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Abstract
The Food and Drug Administration (FDA) authorized the administration of ritonavir (RIT)-boosted nirmatrelvir (NMV) on May 25, 2023, for the treatment of mild to moderate COVID-19 in patients who are at high risk of developing severe COVID-19. In accordance with sustainability and environmental friendliness, simple, eco-friendly, and sustainable spectrophotometric methods were established for concurrently estimating RIT and NMV in newly launched copackaged pills. The suggested solutions for resolving the spectral overlap between RIT and NMV involve the following mathematical methods: the first derivative method (1D), second derivative method (2D), and dual-wavelength zero-order method (DWZ). When ethanol was used as a green dilution solvent, the linearity range was adjusted (10–250 µg/mL) for both drugs. The procedures resulted in a high correlation coefficient (not less than 0.9996) and satisfactory levels of detection and quantification. Additionally, method validation was performed in accordance with International Council for Harmonization norms. Moreover, a detailed ecological and sustainability evaluation protocol was established to confirm the greenness and whiteness of the methods. Finally, the proposed method, along with previously reported methods for analysing NMV and RIT, were reviewed analytically and ecologically.
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Introduction
Worldwide, reports stipulate that coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is still a serious illness. In a variety of global stages, particularly in the medical, cultural, and economic domains, it represents a significant burden. The SARS-CoV-2 virus is regarded as a quickly evolving pathogen that can induce a wide variety of clinical conditions, the most prevalent of which are digestive and respiratory illnesses [1]. Cough, fever, and runny nose are common symptoms in patients with respiratory dysfunctions, and these symptoms can progress to difficulty breathing and acute respiratory distress syndrome (ARDS) [2]. On the other hand, the primary problems linked to viral infection of the alimentary canal are nausea, vomiting, and diarrhoea [3]. Additionally, viral infection may be linked to thyroiditis and potential autoimmune thyroid dysfunctions [4]. Additionally, many post-COVID-19 individuals experience neuronal dysfunction and mental problems [5]. While the majority of COVID-19-infected patients recover without experiencing any noticeable consequences, certain cases are seriously impacted and necessitate hospitalization in an effort to control virus sequelae, such as ARDS, abnormal blood clots, and internal organ dysfunctions, which carry a risk of total organ failure and death [6].
Vaccines have been offered to the global market to combat such destructive viruses and reduce the likelihood and severity of viral infection. However, producing vaccines is a difficult task that is hampered by variability, affordability challenges, and incompatibility problems, in addition to economic concerns. Additionally, the effectiveness of vaccines is partially questioned because of the appearance of mutant variables [7]. Therefore, it is of public importance to research the use of therapeutic medicines to combat such viruses. Numerous treatment plans have been designed to focus on one or more viral life cycle sites and/or manage organ dysfunction caused by the virus.
Paxlovid (nirmatrelvir copackaged with ritonavir), an effective and secure oral antiviral drug created by Pfizer, was initially announced at the beginning of 2022 and became one of the highlights of the year. The antiviral drug nirmatrelvir (NMV) (Fig. 1A) targets the 3-chymotrypsin-like cysteine protease enzyme that is present in SARS-CoV-2. NMV effectively suppresses enzymatic activity, which in turn stops virus propagation, in a range of coronaviruses. Coadministration of 300 mg NMV plus a low dose (100 mg) of the pharmacokinetic enhancer ritonavir (RIT, Fig. 1B) twice daily enhances NMV pharmacokinetics because RIT is a CYP3A4 inhibitor [8, 9]. With an 89% reduction in the likelihood of hospitalization or death within five days after the onset of symptoms, NMV/RIT has the most positive and effective therapeutic response. Owing to its high oral availability, it may also be utilized by outpatients in addition to hospitalized patients. NMV and RIT are thought to have changed the course of the COVID-19 pandemic [8–10].[image: ]
Fig. 1Chemical structures of (A) nirmatrelvir and (B) ritonavir


After rigorous review of scientific resources, only a few methods have been described for the precise determination of Paxlovid components. NMV was analysed alone in blood [11] or in the presence of NMV degradation products [12], RIT in plasma [13], tablets [14–16] or other degradation products [16]. Various techniques have been used, including liquid chromatography‒mass spectrometry (LC‒MS) [13], high-performance liquid chromatography‒diode array detection (HPLC‒DAD) [15, 16], capillary electrophoresis (CE) [16], and high-performance thin-layer chromatography (HPTLC) [14]. Few studies have investigated the extraction efficiency of NMV and RIT via microextraction [17, 18]. However, Paxlovid® has not yet been analysed spectrophotometrically. Compared with other analytical methods, spectrophotometry provides several benefits, including instrument accessibility, simplicity, cost-effectiveness, time efficiency, and ease of use, with less practical effort. Moreover, most spectrophotometric methods are of ultimate greenness, especially if a green solvent is chosen when solutions are prepared.
Spectrophotometric assays of multianalyte mixtures without previous separation often necessitate spectral mathematical treatment. Differentiating the sample's absorbance with respect to wavelength into its first, second, or higher derivative spectra can help in the separation of overlapping signals, removal of background interference, and improvement of mixture resolution, as it improves the detectability of minor spectral features. In addition, derivatization of ultraviolet (UV) spectra can improve sensitivity and specificity [19]. Moreover, the simple dual-wavelength method, whenever applicable, is an easy and useful tool in the determination of binary mixtures without requiring complex mathematical data processing. This approach is based on choosing two spectral data points whose difference depends solely on one component and does not depend on the other [20].
As in our previous publications [12, 16, 21], our goal was to reinforce the green character of pharmaceutical analysis and find alternatives to chromatographic methods, and simple, green, and reproducible spectral methods were developed for the quantitation of NMV and RIT in bulk and pharmaceutical dosage forms. The methods included first- and second-wavelength derivatives in addition to dual-wavelength derivatives for the determination of both drugs. Additionally, an analytical and ecological review was performed to compare the results achieved by the suggested methods and the reported methods in the determination of NMV and RIT. Furthermore, the principles of green analytical chemistry (GAC) and white analytical chemistry (WAC) influence the selection of environmentally friendly solvents, waste reduction, and general sustainability of analytical procedures. The integrated tools of assessment of white and green characteristics ensure that the approach created is not only technically sound but also ecologically sensitive, supporting greener and more sustainable analytical practices.

Experimental methods
Apparatus
A T80 UV‒Vis 1800 UV spectrophotometer from PG Instruments, UK, was used in conjunction with a computer running UVWin version 5.2.0.

Materials and reagents
Nirmatrelvir (NMV) with a purity of 94% was graciously provided by KU Leuven Research & Development, Belgium. Ritonavir (RIT) (98% purity) was purchased from Shanghai, China's Haoyuan ChemExpress Co., Ltd.
HPLC-grade ethanol (EtOH) was purchased from Baker's, Ireland. Ultrapure PTFE syringe filters (China) measuring 0.2 µm were also used.

Preparation of stock and standard solutions
Stock solutions of NMV or RIT, at a 1 mg/mL concentration, were prepared through the dissolution of 25 mg of each drug in a separate 25 mL volumetric flask using EtOH. These stock solutions were stored in the freezer for one week. Stock solutions were then diluted with EtOH to obtain an array of working standard solutions covering the concentration range of 10–250 µg/mL for both drugs.

Construction of calibration curves
First derivative method (.1D)
NMV and RIT absorption spectra were measured, and first derivative (1D) spectra were recorded at a ∆λ of 12 nm. To create the NMV calibration graph, the signal at 222 nm (peak to zero) was measured and plotted against the NMV concentrations, as it corresponded to the zero signal of RIT. For RIT, the signal at 253 nm (peak to zero) was measured and plotted against RIT concentrations to generate the calibration graph. This working wavelength was selected since it corresponded to a zero signal of NMV. The regression equations were derived.

Second derivative method (2D)
Zero absorption spectra of NMV and RIT were generated. The second derivative spectra were computed using a ∆λ of 12 nm. For NMV determination, the signal at 222 nm (peak to zero) corresponding to the RIT zero-crossing point was measured and plotted against the NMV concentration. The signal of RIT at 253 nm (peak to zero), representing the NMV zero-crossing point, was measured and plotted against RIT concentrations to construct the corresponding calibration graph. The regression equations were also derived.

Dual-wavelength zero-order method (DWZ)
The wavelength range of 220–260 nm was used to scan the spectra of the working solutions. NMV was estimated by graphing the difference between the absorbance values taken at 231 and 248 nm against the corresponding concentration (the difference is 0 for RIT). Similarly, the RIT concentration was estimated by plotting the difference between the absorbance values at 251 and 272 nm against the corresponding concentration (the difference was 0 for NMV).


Preparation and analysis of laboratory-prepared mixtures
A series of 10 mL volumetric flasks were filled with precisely measured quantities of NMV and RIT stock solutions. EtOH was used for diluting and creating mixtures with final concentrations of 10–250 µg/mL for both NMV and RIT. Three mixtures containing varying quantities of the medications under analysis were made as follows: mixtures (1), (2) and (3), which had NMV and RIT concentrations of 225 and 75 µg/mL, 100 and 100 µg/mL, and 15 and 45 µg/mL, respectively.
The previously mentioned methods were employed to determine the NMV and RIT in their laboratory-made mixtures via the procedure described in Sect. "Construction of calibration curves". A correlation regression equation was used to determine the concentration of each drug.

Assays of dosage forms
Two 150 mg NMV tablets copacked with a 100 mg RIT tablet constitute a single dose of PAXLOVID®. As a result, two RIT tablets and one NMV tablet were weighed, added to the same mortar, and finely crushed. Powdered dose forms weighing 300 mg of NMV or 100 mg of RIT were combined with 50 mL of EtOH, and the mixture was then sonicated for 10 min. The mixture was subsequently filtered into a 100 mL volumetric flask. The filtrate was then brought to volume with EtOH after the remaining mixture was washed twice with 10 mL of EtOH. The final NMV and RIT concentrations of the stock solutions were 3 and 1 mg/mL, respectively. Further dilution was performed with EtOH to obtain final concentrations of NMV and RIT within the specified linearity ranges. The derived regression equations were then used to compute the corresponding concentrations.

Greenness and whiteness assessment tools
Notably, the key to achieving analytical methods with flawless greenness is selecting the environmental solvent; therefore, the evaluation of the greenness of the solvent comprises safety, health, and environmental (SHE) impacts, all of which must be considered [22–25]. This was accomplished via the greenness index and spider diagram tools. Moreover, the green-solvent selection tool (GSST) was used to assess solvent sustainability [26].
The concept of the 3Rs (reduce, replace, and recycle) appeared to go hand in hand with the fundamentals of green analytical chemistry (GAC) [27]. They offer simplified ideas for greening analytical chemistry by reducing the sample size, waste, time, energy, and cost in addition to addressing health and environmental hazards and replacing harmful solvents with greener, biobased solvents such as water and EtOH. In this context, five methods were utilized to assess the greenness and sustainability of the whole method: the analytical eco-scale, the green analytical procedure index (GAPI), the novel analytical greenness metric (AGREE), the hexagon tool, and RGB12. The hexagon tool and RGB12 were introduced as the white analytical chemistry (WAC) subsidiary of GAC. The WAC approach involves the integration and synergy of analytical, ecological, and practical aspects [28].


Results and discussion
Spectrophotometric characteristics
PAXLOVID® is a combination of two antiviral medications that are taken together; hence, developing easy, rapid, and efficient methods for their simultaneous determination is urgently needed for quality control purposes. The zero-order spectra of NMV and RIT significantly overlapped, especially those of NMV, at a ratio comparable to that of the PAXLOVID® dosage form, as shown in Fig. 2. As a result, simultaneous estimation of this binary combination was tricky. In this respect, three analytical methods, 1D, 2D and DWZ, are easily employed because they rely on the simple mathematics of first derivative, second derivative, and dual wavelength measurements, respectively.[image: ]
Fig. 2Overlay of the zero-order spectra of NMV (225 μg/mL) and RIT (75 μg/mL) and their mixture using ethanol as a blank


Notably, we tried different dilution solvents: MeOH, EtOH, and water. The best solvent for both analytical and greenness purposes was EtOH. While water resulted in lower absorbance intensities for both NMV and RIT, MeOH resulted in better intensities but with no zero crossing points for RIT to determine NMV. On the other hand, EtOH resulted in both higher intensities and the ability to determine NMV and RIT via the proposed methods.

Methods optimization
First derivative method (1D)
The absorbance data were differentiated with respect to λ via Excel software, which produced 1D (dA/dλ) signals with different maxima or minima that were extremely selective for NMV and RIT with their combination and dependent on a single analyte by zero crossing points.
To obtain the most sensitive first derivative signals with the least amount of noise, the influence of the wavelength interval, ∆λ, was examined. A wavelength interval of 12 nm was found to be appropriate. Differentiation of the zero-order spectra resulted in 1D spectra with a peak at 222 nm for NMV with zero crossing with RIT (Fig. 3) and a peak at 253 nm for RIT with zero crossing with NMV (Fig. 3).[image: ]
Fig. 3.1D spectra of different concentrations of NMV (45, 100 and 225 μg/mL) and RIT (15, 75 and 100 μg/mL) showing zero crossing points with NMV and RIT at 253 and 222 nm, respectively



Second derivative method (2D)
Another way to calculate the concentrations of NMV and RIT was by recording the second derivative spectra at a ∆λ of 12 nm against EtOH, and the d2A/dλ2 values were determined at 222 and 253 nm, respectively, and plotted against the analyte concentrations in μg/mL (Fig. 4). In addition, regression equations were created.[image: ]
Fig. 4.2D spectra of different concentrations of NMV (45, 100 and 225 μg/mL) and RIT (15, 75 and 100 μg/mL) showing zero crossing points with NMV and RIT at 253 and 222 nm, respectively



Dual-wavelength zero-order method (DWZ)
As shown in Fig. 5, the use of DWZ requires the selection of two wavelengths from the absorption spectra that exhibit notable differences for one component and zero differences for the other. In this case, there is no interference from the other chemical, and the difference in the absorbance of the relevant compound is proportional to its concentration. The determination of NMV depended on the difference in absorbance between the chosen wavelengths (231 and 248 nm), as the RIT absorbances at the same wavelengths were equal. Similarly, NMV had the same absorbance values at 251 and 272 nm; consequently, the difference between the absorbance values at these two wavelengths was selected for RIT estimation. The calibration curves for NMV and RIT were plotted by considering the differences in absorbance at the chosen wavelengths for each of the two compounds and their corresponding concentrations.[image: ]
Fig. 5Zero-order spectra of NMV (45, 100 and 225 μg/mL) and RIT (15, 75 and 100 μg/mL) showing the selected wavelengths for DWZ when ethanol was used as a blank




Methods validation
Our suggested methods were validated in accordance with ICH standards [29] as follows:
Linearity
The derivative values calculated with 1D and 2D or the difference in absorbance determined with DWZ, each selected at the predetermined points, were related to the corresponding concentrations of NMV and RIT. For all the suggested techniques, the regression coefficient (r) values were greater than 0.999, indicating a high degree of linearity (Table 1). In addition, the standard deviations of the intercept (Sa) and the slope (Sb) were low (Table 1).Table 1Analytical performance data of the calibration graphs for the determination of NMV, and RIT by the proposed methods


	Analyte
	NMV
	RIT

	Method
	1D
	2D
	DWZ
	1D
	2D
	DWZ

	Wavelength (nm)
	222
	222
	∆λ (231–248)
	253
	253
	∆λ (251–272)

	Linearity range (µg/mL)
	10–250
	10–250

	LOD (µg/mL)a
	1.37
	2.65
	2.69
	3.22
	2.43
	2.75

	LOQ (µg/mL)b
	4.14
	8.04
	8.14
	9.75
	7.35
	8.35

	Regression coefficient
	0.9999
	0.9998
	0.9998
	0.9996
	0.9998
	0.9997

	Slope
	0.0009
	0.0004
	0.0010
	0.0010
	0.0008
	0.0028

	Sb of slopec
	1.03E − 05
	9.74E−06
	2.32E−05
	2.74E−05
	1.58E−05
	6.39E−05

	Intercept
	− 4.44E − 04
	3.47E−18
	− 2.93E−03
	2.70E−03
	2.11E−03
	4.56E−03

	Sa of interceptd
	3.73E-04
	3.53E−04
	8.41E−04
	9.75E−04
	5.75E−04
	2.32E−03


aLimit of detection
bLimit of quantitation
cStandard deviation of the slope
dStandard deviation of the intercept




Limit of quantitation (LOQ) and limit of detection (LOD)
The following equations were used to determine the LODs and LOQs of NMV and RIT in accordance with ICH recommendations [26]:
The formulas for calculating the LOD and LOQ were [image: $$\frac{3.3 \sigma }{S}$$] and [image: $$\frac{10 \sigma }{S}$$], respectively, where S is the slope of the calibration graph and σ is the standard deviation of the y‐intercepts of the regression line (Sa).
The low values of the LOD and LOQ (Table 1) verified the high sensitivity of the derived methods. The most sensitive technique was 1D for NMV and 2D for RIT, with LOD values of 1.37 and 2.43 μg/mL and LOQ values of 4.14 and 7.35 μg/mL for NMV and RIT, respectively.

Trueness
The trueness of the proposed techniques was evaluated by assaying mixtures of NMV and RIT prepared to cover the linearity range of each studied compound and varying the ratios, as discussed in Sect. "Preparation and analysis of laboratory-prepared mixtures". The excellent mean % recoveries of the suggested approaches shown in Table 2 suggest superb trueness.Table 2Assay results for the determination of NMV, and RIT in synthetic mixtures


	% Recoverya ± RSD

	Analyte
	NMV
	RIT

	Method
	1D
	2D
	DWZ
	1D
	2D
	DWZ

	Mix 1b
	99.84 ± 0.38
	100.09 ± 0.42
	100.22 ± 0.59
	99.78 ± 1.39
	100.00 ± 0.83
	99.76 ± 1.19

	Mix 2c
	100.00 ± 1.18
	98.67 ± 0.58
	99.73 ± 0.23
	99.20 ± 2.00
	99.83 ± 0.58
	100.19 ± 0.66

	Mix 3d
	99.51 ± 1.13
	100.28 ± 1.27
	99.44 ± 0.51
	99.56 ± 1.11
	99.44 ± 1.00
	100.58 ± 0.46

	Average
	99.78 ± 0.25
	99.68 ± 0.88
	99.80 ± 0.40
	99.51 ± 0.29
	99.76 ± 0.29
	100.18 ± 0.41


aThe average of the three determinations
bMix 1 containing 225 NMV and 75 RIT μg/mL
cMix 2 containing 100 NMV and 100 RIT μg/mL
dMix 3 containing 15 NMV and 45 RIT μg/mL




Precision
Solutions of three different volumes of NMV and RIT, mentioned in Sect. "Preparation and analysis of laboratory-prepared mixtures", were analysed in triplicate on the same day and on three successive days to investigate the intraday and interday precision, respectively. The concentrations obtained from the relevant regression equations were utilized to calculate a % RSD not exceeding 2%, demonstrating the excellent precision of the provided approaches (Table 2).

Selectivity
Within the linearity limits, selectivity was assessed via various laboratory-prepared combinations containing different ratios of NMV and RIT (Table 2). The results demonstrated very good % mean recoveries (100% ± 2) for NMV and RIT, with relative SD values of ± 2% in 1D, 2D, and DWZ for both NMV and RIT.


Statistical comparison between the developed methods
A one-way ANOVA [30] test was performed on three synthetic mixtures of both drugs, with n = 3, to confirm the outcomes of the proposed procedures. Snedecor’s F values were therefore calculated and compared to the commonly used value (P = 0.05). Table 3 shows that while the experimental or computed F values (0.04 and 3.01 for NMV and RIT, respectively) did not exceed the tabulated values (5.14) in the analysis of variance, there was no appreciable difference between the approaches.Table 3Summary of assay results and one–way analysis of variance (ANOVA) for the determination of NMV and RIT by 1D, 2D and DWZ


	 	Source of Variation
	SS
	Df
	MS
	F
	P-value
	F crit

	NMV
	Between groups
	0.02
	2
	0.01
	0.04
	0.96
	5.14

	Within groups
	1.98
	6
	0.33
	 	 	 
	Total
	2.01
	8
	 	 	 	 
	RIT
	Between groups
	0.68
	2
	0.34
	3.01
	0.12
	5.14

	Within groups
	0.67
	6
	0.11
	 	 	 
	Total
	1.35
	8
	 	 	 	 

Bold illustrates important values




Application of the validated methods in the assay of tablet dosage forms
The established methodologies were successfully used to quantify NMV and RIT in PAXLOVID® tablet doses. Acceptable values for the standard deviation and percentage recoveries (%) demonstrated the precision and accuracy of the assay results (Table 4). The analytical performance of the validated procedures, as previously mentioned, confirms their applicability for the routine analysis of NMV and RIT in their copacked tablets, which requires little sample preparation and yields acceptable analytical results.Table 4Assay results for the determination of NMV, and RIT in dosage form


	% Recoverya

	Analyte
	NMV
	RIT

	Method
	1D
	2D
	DWZ
	1D
	2D
	DWZ

	Mean ± 
	99.86 ± 
	100.56 ± 
	100.02 ± 
	99.54 ± 
	100.08 ± 
	99.41 ± 

	SD
	0.50
	0.26
	0.16
	0.85
	1.09
	1.10


aThe average of the three determinations





Analytical and ecological review of methods for analysing NMV and RIT
Analytical review
Few methods have been reported for analysing NMV and RIT simultaneously. These methods are versatile and cover different chromatographic techniques, as summarized in Table 5. Chromatographic methods include chromatographic and electrophoretic techniques. The first published method was UPLC–MS/MS [13], which has optimum sensitivity (nanorange) and the lowest injection volume (5 µL). In addition, this method, owing to its triple quadrupole MS, guarantees high specificity in selective reaction monitoring mode, making the analysis in plasma reliable. On the other hand, two HPLC‒DAD methods for analysing NMV and RIT in tablets have been reported [15, 16]. The first method [15] was more sensitive than the second method [16]. However, the second study analysed both drugs in the presence of their degradation products and with a shorter run time than did the first study (7 min instead of 10 min). In addition to liquid chromatography, one thin-layer chromatography method was reported to analyse the studied drugs in tablets and human plasma [14]. In this method, a small volume of β-CD was added to the mobile phase to increase the resolution between NMV and RIT. Unlike most TLC methods, the reported TLC method is highly sensitive compared with the reported HPLC methods for the same drugs [15, 16]. On the other hand, the only reported CE method for analysing NMV and RIT is micellar electrokinetic chromatography using 25 mM SDS [16]. This method analysed both drugs in the presence of their degradation products with high sensitivity compared with the HPLC method reported in the same paper [16]. Notably, acetonitrile has been used for the efficient extraction of NMV and RIT from biological media [13, 14]. To our knowledge, our method is the first spectrophotometric method that successfully analyses NMV and RIT with moderate sensitivity via different simple mathematical techniques. Moreover, our spectrophotometric method offers several advantages over chromatographic techniques, including reduced solvent usage, lower energy consumption, simplified sample preparation, cost-effectiveness, high-throughput potential, alignment with green chemistry principles, and routine analysis and screening. It requires lower solvent volumes and minimal extraction or dilution, reducing solvent waste and environmental impact. In general, spectrophotometric instruments also consume less energy, making them simpler and quicker to operate. They also offer high-throughput potential, making them ideal for pharmaceutical laboratories. Overall, spectrophotometric methods offer practical solutions without the complexity of chromatographic techniques. Thus, the recent method is considered the most ideal among all reported methods for quality control purposes.Table 5Different analytical methods for the determination of NMV and RIT in different matrices


	Method
	Sample Type
	Injection volume
	Stationary phase
	Mobile phase/ Solvent
	Linearity range μg/mL
	LOQ μg/mL
	Detector
	Refs.

	Spectrophotometry
	Tablets
	–
	–
	EtOH
	10–250
	NMV
	1D 4.14
2D 8.04
DWZ8.14
	UV
	This work

	RIT
	1D 9.75
2D 7.35
DWZ8.35

	TLC-DAD
	Tablets and spiked human plasma
	10 µL
	TLC aluminum silica gel plates
	A: MeOH
B: H2O
C: 2% urea solution of β-cyclodextrin (40:10:0.5)
	1–5
	NMV 0.21
RIT 0.13
	215 nm
	[14]

	HPLC–DAD
	Tablets
	20 µL
	C18 column (4.6 × 250 mm, 5 μm particle size)
	A: 20% Water
B: 80% EtOH
Flow rate: 1 mL/min
Run time 10 min
	1–20
	NMV 0.6
RIT 0.96
	215 nm
	[15]

	CE-DAD
	Tablets and in presence of degradation products
	Inject at 50 mbar pressure, for 17 s
	silica capillary (50 cm effective length × 50 μm id)
	50 mM borate buffer pH 9.2 with 25 mM sodium lauryl sulfate
Run time 7 min
	NMV 10–200
RIT 5–100
	NMV 2.78
RIT 1.95
	210 nm
	[16]

	HPLC–DAD
	Tablets and in presence of degradation products
	20 µL
	C18 (4.6 × 250 mm, 5 μm particle size)
	A: 50% 50 mM ammonium acetate buffer at pH 5
B: 50% ACN
Flow rate: 1 mL/min
Run time 7 min
	NMV 10–200
RIT 5–100
	NMV 2.22
RIT 1.23
	210 nm
	[16]

	UPLC-MS/MS
	Human plasma
	5 µL
	BDS Hypersil C18 column (4.6 × 100 mm, 2.4 μm)
	Gradient elution
A: 0.1% formic acid H2O
B: 0.1% formic acid MeOH
Flow rate: 0.8 mL/min
Run time 7 min
	NMV 50–5000
RIT 10–1000
ng/mL
	NMV 50
RIT 10
ng/mL
	NMV m/z 500.2→ 319.0,
RIT m/z 721.3 →267.8
	[13]


Bold illustrates important values




Ecological review
The environmental friendliness and sustainability of an analytical approach are generally evaluated via meticulous greenness and whiteness tools. The choice of solvent is especially important in determining the greenness of a method, so two green assessment approaches were first implemented to evaluate the solvent used: the green solvent selection tool (GSST) and the spider diagram. In addition, the whole methodology was assessed via several approaches based on the penalization strategy or the colour-coded strategy. The greenness of the proposed methods was assessed via the analytical eco-scale, GAPI, Hexagon, and AGREE. Additionally, two assessment tools, the RGB and hexagon methods, were used to assess the sustainability of the method.
Assessment of the greenness of solvents
Green solvent selection tool (GSST)
Qualified companies would likely agree that a certified green solvent should have a low health risk, high safety, and negligible environmental impact throughout its whole life cycle.
Many pharmaceutical corporations, including Pfizer, Sanofi, and GlaxoSmithKline (GSK), have criteria for selecting appropriate green sustainable solvents to achieve sustainability in the pharmaceutical sector. The GSK Solvent Sustainability Guidelines offer solvent sustainability recommendations to help determine which solvents to use. The advantages and disadvantages of various solvents are based on the information provided in solvent safety data sheets (SDSs).
Christian Larsen’s research created a new chemometric tool to choose a green and sustainable solvent (G) by evaluating the greenness score provided by the GSK Solvent Sustainability Guidelines, which provides a quantitative measurement of solvents on the basis of a wide range of different criteria in the form of a composite score [26].
G = ∜(H × S × E × W), where (G) represents the numerical value of the fourth root created by multiplying four major sustainable factors: health (H), safety (S), environment (E), and waste disposal (W). More information is accessible in this manuscript [26], and a free solvent calculator is available at this link: http://​green-solvent-tool.​herokuapp.​com/​
A lower G indicates that the solvent's qualities are not sustainable, whereas a higher score indicates that the solvent's features are desirable in terms of sustainability and greenness. All values are between 1 and 10.
This score reflects the analyser’s endeavor to produce a more environmentally friendly substitute for solvents with high G values that can be employed in the analytical procedure. The GSST provides a simple, quick, and free tool for analysing solvents in compliance with the GSK Solvent Sustainability Guidelines, and it was utilized for the first time in researching the sustainability of solvents used in analytical techniques.
When different solvents are compared, the green solvent selection tool is simple to use and swift to obtain results online. However, not all chemical solvents are available with this tool, as it is limited to a small number of commonly used solvents and relies on evaluating sustainability according to a specific mathematical equation.
When comparing the acquired G values of the solvents, which were calculated directly online via the GSST, with the different methods reported for the analysis of NMV and RIT, we compared the solvents used in these methods. The proposed UV methods employed EtOH as the solvent. UPLC–MS/MS [13] uses MeOH and acidified water, whereas HPLC–DAD methods use either EtOH and water [15] or ACN and buffer [16] as mobile phases. Additionally, the HPTLC method was developed using MeOH and water [14]. The organic modifier, whenever it exists in chromatographic methods, is to blame for the G value, whereas water does not affect the evaluation of greenness. Nonetheless, the organic modifier is the key factor in determining greenness solvent values in analytical approaches. Unlike other chromatographic techniques, the CE method can utilize water solely to prepare the buffer without any organic modifier, as reported in our previous paper [16].
The G values shown in Fig. 6 indicate that water is superior (G score of 7.3 with the following category scores: W = 3.7, H = 9.5, E = 8.9, and S = 8.9). In the second place comes EtOH (G of ethanol = 6.6, with the following category scores: W = 4.2, H = 8.9, E = 6.7, and S = 7). Surprisingly, ACN and MeOH obtained the same G score (G = 5.8) but different category scores: ACN: W = 2.8, H = 5.9, E = 8.9, and S = 7; MeOH: W = 4.0, H = 4.9, E = 8.4, and S = 7.1. Therefore, using the GSST, our previously reported CE method was superior [16], with its performance followed by those of the spectrophotometric methods proposed in this study and the reported HPLC methods [15], and finally, the methods utilizing either MeOH or ACN exhibited the worst performances [13, 14, 16].[image: ]
Fig. 6Hansan space for solvent selection showing the G values of water, EtOH, MeOH and ACN



Spider diagram for the assessment of the greenness index
The reagents used in the proposed spectrophotometric methods and the reported chromatographic methods were thoroughly evaluated with the aid of the greenness index with a spider diagram. While our spectrophotometric methods use EtOH, the reported LC methods use EtOH [15], ACN [16] or MeOH [13] along with water or acidified water. On the other hand, the reported HPTLC method [14] utilized MeOH, and the CE method used buffer dissolved in water [16].
This tool is based on data from SDSs, which provide details about the properties of a solvent and how they affect the SHE throughout the entire process. A visual representation of the overall degree of sustainability of the chemicals used was produced by integrating five subcategories of evaluation criteria (health impact, overall characteristics, odour, fire safety, and stability) in a hierarchical spider diagram. On the basis of these criteria, scores between − 5 and + 5 were obtained. Additional spider charts that provide additional details on each of the five previously mentioned subcategories are available. For the five aforementioned subgroups, many chemical reagents do not provide all of the information required on an SDS; hence, these missing data were given a score of zero throughout the computation. All of the missing data and the accessible data needed to calculate the greenness index values are made available in a data table called the greenness index table. The degree of integrity in the greenness assessment is shown in these references. [22–25]
To provide a comprehensive analysis of the solvents used, the greenness index was determined via a spider diagram for both the proposed spectrophotometric method and the reported methods. The primary spider chart in Fig. 7 shows that water's overall greenness is at the top, followed by that of EtOH and MeOH, with EtOH demonstrating slightly higher overall greenness, whereas ACN has the lowest point sums, indicating a decrease in the safe region. The supplementary spider charts in Fig. 8a–d show the supporting data for the other scores. The average scores and percentages of significant data for the solvents currently in use are shown in Table 6 for the greenness index. This spider method enables visual reagent evaluation, making it easy to compare. Since the proposed spectrophotometric method only uses EtOH and the reported CE method uses buffer [16], the reported chromatographic methods utilize either ACN, MeOH or EtOH along with buffers or water; however, buffer and water are regarded safe rather than harmful solvents. As a result, if the organic modifier is present, it is to blame for the hazard score, whereas the buffer or water can be deemed to have no effect on the evaluation of greenness, as mentioned in the GSST.[image: ]
Fig. 7Primary spider diagram for water, EtOH, MeOH and ACN

[image: ]
Fig. 8Secondary spider diagram for A- health impact, B- stability, C- general properties, and D- fire safety for water, EtOH, MeOH and ACN

Table 6Greenness Index Table for solvents: Water, EtOH, MeOH and ACN


	 	Water score
	Available information
	EtOH score
	Available information
	MeOH score
	Available information
	CAN score
	Available information

	Health impact
	4.38
	100
	3.56
	100
	3.25
	100
	3.13
	100

	General properties
	1.44
	87.5
	1.31
	87.5
	1.31
	87.5
	1.13
	87.5

	Odor
	5
	100
	− 3
	100
	− 3
	100
	− 3
	100

	Fire safety
	5.00
	100
	− 0.17
	100
	0.17
	100
	− 0.17
	100

	Stability
	5.00
	100
	2.86
	100
	2.71
	100
	1.14
	100

	Mean average
	4.16
	97.50
	0.91
	97.50
	0.89
	97.50
	0.45
	97.50




The previous spider diagram results and the greenness index table show that the EtOH solvent, with an average score of 0.91, is safer for the environment and human health, and it is preferable to use UV methods in light of green chemistry. The greenness index method is more difficult to apply than is the GSST approach. Adopting the spider greenness index method is more challenging since it necessitates independent work and analysis of several SDSs to obtain the most relevant data. Moreover, if missing data are set to zero for one of the solvents, it is not appropriate to provide the same information for another solvent with a value other than zero. If so, this value will give the second solvent either positive or negative weight depending on the accessibility of the data. In our work, the missing data for one solvent were set to zero for all the other solvents to avoid bias.
Nonetheless, this method uses secondary spider charts to describe the associated subpoints for every greenness criterion, resulting in a visual representation of the solvent greenness comparability. The research offers greenness points for each solvent used, and the greenness table index offers a high-level summary.


Assessment of the greenness and sustainability of the proposed analytical method
Penalization strategy
A preliminary evaluation of the devised method was performed using the earliest and most familiar analytical indicator for going green, the analytical eco-scale (ESA) tool [31]. This assessment relies mostly on a penalization technique that assigns penalty points (which are deducted from 100, the ideal score). The score indicates how closely the performance adheres to ideality. The ESA score (93) revealed a high level of obedience to GAC principles (Table 7).Table 7Greenness assurance of the suggested spectrophotometric methods via versatile metrics


	Reagents/instruments
	Penalty points (PPs)
	GAPI
	AGREE
	Hexagon

	Ethanol
	4
	 	 	 
	Energy of spectrophotometer
	0
	[image: ]
	[image: ]
	[image: ]

	Occupational hazard
	0
	 	 	 
	waste
	3
	 	 	 
	PPs
	7
	 	 	 
	Eco-scale score
	93
	 	 	 

Bold illustrates important values



The penalization notion is also implemented via the hexagon tool [32]. A more complicated tool, however, provides multicriteria assessment, including evaluation of analytical performance, implications for the environment and economy, and sustainability. With a pictogram indicating low penalty points (2 ones and 5 zeros), the spectrophotometric method demonstrated green and sustainable performance (Table 7).

Colour-coded strategy
The most user-friendly and applicable tools with the final results determined by colour are the newly booming RGB12 and AGREE, and the oldest among them is GAPI. The developed method was examined and integrated into our previously reported comparative study of greenness and whiteness via RGB12 and AGREE tools [16, 33].
The GAPI model is a semiquantitative tool with characteristic pentagrams covering 15 parameters for evaluating the whole analytical methodology. The evaluation includes sample preparation, the solvents and instruments used, and the central circle for qualification and quantification of the method. The original article presents an explanation of the GAPI parameters together with their corresponding colour codes (green, yellow and red) [34] and clarifies that as the number of green sectors increases, the environmental impact decreases, indicating a greener method. The implemented spectrophotometric method results in many green areas with only one red area, as illustrated in Table 7.
Recently, the integration of validation criteria, environmental benignity, and functionality has been fully covered by the white analytical chemistry paradigm. In this context, RGB12 is the latest trend in multicriteria assessment tools. A ready-to-use Excel worksheet is composed of three essentially coloured compartments (red, green and blue) that are linked together through addition and arithmetic means functions. The net result is the degree of whiteness percentage of the whole methodology [28]. The %whiteness of the method is 92%, as shown in Fig. 9. These results were juxtaposed to the comparative table in our recently published whiteness comparative study [16] and were rechecked to rank the suggested method. This score place the method in the fourth place, with a slight difference from the reported HPLC methods (second [16] and third places [15]). Although the spectrophotometric method is greener than the HPLC method because of the use of a green solvent (EtOH), it lacks automation, and the sample size is large (2 ml).[image: ]
Fig. 9RGB12 profile and score of the proposed method


Since 2020, AGREE has been the most commonly used metric in the assessment of greenness in pharmaceuticals. A downloadable calculator (https://​mostwiedzy.​pl/​AGREE) that fulfils the twelve GAC principles was applied. These parameters are filled and calculated, and the net result is given automatically with the corresponding grade of colour [35]. According to our aforementioned comparative study, comparing with the previously published chromatographic techniques shows that the spectrophotometric method presented in the study ranks second, following the MEKC method, as shown in Table 7.




Conclusion
In this study, simple, sustainable, and earth-friendly spectrophotometric methods were investigated and fully validated for the simultaneous quantification of RIT and NMV in their bulk powder, synthetic admixture, and copacked tablet forms. Notably, this study is the first spectrophotometric analysis of the mixture under study. Notably, the spectrophotometric technique eschews the demerits of conventional chromatographic techniques. It offers ease of use, time, and cost efficiency. The greenness assessment protocol using several strategies, namely, solvent evaluation, penalization strategies and colour-coded strategies, illustrated the high greenness attributes of the proposed methods. Highlighted by the preceding considerations, the explored methods are highly recommended for quality control purposes.
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