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Abstract: Rifaximin (RFX) is a non-absorbable antibiotic with broad-spectrum efficacy. It treats
travelers” diarrhea, irritable bowel syndrome, non-systematic bacterial diarrhea, bowel infections,
overgrowth syndrome, and enteric infections. In this work, carbon dots prepared from Ziziphus
spina-christi leaves’ powders are utilized as a green fluorometric biosensor for the assessment of
RFX. The morphological lineaments of the prepared carbon dots were recognized by using TEM
and SEM techniques. The prepared carbon dots manifest a fluorescence emission peak at 432 nm
after an excitation fluorescence peak at 366 nm. The absorbance band of RFX (absorbance peaks
at 370 nm and 443 nm) could be thoroughly overlapped with fluorescence excitation/emission
bands of the produced carbon dots. A fluorometric tool has been designed and validated for the
evaluation of RFX reliant on the inner filter effect methodology, in which the produced carbon dots
act as an inner filter effect fluorophore and RFX as an inner filter effect absorber. The quenching
degree in the fluorescence activity of the prepared carbon dots depended on the concentration of
RFX. The analytical parameters were checked and directed for successfully applied assessment of
RFX concentration in different pharmaceutical formulations. The proposed tool’s greenness and
eco-friendliness profile was evaluated using the most recent greenness assessment tool, which is the
complementary green analytical procedure index (Complex-GAPI) and the Analytical GREEnness
metric (AGREE). Additionally, using the recently released White Analytical Chemistry (WAC) tool,
the whiteness characteristic—which indicated the method’s sustainability—was investigated.
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1. Introduction

Gastrointestinal diseases account for mortality, substantial morbidity, and cost. Among
them is irritable bowel syndrome disease, which is accompanied by abdominal discomfort
and changes in bowel habits or soreness without organic illness. Gastroenterologists
and primary care physicians commonly encounter and receive irritable cases of bowel
syndrome. The prevalence of the disease has been determined as high as 28% on referrals
to gastroenterologists and 12% on regular visits to primary care physicians [1].

The bacterial overgrowth of intestinal gut flora has a pathological role and can par-
tially explain irritable bowel syndrome [2,3]. Both of them participated in symptoms such
as changes in bowel habits, bloating, and abdominal discomforts [3]. Another type of gas-
trointestinal disease is hepatic encephalopathy disorder, which is considered one of the main
complications of advanced hepatic disease. The first-line drugs in the treatment of hepatic
encephalopathy are non-absorbed disaccharides, e.g., lactitol and lactulose. However, long-
term therapy by disaccharides is ineffective and develops intolerable adverse effects for
patients [4]. Most of the time, non-absorbable antibiotics are used instead of disaccharides to
treat hepatic encephalopathy [5]. Rifaximin (RFX) (Figure 1) is a substantially non-absorbed
antibacterial drug with broad-spectrum activity against a wide range of bacteria such
as aerobic, Gram-negative, anaerobic, and Gram-positive [6]. RFX is utilized in treating
traveler’s diarrhea, irritable bowel syndrome, non-systematic diarrhea caused by bacteria,
bowel infections, tuberculosis, overgrowth syndrome, and enteric infections [4,6-8]. Due
to its non-absorbability, no systemic side effect has been reported of this drug with a high
safety level for treating acute and chronic conditions of all ages with varied underline
health problems [4,9].

)\ HOI'..
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Figure 1. Chemical structure of rifaximin.

A limited range of analytical methodologies was reported for determining RFX, gen-
erally involving some chromatographic methods [10,11], one voltammetric method [12],
and a few spectrophotometric methods [13-16]. Although these chromatographic method-
ologies can yield high selectivity and sensitivity for determining RFX, they are relatively
expensive and necessitate sample pretreatments, time consumption, and instrumental
challenges. In addition, spectrophotometric methodologies lack sensitivity. Therefore, there
is an imperious demand to generate a facile, selective, sensitive, and rapid methodology to
estimate the concentration of rifaximin.

The spectrofluorimetric technique is one of the common spectroscopic techniques used
for determining active pharmaceutical ingredients. It has been reported to analyze the
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active pharmaceutical ingredients either by measuring their native fluorescence intensity,
their ability to quench the fluorescence intensity of a fluorescence reagent, or switching
on their fluorescence intensity by the fluorogenic reagent. Recently, nanomaterials have
been widely applied for the determination of active pharmaceutical ingredients or their
extraction from biological and pharmaceutical samples. Fluorescent nano-sensing systems
have received much interest owing to the advantages of desirable selectivity, portability,
simplicity in operation, exceptional sensitivity, and real-time detection [17-19]. Carbon dots
is one of the fluorescence carbon nanomaterials with a size of less than 10 nm. In contrast
to semiconductor quantum dots and traditional organic fluorescent dyes, carbon dots have
various remarkable features, including favorable low toxicity, simple synthesis routes, high
photostability, adequate solubility in water, and feasible modulation [20,21].

The design and implementation of fluorescence-emitted probes based on carbon dots
have garnered the attention of a large number of researchers, and they have been utilized
for the estimation of target analytes. Numerous analytical approaches have been developed
and implemented at the current time based on various quenching mechanisms between
the specific target analytes and fluorophores. One of these quenching mechanisms is
the inner filter effect that is generated by absorbing the fluorescence excitation light of
the fluorophore and/or the fluorescence emission light of the fluorescent reagent by the
target analyte (absorber or quencher), and the absorbance band of the targeted absorber or
quencher should be overlapped with the excitation or/and emission bands of the applied
fluorophore [22].

It offers the feasibility of converting the classical colorimetric detection approach into
the fluorescence detection protocol, which leads to overcoming the inherent shortcomings of
the colorimetric system, such as poor repeatability, complicated interfering factors, and/or
inferior detection sensitivity [22]. The degree of quenching in the fluorescence intensity of
the fluorophore by the inner filter effect can be attained by modifying the concentration of
the target analyte [23]. Herein, we are approaching a facile, low-cost, green, and effective
spectrofluorimetric methodology for REX determination in pharmaceutical dosage forms
based on the mechanism of the inner filter mechanism. To the best of our knowledge,
this suggested analytical method is considered the first green fluorescent-spectrometric
methodology for accurate and reliable RFX determination.

In order to determine what constitutes a green carbon dots synthesis, the 12 principles
of Green Chemistry (GAC) were looked at and studied [24]. However, according to the GAC
perspective, the type of solvents and reagents used in the developed analysis and the amount
of waste generated, are the most variables that distinguish between the development of
sophisticated spectroscopic procedures [25].

Throughout the developed tool, ingredients such as water and ethanol, which are
secure and replenishable, and completely abide by the twelve GAC principles, were utilized.
Moreover, the employed spectroscopic tool, which is a more environmentally friendly part
of GAC [26,27], was applied. The developed tool was regarded as a green and ecologically
friendly approach because it used small amounts of the chosen solvents and natural and
renewable raw materials of the reagent (Ziziphus spina-christi leaves’ powders) along with
the lower energy of the used instrument [28].

2. Materials and Methods
2.1. Solutions and Materials

Rifaximin (RFX) was obtained from Al-Andalous Co. (6 October; City, Egypt). Gastrobiotic-
coated tablets® labeled to contain 200 mg of RFX with batch number 210771 were obtained
from the local market. The standard solution of REX was prepared by dissolving 5 mg of
RFX powder in 10 mL of ethanol, then the container was filled to 50 mL with water. Leaves
of Ziziphus spina-christi were collected from agricultural fields.
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2.2. Instruments

All intensities of the fluorescence measurements were recorded on an FS2 spectroflu-
orimeter (Scinco Co., Seoul, Republic of Korea). UV-spectrophotometer (Shimadzu Co.,
Kyoto, Japan) and JEM-100CX II electron microscope (JEOL Co., Tokyo, Japan) devices
were used for absorbance spectra and transmission electron microscope (TEM) images,
respectively.

2.3. Preparation of Carbon Dots

The hydrothermal method was used to create carbon dots from the powdered and
dried leaves of Ziziphus spina-christi. Briefly, 20 mL of concentrated orthophosphoric acid was
added to 4 g of finely powdered Ziziphus spina-christi leaves, which had been soaked in the
appropriate amount of water. The mixture was then heated at 220 °C for 7 h. The mixture
was then centrifuged for 30 min at 4000 rpm while being cooled to room temperature. The
supernatant was separated, put through a 0.45 um filtration membrane, and stored until it
was required for the proposed work [29,30].

2.4. General Procedures for Fluorescence Assay and Pharmaceutical Samples

A 0.8 mL volume from the prepared carbon dots solution and 0.6 mL from phosphate
buffer (pH = 6.0) were mixed several times into a series of 10 mL flasks. Different con-
centrations from RFX standard solution (the final RFX concentrations ranged from 0.4 to
5.0 pg/mL) were added to flasks, and the volume of flasks was completed to 10 mL with
water. All of the fluorescence emission measurements were recorded at 435 nm under
excitation at 373 nm. For pharmaceutical samples, ten Gastrobiotic-coated tablets® (200 mg
per tablet) were weighed and powdered. Then, a suitable amount of the prepared powder
(nearly equivalent to 50 mg of RFX) was accurately weighed. The weighed REX powder was
extracted by adding 50 mL of absolute ethanol, and the mixture was filtered out through
filter paper. An appropriate volume from the ethanolic solution was diluted with water,
and the general procedures were run.

3. Results and Discussion
3.1. Size, Morphological, FTIR, and Fluorescence of the Prepared Carbon Dots

The nano-size for the produced carbon dots was characterized by TEM. A characteristic
TEM image for the produced carbon dots is showcased in Figure 2A, which elucidates the
tiny size distribution under 10 nm. The fluorescence excitation spectrum and the fluorescence
emission spectrum for the produced carbon dots in the aqueous solution were investigated.
As offered in Figure 2B, the produced carbon dots display an emission peak at 435 nm and
an excitation peak at 373 nm.

Furthermore, the Fourier transform infrared (FTIR) spectrum in Figure 2C enabled the
recognition of surface functional groups of the prepared carbon dots. As offered in Figure 2C,
the strong peak at 3441.42 cm ™! is related to the O-H stretched surface attached to the
phenolic group. The peak at 2921.78 cm~! is related to the C-H stretching vibration of
aromatic compounds [31].

The appearance of a strong absorbance peak at 1634.86 cm ! is related to the presence
of the carbonyl group.
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Figure 2. Characterization of the produced carbon dots: (A) for TEM; (B) for excitation and emission

fluorescence spectra, (C) for FTIR spectrum.
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3.2. Fluorescence Sensing of RFX by Inner Filter Effect

To confirm that the quenching of the fluorescence activity of the produced carbon dots
was caused by the inner filter effect, the absorbance spectrum for RFX was consequently
carried out. As offered in Figure 3A,B, the UV-visible absorbance spectrum of RFX at the
UV-visible region possesses two peaks at 370 nm and 443 nm that are closely overlapped
with the peak of the fluorescence excitation spectrum at 373 nm and the peak of the emission
spectrum at 435 of the produced carbon dots, respectively. As a result of this, the inner filter
effect takes place, and the fluorescence activity of the produced carbon dots is successfully
quenched due to the competitive absorbance [32].

1.2 p
—— UV-visible absorbance spectrum of rifaximin
1 (A)
2 08
g
&
2 0.6
i
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=
0.4
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O » » » » ']
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4000 P
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3000 p
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0 » » »
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Wavelength, nm

Figure 3. (A) For the absorbance spectrum for rifaximin and (B) for quenching the fluorescence
emission spectrum of the produced carbon dots by rifaximin.

3.3. Optimizing the Determination of RFX by Carbon Dots

To obtain maximum quenching efficacy by REX on the fluorescence activity of carbon
dots, conditions of the medium, such as pH, the volume of carbon dots solution, and the
time of the reaction, were investigated and optimized.

The findings of the current study showed that quenching decreased in an acidic pH.
However, in an alkaline pH, the carbon dots’ fluorescence activity entirely decreased. The
study took advantage of this fact by using phosphate buffer at a pH of 6.0 because it had a
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good quenching effect on the fluorescence intensity of the carbon dots produced in the pH
range of 4 to 7.5, as shown in Figure 4.

Volume of Reagent, mL

0 0.2 0.4 0.6 0.8 1 1.2

3000
—©—-pH =8-Volume of Reagent, mL
2000 -
FIo - FI
1000 r
0 | | | |
0 2 4 6 8 10
pH

Figure 4. Effect of pH and volume of the reagent on the quenching of the fluorescence intensity of
the prepared carbon dots for determining RFX (3.0 pg/mL).

Furthermore, the quenching in the fluorescence gradually increased with the increase
in the volume of the prepared carbon dots up to 0.7 mL; therefore, 0.8 mL from the
aqueous solution of carbon dots was used in this work (Figure 4). In addition, it was found
that the quenching of the fluorescence intensity of the prepared carbon dots by the RFX
solution instantaneously occurred. Therefore, we presented an efficient method for the
determination of RFX.

3.4. Fluorescence Quantum Yield (¢)

The fluorescence quantum yield for the prepared carbon dots can be calculated by the
equation [33,34].

F Cabon dots % A rhodamine B
A Carbon dots F rhodamine B

¢ = P vhodamine B X

where ¢ is the quantum yield of the prepared carbon dots, ¢ ,;,,1,mine g 1S the quantum yield
of rhodamine B, F is the integrated fluorescence intensity for the prepared carbon dots and
rhodamine B, and A is the absorbance for rhodamine B and the prepared carbon dots. It
was found that the ¢ value for the prepared carbon dots was 18.54%.

3.5. Validation and Analytical Parameters

The validation process for determining REX by carbon dots was performed according
to the International Council for Harmonization of Technical Requirements for Pharmaceuti-
cals for Human Use (ICH) guidelines [35].

3.5.1. Linear Range and LOD Value

After plotting the (FI, — FI)/Fl, against REX concentrations, (FI, = fluorescence intensity
of carbon dots without RFX, FI = fluorescence intensity of carbon dots in the presence of RFX),
the linear range was 0.4-5.0 pg/mL with the regression equation of y = 0.1324 x + 0.0367 and
1r? = 999 (Figure 5). The slope, intercept, and other parameters are presented in Table 1.
According to the equation of LOD = 3.3 x 3SD/slope [34,36], the determined LOD value is
0.155 pug/mL.
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Figure 5. Construction of the calibration curve for the determination of RFX by the proposed
spectrofluorimetric method.

Table 1. Analytical parameters for the determination of RFX by the proposed method.

Statistical Parameter Result
Aex/Aem 373 nm/435 nm
Linear range (ug/mL) 0.4-5.0
Intercept 0.0367
Standard error of intercept 6.2 x 1073
Standard error 8.1 x 1073
Slope 0.123
Standard error of the slope 2.0 x 1073
LOD (ug/mL) 0.155
Correlation coefficient (r) 0.9995
The determination coefficient (r2) 0.9990

3.5.2. Accuracy, Precision, and Robustness

Precision: Intra-day precision of the proposed method was tested by analyzing three
replicates of the standard working solutions of the investigated drug at three different
concentration levels. The experiments were repeated for three consecutive days to deter-
mine the inter-day precision (n = 3). The results of intra-day and inter-day precisions are
summarized in Table 2. The calculated RSD% values for the studied drug ranged from 0.85
to 2.0, which indicates good repeatability and reproducibility of the proposed procedure.
Accuracy: The accuracy of the proposed method was checked at three concentration levels
of the drug concentrations. The results were expressed in percentage recovery and relative
standard deviation. As shown in Table 2, the% recovery values ranged from 99.84% to
101.17%, indicating good accuracy of the developed method and its suitability for quality
control measurements. Robustness: The robustness of the proposed method was deter-
mined by studying the effect of minor changes on the experimental conditions on the AF
of the formed complex. Finally, it was found that the current method is not influenced by
minor changes in the optimum conditions, confirming its robustness.
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Table 2. Evaluation of accuracy and precision for the determination of REX by the proposed method.

Validation Parameter pg/mL %Recovery = RSD

1.0 101.57 4+ 1.47

Intra-day precision 3.0 98.40 4= 1.01
4.0 100.35 &£ 1.71

1.0 97.67 £2.08

Inter-day precision 3.0 99.80 = 1.36
4.0 100.43 & 0.85

1.0 100.21 +1.92

Accuracy 2.0 99.84 - 1.97

4.0 101.17 £ 1.25

3.5.3. Selectivity Study

The selectivity study was restricted to the typical tablet excipients such as starch,
lactose, carboxymethylcellulose, dextrose, mannitol, and sorbitol since REX is only admin-
istered solely in a tablet dosage form. According to the results presented in Table 3, the
excipients found in most pharmaceutical tablets have no impact on how RFX is determined
using the suggested method.

Table 3. Analysis of REX in the presence of some common excipients by the proposed method.

.. The Amount Added % Recovery + SD

Excipient (ug/mL) RFX (ug/mL) (= 3)
Starch 10.0 3.0 99.05 + 0.68
Dextrose 10.0 3.0 98.22 +0.79
Lactose 10.0 3.0 101.32 £1.32
Mannitol 10.0 3.0 100.58 £ 1.71
Carboxymethylcellulose 10.0 3.0 99.89 + 1.04
Sorbitol 10.0 3.0 98.87 +1.40

3.6. Application to Pharmaceutical Analysis

Gastrobiotic tablets® (as a sample of REX) were analyzed by the proposed method. The
recovery and SD values were obtained with an acceptable state (99.70 £ 1.74). Furthermore,
the obtained results were statistically compared with the reported spectrophotometric
method [13] by using F-test and student t-test, and the statistical results were within the
accepted levels as the t-value was 1.087 and F-value was 0.539 (tabulated values at 95%
confidence limit were F = 6.338 and t = 2.306).

4. Greenness and Whiteness Evaluation for the Proposed Tool

The term GAC is used here for the development tool to indicate the ecological re-
sponsibility and energy-saving generated profiles [37,38]. There are several ways to scale
how eco-friendly an analytical process is; in this instance, the new greenness rating tools
(Complex-GAPI) [39] and (AGREE) [40] were used. Evaluation of the sustainability of
the proposed method was achieved through the whiteness assessment approach (White
Analytical Chemistry) [41].

4.1. Assessment of the Proposed Method’s Greenness by Complex-GAPI

The brand-new, environmentally friendly analytical process tool Complex-GAPI is
free software that covers every step of an analytical procedure, from sample preparation
through sample transportation, preservation, and storage, as well as the final sample
preparation and analysis. It also includes the procedures and actions taken before using
the general analytical methodology. Furthermore, it has the ability to assess the green
character that is used in the suggested fluorescence technique [42-44]. The pictogram made
for GAPI is enlarged by the Complex-GAPI metric by including a second hexagonal field
at the bottom. This field reflects the pre-analysis processes’ “green” nature. The E-factor
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value is derived from the number of solvents, reagents, and generated waste products; a
low value denoted environmental friendliness, while a large value denoted increased waste
production and undesirable environmental consequences. When the applicable method is
used for qualifying and quantification, the hexagonal’s center ring is visible; if it is only
used for qualification, there is no circle. For each stage, the Complex-GAPI tool employs
two or three levels of evaluation utilizing a color scale. The resulting color pictograph,
which ranges from white through red, green, and yellow, can be used to evaluate and
quantify the low, high, and medium environmental consequences linked to each stage of
the pre-analysis procedure and the analytical approach (the color scale was clarified in
Figure 6). Each area represents various features of the described processes and analytical
protocol; in Figure 6, a green fill is added to that area if particular green conditions are met.
White is used to color any information that is not available [45].

1- Collection

9- Preservation

8- Transport

I- Storage

5- Type of methode

6- Scale of extraction

7- Solvents'\reagents used
8- Additional treatments

Sample preparation

Reagents and solvents

9- Amount
) Health hazard
11- safety hazard

19- Enera Instrumentation Vb-1 n(,r(r

13- (jctuizltional hazard Ve- Occupational hazard

14- Waste workup and purification

et Vla- End products workup, purification
PICTOGRAM COLOR PRINCIPLE ‘ .

Yield and conditions

[- Yield
[I- Temperature / Time

Relation to green economy
' [11- Number of rules met

Reagents and solvents
‘ [Va- Health hazard
Vb- Safety hazard

Instrumentation

Va- Technical setup

|Non available Information

“factor

VII- E-factor input

Figure 6. The Complex-GAPI pictogram, with specific fields of the new hexagonal graphic grouped
and color-coded for clarifying the theory of greenness evaluation and each block’s explanation.

As presented in Figure 7, the two red areas in the pentagram representing sample
collection, preservation, and transport in the pharmaceutical industry are significant due
to their proximity to the manufacturing setting and quality control center. The ten green
sections of the developed tool serve as evidence that it is more environmentally friendly.
Because the process is not sol-vent-free, waste was produced, some parameters displayed a
yellow color, and there was no waste treatment. Our suggested method involves heating
at 230 °C for seven hours with concentrated orthophosphoric acid, which represents the
pre-analysis procedure, in the hexagonal portion of the pentagrams at their bottom. All
of the aforementioned procedures correspond to the red zone. After being centrifuged
for an hour at a speed of 4000 rpm, the sample was then stored at 4 °C. Additionally,
no purification step is necessary, which corresponds to the white region, and 20 mL of
ortho-phosphoric acid waste is produced when making carbon dots, which has an impact
on the value of (E-factor). According to the validity results in Tables 1 and 2, the developed
fluorescence tool used for qualification and quantification of RFX makes the hexagonal
center ring visible in the middle of the gap-complex hexagon.
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ats

Figure 7. The result of the GAPI-complex for assessing the proposed spectrofluorometric method
and the preparation of carbon dots.

4.2. Assessment of the Proposed Method’s Greenness by AGREE Tool

A circular pictograph like a clock with 12 numbers is provided by the free and open-
source AGREE software; each number represents one of the 12 GAC’s concepts and takes
the value from zero to one. This scale corresponds to the deep red to the deep green color
spectrum. The final average numerical value produced from the 12 data is represented by
the middle number in the AGREE pictograph, which is colored appropriately to the final
results [46].

The assessment process is made simple by freely available software that is open source
and downloaded from https:/ /pubs.acs.org/doi/10.1021/acs.analchem.0c01887 (accessed
on 10 March 2023).

The AGREE score for the proposed spectrofluorometric method used for determining
REXis (0.70), as shown in Figure 8, and this score confirms the greenness of the developed
method.

(1) Sample Treatment. :
{2) Sample Amount. :
13) Device Positioning,.

{4) Sample Preparation Stages.
{5) Automation and Miniaturization. :
{6) Derivatization.

(7) Waste.

(8) Analysis Throughput.
{9) Energy Consumption. ;
{10)Source of Reagents.
111) Toxicity. ;
(12)Operator’s Safety.

O i

Figure 8. Evaluation of the proposed spectrofluorometric method using AGREE tool in accordance
with the 12 GAC criteria.

Supplementary Graph S1 displays the full scores for the suggested spectrofluorometric
method with a description of how well each of the twelve GAC principles was satisfied
and how it affected the rating of greenness. However, this tool does not provide in its


https://pubs.acs.org/doi/10.1021/acs.analchem.0c01887

Chemosensors 2023, 11,275

12 of 16

evaluation criteria any information regarding the validity of the analytical processes or
green’s character related to the pre-analysis steps done before the analytical procedure
performing.

4.3. White Analytical Chemistry (WAC)

The WAC tool generally evaluates and categorizes developed analytical methods as
white methods or not. Their evaluations are connected to several productive working (red
and blue scores) and environmental issues (green scores). Thus, the color white is created
by combining these three primary colors (green, red, and blue) [47,48].

The 12 concepts of the WAC tool were created by combining the essential concepts of
GAC (G1, G2, G3, and G4) [5], with four red concepts related to the validity of the methods
(R1, R2, R3, and R4) and four blue economic concepts (B1, B2, B3, and B4). Figure 9 clarifies
each previous symbol related to WAC concepts. All WAC concepts should be understood
to be crucial for achieving a sustainable analytical method.

The twelve WAC Principles

Whiteness
assessment

Direct impacts !‘
\o
Energy and other media %'ﬂ

Amount of reagents and waste Toxicity of reagents

Figure 9. The 12 principles of the WAC tool and the criteria related to each symbol (G1, G2, G3, G4,
B1, B2, B3, B4, R1, R2, R3, and R4).

The RFX presented in the commercial tablet dosage forms with eco-friendly features
was successfully quantified using the suggested spectrofluorimetric tool. The drug was
dissolved in 10 mL of ethanol, which is regarded as a green solvent; the remaining volume
of the sample was then completed with green distilled water as a diluting solvent. Moreover,
the linearity ranged between 0.4 and 5.0 pg per mL with a LOD value of 0.155 nug/mL,
indicating the sensitivity and suitability of the introduced tool for the determination of
different RFX I matrices.

As the results revealed, the suggested method had an average (RED) WAC principal
trueness value of 97.5% across all validation parameters, which is excellent. The highest
(GREEN) G (%) result of almost 96.7%, an average value, is when using less of the green
solvent such as ethanol and producing less waste by using water as a diluting solvent (G1
and G2 principles).

However, the utilized carbon dots required a lengthy preparation process, and since
europium chloride was used in their creation, the pricey evaluation of the (BLUE) features
also yielded a subpar result of about 86.7%. (B1 and B2 principles).

However, the suggested spectrofluorimetric tool is the first method to use these fea-
tures in the determination of REX antibiotic drugs. The method had an acceptable whiteness
score (an average of the predetermined RED, GREEN, and BLUE) is approximately 94%,
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which indicated the sustainable whiteness of the proposed tool (Figure 10), and more details
related to the score obtained by WAC tool can be found in Table 4.

The proposed fluorescence method

R (% BG (%) B (%) B Whiteness (%)

Figure 10. The whiteness results for the fluorescence method used to determine REX.

Table 4. Evaluation of the fluorescence method for determination of RFX according to the 12 principles
of WAC, performed using the WAC tool.

The Proposed Method
R1: Scope of application 100.0 G1: Toxicity of reagents 90.0 B1: Cost-efficiency 80.0
R2: LOD and LOQ 100.0 G2: Amount of reagents and waste 100.0 B2: Time-efficiency 100.0
R3: Precision 90.0 G3: Energy and other media 100.0 B3: Requirements 75.0
R4: Accuracy 100.0 G4: Direct impacts 96.7 B4: Operational simplicity 91.7
97.5 96.7 86.7
93.6

5. Conclusions

In conclusion, the first fluorescence method was developed as a sensing platform
that relied on the fluorescence activity of carbon dots and the strategy of the inner filter
effect. In this system, RFX can act as a light absorber, whereas the absorbance spectrum of
RFX is thoroughly overlapped with the two fluorescence spectra (emission and excitation)
of carbon dots. Based on this sensing platform, the proposed green and sustainable
white spectrofluorimetric tool for the determination of RFX was designed and validated
either in bulk powder or in its pharmaceutical dosage form. Compared to the advantages
of prior spectroscopic techniques utilized to determine RFX, the fundamental merits of
the current methodology are its simplicity, low cost, adequate sensitivity, and selectivity
toward RFX reflected on the high score in G complex, AGREE, and WAC assessment
tools. The comparison of the three previously mentioned metrics shows that all metrics
are uncomplicated to use when evaluating greenness data of the developed method due to
the open programs and the Excel data sheet that are simple to use and can be downloaded



Chemosensors 2023, 11,275 14 of 16

for free. The evaluation result of the AGREE metrics immediately appeared in a digitally
colored pictograph with a number which provided us with a rapid visual impression of the
greenness of the method. The Complex-GAPI pictograph is produced after the analyzer in
Complex-GAPI chooses the suitable parameters from drop-down boxes that correspond to
the pre-analysis technique related to the sample preparation and the analysis stages. The
AGREE tool does not include this criterion. In the WAC tool, the validity principle of the
developed method is directly related to the obtained sustainability score; this property with
green and economic principles is connected to produce the 12 WAC principles and the final
whiteness score. Just the WAC tool takes the validity of the developed analytical method
into consideration for the final score of the environmental and sustainability evaluation.
The developed fluorescence method allows for accurate and precise REX determination,
which has led to its use in quality control and laboratory research.
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