different matrices.
Ketorolac tromethamine (KETO) belongs to the group of

nonsteroidal anti-inflammatory drugs (NSAIDs) and is known
for its strong ability to inhibit the cyclooxygenase (COX)
enzyme. As a result, it demonstrates remarkable anti-
inflammatory and analgesic effects. It is used mainly to reduce

the postoperative pain.17 Numerous analytical techniques had
been described in the literature for the estimation of bare and
KETO salt in different matrices such as spectroscopic
methods,18,19 chromatographic methods,20,21 and electro-
chemical methods.22

Pharmaceuticals are biologically active, long-lasting sub-
stances that are recognized as emerging contaminants and a
constant threat to the environment. Each year, tons of drugs
are produced and consumed, making them susceptible to
leakage into the aquatic ecosystem through wastewater
discharge from the municipal, healthcare, and pharmaceutical
industries, livestock treatments, improper drug removal, and
aquaculture practices. Accordingly, numerous methods had
been reported for the benign elimination of KETO from
aquatic ecosystems based on its photodegradation using
various metals as a photocatalytic reagent.23 Most of the
reported analytical techniques for KETO are time-consuming
and use hazardous reagents and solvents, such as most
chromatographic methods. Moreover, the recently published
UV−vis spectroscopic method18 had achieved lower sensitiv-
ity, in addition to using tedious steps and hazardous solvents
and reagents to synthesize the molecular imprinted polymer to
achieve reasonable selectivity for the analysis of the studied
drug. So, it is important to construct an ecofriendly, rapid,
selective, sensitive, and cost-effective fluorescent probe to
determine KETO in the presence of its different interferents,
including its photocatalytic degradation products, to further
enable monitoring KETO stability in different pharmaceuticals
in addition to investigating its complete elimination from the
aquatic ecosystems via different photocatalytic reagents. Owing
to its simplicity, high sensitivity, and low cost, CDs-based
probes have become the magic star for the analysis of many
drugs in different matrices,24−27 in addition to their application
in the bioimaging28 field as a biocompatible and cost-effective
alternative to the classical quantum dots including graphene
quantum dots.29

As far as we know, no biowaste-derived CDs-based
fluorescent probe has been reported for the analysis of the
studied drug alone or in the presence of its photodegradation
products, so the developed biowasted tangerine seeds-derived
CDs are employed as a simple and highly selective sensor for
the analysis of KETO in the presence of different interfering
substances including its photodegradation products.

2. MATERIALS AND METHODS
2.1. Instruments. The intruments used are illustrated in

details in Supporting Information.
2.2. Chemicals and Reagents. The chemicals and

reagents used are illustrated in detail in Supporting
Information.

2.3. Synthesis of Biogenic CDs. Tangerine seeds were
collected and peeled; then, they were well dried in open air,
and after that the seeds were crushed into fine powder through
the grinder. The resulting fine powder (0.60 g) was dispersed
in 30 mL of distilled water, and the resulting suspension was
carefully transferred into a 50 mL Teflon-lined stainless-steel
autoclave reactor. The hydrothermal reactor was incubated at
200 °C for 12 h; then, it was cooled to room temperature, and
the resulting brownish solution was collected. Finally, the
collected brownish solution was centrifuged and filtered
through a 0.22 μm syringe filter. The resulting clear solution
was freeze-dried to obtain a biogenic CDs powder. The
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obtained CDs was stored in well-sealed amber-colored bottle
in the refrigerator at 4 °C.

2.4. Calculation of the Quantum Yield. The quantum
yield (Q) was estimated by applying the following equation:

= × × ×Q Q
I

I
A

A
n

nref
ref

ref
2

ref
2

where I is the resulted integrated fluorescence, A is the
obtained absorbance value, and n is the refractive index of the
solvent (for both solvents n equals 1.33).30 The reference
fluorophore used is quinine sulfate in 0.1 M H2SO4. Qref value
is 0.54. The sign (ref) represents the standard quinine sulfate.

2.5. Analytical Procedures for Assaying KETO. 40.0 μL
from the prepared CDs solution (2.00 mg/mL) was transferred
into a series of 10 mL volumetric flasks followed by
transferring different aliquots from the stock solution of
KETO (100.00 μg/mL) and the volume was completed to the
mark with the same solvent (distilled water). All fluorescent
intensity (FI) measurements were recorded at λem = 404 nm
using λex = 320 nm.

2.6. Analytical Procedures for the Analysis of KETO in
Real Samples. 2.6.1. Analytical Procedures for the Analysis
of KETO in Commercial Tablets. Ten Ketolac tablets each
labeled to contain 10 mg of KETO were separately weighed,
ground to fine powder, and an amount of the powder
equivalent to 10 mg of KETO was accurately weighed and
transferred into 100 mL light-protected volumetric flask by 50
mL of distilled water for extraction using ultrasonication; the
volume was completed to the mark with the same solvent and
filtered using 0.45 μm syringe filter. Different aliquots were
withdrawn and transferred into a series of light-protected 10
mL volumetric flasks, each containing 40.0 μL of the prepared
biogenic CDs solution and completed to the mark with the
same solvent to give the desired concentration. Each sample
was investigated as mentioned in Section 2.5.

2.6.2. Photostability Study of KETO in Commercial
Tablets. The same procedures mentioned under Section
2.6.1 were followed for the preparation of a KETO solution
which claimed to contain 100.00 μg/mL KETO. The prepared
solution was subjected to direct sunlight and after 4 days, 1.2
mL was withdrawn and transferred into light protected 10 mL
volumetric flask containing 40.0 μL of the prepared biogenic
CDs solution, and the volume was completed to the mark with
distilled water. After another 2 days, 1.2 mL was withdrawn
and the same procedures were followed. Each sample was
investigated as mentioned in Section 2.5.

3. RESULTS AND DISCUSSION
3.1. Optimization of the Synthesis Conditions. The

hydrothermal method is widely employed as a bottom-up
synthetic approach to produce CDs with a narrow size
distribution and well-defined shapes. The two crucial factors,
photoluminescence behavior and QY, of the produced CDs
can be effectively controlled by manipulating the particle size
in addition to their surface states. The hydrothermal method is
particularly favored for biomass utilization due to its
advantageous characteristics such as being solvent-free, easy
to operate, scalable, and utilizing abundant and cost-effective
biomass sources. Moreover, this method overcomes the
limitations imposed by the moisture content of the raw
materials. By employing a batch reactor, the hydrothermal
method can withstand the high temperatures required for
carbonization while securely containing all of the vapors
generated during the reaction, thereby increasing the pressure.
The autogenous high pressures enhance the efficiency of
organic material digestion and enable longer heating durations
without loss of volume through evaporation.31 The most
important rationale for using the hydrothermal method is the
high photoluminescence QY of the produced CDs which is
considered a crucial parameter that determines the efficiency of
the generated CDs. Since the reaction temperature and time
have a significant effect on the photoluminescent QY of the
resulting CDs, it should be studied carefully and optimized. By
carefully surveying the literature, it was found that the
temperature range of 120−240 °C, and reaction time of 3−
24 h had been used for preparing CDs from most natural
sources.31 Accordingly, different temperatures were inves-
tigated ranging from 120 to 240 °C (using constant heating
time). The obtained results revealed that 200 °C is the optimal
temperature that gives CDs with the highest QY (Figure S1a).
Additionally, the effect of different heating time intervals
ranging from 3 to 14 h was investigated (using 200 °C as a
heating temperature). It was found that 12 h is the optimal
heating time that gives CDs with the highest QY (Figure S1b).
Moreover, our study investigated the impact of different
batches sourced from various places of tangerine seed waste on
the FI and hence the QY of biogenic CDs. The results
illustrated in Figure S1c indicated that there were no significant
differences in the FI and hence the QY (39% ± 2.89%, n = 5)
among the five different places. These findings suggest that the
FI and QY of CDs derived from tangerine seed waste remain
consistent regardless of the collection place, emphasizing the

Figure 1. (a) HRTEM of CDs, (b) particle size distribution histogram as analyzed from the HRTEM, and (c) SAED pattern of the CDs.
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robustness and reliability of the synthesis process for biogenic
CDs.

3.2. Characterization and Optical Properties of the
Biogenic CDs. As shown in (Figure S2), the synthesized
biogenic CDs solution gives a bright blue color under the long
UV light (365 nm) and its FI was stable for up to 6 months.
HRTEM image (Figure 1a) confirms that the particles of the
prepared biogenic CDs are homogeneously distributed with no
obvious aggregates, also the particle size distribution histogram
was drawn (Figure 1b) and the average particle size was
calculated statistically, and it was found to be 1.276 nm with
amorphous morphology as confirmed by the selected area
electron diffraction (SAED) pattern (Figure 1c). The XRD
pattern of the synthesized CDs (Figure 2a) confirmed the
results of the SAED pattern as the XRD pattern has a broad
hump centered around ∼2θ = 23.4°. Such a hump has been
widely observed in XRD patterns of amorphous carbon.32 EDX
analysis had been performed to study the elemental
composition of the developed CDs, as illustrated in Figure
2b, the resulting CDs were found to be mainly made up of C

(55.28%) and O (44.72%). The Raman spectrum (Figure 2c)
was investigated, and the resulting spectrum exhibited two
broad peaks, with peak positions centered at 1370 and 1592
cm−1, which were assigned to the defect band (D band) and
graphitic band (G band), respectively. The presence of these
peaks in the Raman spectral data confirms the existence of
both sp3 (D band) and sp2 (G band) carbon defects within
the synthesized CDs.33 Moreover, the function groups that
attached to the surface of the prepared biogenic CDs were
characterized by FT-IR and compared with that of the
precursor (tangerine seeds extract). The comparison of the
two FT-IR spectra (Figure 2d), revealed that the prepared
biogenic CDs retained the same function groups of the
precursor,34 most importantly the oxygen rich function groups.
These results confirmed that there are plenty of oxygen-rich
groups attached to the surfaces of the prepared biogenic CDs.
The absorption bands that are detected within the range of
1000−1700 cm−1 and 1000−1300 cm−1 typically are
associated with vibration of C−O stretching and C−O−C
bending modes, respectively. Moreover, the absorption bands

Figure 2. (a) XRD pattern of the prepared CDs, (b) EDX analysis of the prepared CDs, (c) Raman spectrum of the developed CDs, and (d) FTIR
spectra of tangerine seeds extract and CDs.
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at 1381.52/1386.08 cm−1and 1744.33/1655.58/1660.66 cm−1

refer to C−O and C�O stretching, respectively. The peaks at
3282.19/3211.99 cm−1 and 2935/2928.21 cm−1 contribute to
O−H and C−H aliphatic stretching, respectively. The zeta
potential and polydispersity index (PDI) of the developed CDs
had been investigated, and they had been found to be (−23
mv) (Figure S3) and 0.371, respectively. The high negative
value of zeta potential (−23 mv)35,36 provides stability to the
prepared CDs as the repulsion between the negatively charged
CDs inhibits their aggregation, in addition to the resulted value
of PDI indicates the narrow particle size distribution of the
prepared CDs. The FT-IR, EDX, and zeta potential results
indicate that the synthesized CDs are rich in oxygen species
that may be responsible for the blue shift of the maximum
excitation wavelength of biogenic CDs. The absorption
spectrum of the prepared biogenic CDs (Figure 3a) displayed
a continuous increase in the absorbance starting from 550 nm
to 230 nm, and a broad peak at 320 nm has been noticed.
Furthermore, we compared the absorption spectrum of
tangerine seeds extract with that of the resulting CDs, as
shown in Figure 3a, a strong peak was clearly observed at 320
nm in the absorption spectrum of the prepared CDs which

may be attributed to the n-π* transition of the functional
groups present on CDs, on the other hand, no observable peak
could be found in the absorption spectrum of tangerine seeds
extract at 320 nm. The obtained results prove the successful
formation of CDs.34,37 The FI of the prepared biogenic CDs
depends on the excitation wavelength across the 310−380 nm
range (Figure 3b). The developed biogenic CDs have a
maximum FI centered at λem = 404 nm after their maximum
excitation at λex = 320 nm. The QY was calculated using five
different batches of the developed biogenic CDs, and it was
found to be (39% ± 2.89%, n = 5) without the need to use the
common doping atoms such as nitrogen and sulfur.

3.3. Photostability Study of the Biogenic CDs. It is well
reported in the literature that the photostability of CDs can be
strongly affected by numerous parameters such as pH and
ionic strength of the media, time of light exposure, and storage
time. Accordingly, these important parameters should be
carefully studied before applying the developed biogenic CDs
as fluorescent-based probe for sensing KETO in different
media. First, the effect of pH on the emission of the biogenic
CDs was studied over a pH range of 2.0−10.0 using Britton
Robinson buffer (BRB) (0.04 M). The FI is significantly

Figure 3. (a) Absorption spectra of tangerine seeds extract and CDs, (b) emission spectra of the developed biogenic CDs at various excitation
wavelengths, (c) effect of different pHs on the FI of the prepared CDs, and (d) absorption spectra of the biogenic CDs (water as a blank), KETO
(water as a blank), and KETO after mixing with the prepared biogenic CDs (using biogenic CDs solution as a blank).
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reduced over the pH range from 2.0 to 4.0, while the FI begins
to increase at pH 5.0 with significant increase in FI at pH 6.0
followed by a negligible change in FI with increase in pH up to
10.0 (Figure 3c). The obtained results revealed that the
produced biogenic CDs are pH sensitive. The non-significant
variation in the FI of the developed biogenic CDs after pH 6.0
provides insight that they can be applied for monitoring along
with biological applications. The pH-sensitive behavior of the
synthesized biogenic CDs could be well explained via the well-
reported explanation model based on the protonation/
deprotonation of the attachable function groups.38 Con-
sequently, for the developed biogenic CDs, the strong acidic
media (< pH 5.0) cause the attachable function groups to be
protonated giving rise to the non-covalent molecular
interaction that leads to the formation of biogenic CDs
aggregates, and finally to the decrease of their FI.39 The
noteworthy enhancement of the biogenic CDs FI over the pH
range of 6.0−10.0 is attributable to the deprotonation of the
abundant oxygen-rich function groups that leads to boosting
the negative charges located on the surface, hindering CDs
aggregates, and eventually boosts their FI.40 The effect of
different diluting solvents on the FI of synthesized biogenic
CDs had been studied, and the obtained results revealed that
using water as a diluting solvent yielded the highest FI as
illustrated in Figure S4a. Also, the prepared biogenic CDs FI
stays nearly unaltered in concentrated NaCl solution (500.00
mM) (Table S2), after their exposure to xenon lamp radiation
for up to 1 h (Figure S4b), and over a long storage period
reached to 6 months (Figure S4c). The percentage reduction
in fluorescence intensity of the CDs through the long-term
storage period (after 6 months of storage at 4 °C) had been
calculated, and it was found to be 2.1%. All of these above-
mentioned results revealed that the developed biogenic CDs
have reasonable stability that makes them suitable for real-life
applications.

3.4. Comparison of the Performance of the Devel-
oped CDs with the Reported Oxygen Rich CDs. The
synthesized CDs had been compared to other CDs in the
literature which are rich in oxygen containing function groups.
As illustrated in Table 1, the reported CDs have notable
limitations, as some studies employed hazardous solvents and
reagents during the preparation process.10,12,13 Additionally,
they neglected the calculation of the QY, a crucial parameter
for determining the efficiency of the generated CDs.10,13

Furthermore, the reported methods for preparing oxygen-
functional group-rich CDs11,12 suffer from low QY. In contrast,
our developed method yields CDs with the highest QY. These
CDs are derived from readily available and abundantly wasted

tangerine seeds, making them easily obtainable. The synthesis
is achieved through a simple one-step hydrothermal method
using only water as a solvent.

3.5. Optimization of the Experimental Conditions.
The KETO quenching effect on the biogenic CDs FI was
investigated by utilizing (BRB) (0.04 M) at various pH levels
extending from 6.0 to 10.0. Surprisingly, no significant
variation in the FI quenching efficiency of KETO was observed
across the investigated pH range (Figure S5a). Furthermore,
the optimal biogenic CDs concentration for quenching the FI
of the biogenic CDs was found to be 8.00 μg/mL, after
studying a concentration range extending from 4.00 to 14.00
μg/mL (Figure S5b). The effect of incubation time was also
assessed, revealing that the entire reaction required only 1 min,
as proved by the measured FI taken over a period of 0 to 15
min (Figure S5c). Moreover, the FI was stable over 4 h.

3.6. Elucidation of the Quenching Mechanism. It is
well established in the literature that there are numerous
mechanisms behind the quenching of CDs FI such as static
quenching, dynamic quenching, IFE, and so on. Dynamic
quenching mechanism is based on the radiationless relaxation
of the fluorophore due to its collision with the quencher while
static quenching depends on the pre-excitation complex
formation between the fluorophore and quencher molecules.41

The temperature has great effect on both dynamic and static
quenching as the quenching efficiency is enhanced upon
raising the temperature for dynamic quenching, on the other
hand, it is decreased for static quenching but the IFE
mechanism is temperature independent.41 As shown in Figure
3d, the absorption spectrum of KETO shows λmax at 320 nm,
which is completely overlapped with the maximum excitation
wavelength of the biogenic CDs (320 nm), so the IFE is
expected to be the principal quenching mechanism. To ignore
other quenching mechanisms behind the quenching of the
prepared biogenic CDs FI via KETO, the quenching efficiency
was studied using the Stern−Volmer equation:

= + [ ]F /F 1 K Q0
SV

where F0 and F refer to the FI of the prepared biogenic CDs in
the absence and presence of KETO, respectively. [Q] is KETO
concentration, and KSV is the Stern−Volmer quenching
constant. The interaction of KETO with the synthesized
biogenic CDs was investigated via Fluorescence titration at two
different temperatures. As shown in Figure S6a, the quenching
constant value upon increasing the temperature had not
significantly varied (Ksv at 298 K = 0.05659× 106 L Mol−1 and
Ksv at 313 K = 0.05668× 106 L Mol−1, suggesting that the IFE

Table 1. Comparison of the Performance of the Developed CDs with the Published Oxygen-Rich CDs

name QY (%)
the utilized
precursors method and time consumed solvent used reference

CDs - chocolate chocolate was dispersed in 10 M NaOH solution and vigorously stirred then the mixture
was reacted at 200 °C for 8 h using the solvothermal method and the product was
neutralized using HCl.

water 10

CDs 25.7% discard
chewing
gum

the hydrothermal oxidation of discard chewing gum via
H2O2 (3 wt %) at 180 °C for 8 h.

water 12

CS-
CDs

- coffee bean
shells

the coffee bean shells were dispersed in 4% aqueous NaOH for 1.5 h then the filtrate
was acidified with 0.5 M HCl.

methanol/
water
(1:1 v/v)

13

C-
dots

9.91% peanut
shells

pyrolysis at 250 °C for 2 h. water 11

CDs 39% ± 2.89%, (n=5) tangerine
seeds

hydrothermal treatment of tangerine seeds powder at 200 °C for 12 h. water this
work
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may be the principal mechanism responsible for quenching the
FI of the biogenic CDs by the studied drug. The IFE is not
considered a quenching process but it is rather occurred
because of masking the light of excitation42 or reabsorption of
the emitted light of the fluorescent substance,43 consequently,
the absorption peaks of the biogenic CDs or KETO would not
change.41 As illustrated in Figure 3d, the mixture spectrum
utilizing the identical concentration of the biogenic CDs in the
mixture as a blank was the same as that of KETO alone, which
further confirmed that the IFE is the principal quenching
mechanism.

3.7. Determination of KETO. The FI of the developed
probe was gradually switched off upon the addition of
increasing concentrations of KETO (Figure 4a). The FI
quenching (F0-F) of the prepared biogenic CDs quantitatively
increased upon increasing KETO concentrations within the
range of 0.50−16.00 μg/mL (Figure 4b) with 0.17 μg/mL as
detection limit as illustrated in Table S1. To investigate the
reliability of the developed probe for practical work, possible
interfering substances such as co-formulated drugs (fluorome-
tholone), other analgesics and anti-inflammatory drugs such as
diclofenac sodium and etodolac, co-prescribed drugs such as
paracetamol, common excipients in dosage form, and common
interfering substances and ions were used to investigate the
selectivity of the developed sensor toward the studied drug.
The obtained results showed that the studied interfering
compounds and ions do not affect the determination of KETO
as shown in Table S2 and Figure S6b.

3.8. Method Applications. 3.8.1. Assay of KETO in Its
Commercial Tablets. As this biogenic CDs-based fluorescent
platform has reasonable selectivity, sensitivity, and fast
response to KETO, it has been employed in its analysis in
commercial tablets. The obtained high % recovery, in addition
to the minor values of SD, as illustrated in Table 2 confirm the
developed method’s accuracy and precision. Furthermore, the
results obtained from the developed method and the
comparison method21 were statistically compared utilizing
the Student’s t test and variance ratio F-test. As illustrated in
Table 3, no statistically significant difference was found

between the two compared methods as the assessed t- and
F-values are lower than the tabulated values, indicating the
reliability of the developed fluorescent platform for the analysis
of the investigated drug in the commercial tablets.

3.8.2. Application of the Prepared Biogenic CDs for
Studying KETO Photostability in Its Commercial Tablets.
The photostability of the studied drug was investigated using
the constructed biogenic CDs-based probe after KETO
exposure to direct sunlight. It was found that after KETO
had been exposed for 4 days to photodegradation, it was found
that up to 70.83% of KETO had been degraded, and after 6
days of KETO sunlight exposure, it completely lost its ability
to quench the resulting biogenic CDs FI due to its complete
degradation (Figure 4c). So, the prepared biogenic CDs can be
applied for tracking the stability of KETO in its tablet dosage
form without any interference from the resulting photo-
degradation products; moreover, this highly selective fluo-
rescent probe can be applied for testing the complete
elimination of KETO in the aquatic ecosystem via photo-
catalytic elimination techniques, which is a great advantage of
the prepared biogenic CDs that confirms its high selectivity
and accuracy for the determination of KETO in environmental
samples.

3.9. Evaluation of the Environmental Sustainability
of the Developed Method. The proposed method was
evaluated using three commonly cited metrics: Complex GAPI,
AGREE, and AES.44 Complex GAPI is particularly advanta-
geous for assessing analytical methods, as it considers the

Figure 4. (a) The fluorescence emission spectra of the biogenic CDs in the presence of different concentrations of KETO, (b) calibration curve of
KETO, and (c) photodegradation study of KETO.

Table 2. Assay of KETO in Ketolac 10 mg Tablets

concentration taken (μg/mL) 8.00 12.00 16.00

N 3 3 3
mean concentration found (μg/mL) 7.87 11.775 15.76
mean % recovery ± SD 98.37 ± 0.50 98.13 ± 0.43 98.50 ± 0.50

Table 3. Comparison of the Performance of the Developed
Probe and the Reported Method for the Analysis of KETO
in Tablet Dosage Form

developed
method

reported
method21

mean % recovery ± SD 98.13 ± 0.43 98.63 ± 0.57
N 3 3
Student’s t test (2.776) at
p = 0.05

1.226

F-test (19) at p = 0.05 1.71
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environmental impact of materials used before the analytical
step. The lower hexagon in Complex GAPI symbolizes the
″green″ nature of preanalysis techniques, encompassing factors
such as environmental assessment, reagents and solvents used,
equipment, workup procedures, and purification of final
products. The upper pentagonal fields represent the green
features of the analytical method itself, taking into account
various aspects, such as the amount and safety hazards of
reagents and solvents, energy consumption, generation of
waste, and the nature of the method (qualitative/quantitative).
According to each stage of the preanalysis process, the colors
green, yellow, and red represent low, medium, and high
environmental impacts, respectively.45 In Figure 5a, it can be
observed that only two red zones appeared in the upper
pentagonal fields owing to the offline sampling process and the
need for transportation to the quality control laboratories. This
situation arises owing to the division between the areas where
pharmaceutical production takes place and the areas dedicated
to quality control. In terms of the greenness of the preanalysis
techniques, as assessed by the bottom hexagon, there were only
two red zones present. These red zones corresponded to the
temperature, time, and energy consumption during the
preparation of the resulting bioinspired CDs. In terms of

introducing quantitative evaluation of their metrics, AGREE
and AES46,47 outperform Complex GAPI. When a method
violates one of the Green Analytical Chemistry (GAC)
principles, the AES deducts penalty points from the total
score of 100, whereas AGREE offers a numerical value between
0 and 1 for evaluation inside its central pictogram. The overall
analysis results illustrated in Figure 5b,c show the AES and
AGREE final scores of 98 and 0.86, respectively, indicating the
excellent greenness of the developed method.

3.10. Assessing and Contrasting the Sustainability of
the Developed Method with the Recently Published
Spectrofluorimetric Approach. Nowak et al.48 introduced
″white analytical chemistry″ (WAC) as a sustainable analytical
methodology that considers multiple dimensions of sustain-
ability. WAC evaluates the whiteness of a method using the
RGB color model, integrating principles related to analytical
performance, environmental impact, and functional properties.
An Excel spreadsheet facilitates the assessment, providing
straightforward tables with individual evaluations for each
principle and an overall whiteness score. A comparison has
been done between the developed biogenic CDs sensor and
the recently published spectrofluorimetric method for sensing
KETO19 which is based on sensing KETO in its injection

Figure 5. (a) Complex GAPI, (b) eco-scale, and (c) AGREE results for evaluating the greenness of the constructed method.

Figure 6. Comparison of the two model methods for sensing KETO in dosage form according to the 12 principles of white analytical chemistry
(WAC) performed by utilizing the RGB 12 algorithm.
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dosage form and river water via quenching the FI of chitosan
stabilized silver nanoparticles (CT-AgNPs). The results
illustrated in Figure 6 show that the biogenic CDs sensor
achieved higher scores in analytical performance (100%),
green character (100%), and productivity (97.5%), resulting in
an overall whiteness score of 99.2%. In contrast, the reported
spectrofluorimetric method achieved scores of analytical
performance (87.5%), green character (83.3%), and produc-
tivity (93.8%) with an overall whiteness score of 88.2%. The
lower analytical performance of the recently published
spectrofluorimetric method score was attributed to the
interference from Cl− ions during the application of (CT-
AgNPs) for sensing KETO in river water besides the lower
achieved precision and accuracy upon its application for
sensing KETO in injection dosage form. The lower green
character score of the recently published spectrofluorimetric
method was due to the potential toxicity and non-eco-friendly
reagents used in the method. Finally, the reported (CT-
AgNPs)-based fluorescent sensor has achieved a productivity
score of (93.8%), which is lower than that achieved by our
developed biogenic CDs sensor (97.5%) as it was reported by
authors that the reported sensor takes 10 min per sample
analysis which lowers the number of samples that can be
analyzed using this method. This is not the case upon using the
biogenic CDs sensor as its FI had been spontaneously
quenched, and hence, stable results were attained upon
contacting with KETO which increased the productivity of
our method in comparison to the reported one (CT-AgNPs).
The previous findings showed that the developed biogenic
CDs sensor had received unanimous approval from various
greenness and whiteness assessment tools, establishing it as an
excellent environmentally friendly and efficient fluorescent-
based sensor for the determination of KETO in different
matrices when compared to the reported (CT-AgNPs) sensor.

4. CONCLUSION
This work introduces the synthesis of sustainable and cost-
effective biogenic CDs from largely wasted tangerine seeds
with somewhat high QY reached (39% ± 2.89%, n = 5)
through a hydrothermal method. The resulting CDs exhibit
high selectivity, sensitivity, rapid response, and eco-friend-
liness. The biogenic fluorescent probe was successfully applied
for the determination of KETO in commercial tablets, in the
presence of co-formulated drugs, co-administered drugs,
different interfering ions and substances, and even KETO
photocatalytic degradation products. The developed method
demonstrates excellent selectivity, making it suitable for
photostability study of KETO in various pharmaceuticals,
and investigating its elimination from the aquatic systems.
Unlike the recently published metal-based quantum dots
probe, this biogenic CDs-based probe surpasses it in terms of
its exceptional green and whiteness properties. The study
employed various assessment tools, such as AES, AGREE
metric approach, Complex GAPI, and RGB 12 algorithm to
highlight the eco-friendliness of the probe, emphasizing its
sustainable nature and positive environmental impact.
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