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Abstract
Green analytical chemistry is one of the newest trends in analytical chemistry nowadays targeting the concept of green laboratory practices on chemists and environment. In this text, green practices are proposed in this work for the determination of sofosbuvir (SF) and velpatasvir (VP) in their pharmaceutical formulation. The analysis of SF in a binary mixture with VP represents an analytical challenge due to the complete overlapping of the UV spectrum of SF by that of VP. Therefore, the direct absorbance and derivative measurements cannot resolve such interference and failed to determine SF. In this paper, three direct and simple methods were developed for the analysis of SF without any interference from VP without sample pre-treatment. The proposed methods include measuring the second derivative amplitude of the ratio spectrum of the mixture using VP as a divisor, measuring the absorbance difference of the mixture in NaOH solution against its HCl solution, and using the derivative compensation technique. On the other hand, VP was determined specifically in presence of SF by two methods. Firstly, by its reaction with 4-chloro-7-nitrobenzofurazan (NBD-Cl) where the reaction product was measured spectrophotometrically and spectrofluorometrically and secondly through the reaction of VP with 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH). The calibration curves showed good correlation coefficient (r2 > 0.999). The developed methods were highly precise with RSD% values less than 2%. The method greenness profile was compared with other published methods by applying the eco-scale protocol. Assessment results proved that our analytical procedure is greener than other reported methods. Moreover, upon comparison with other methods, the proposed methods showed better or comparable sensitivity in addition to being inexpensive and ecofriendly. Accordingly, these methods could be readily applied for quality control purposes as an eco-friendly, simple and efficient analytical tool.
Introduction
Hepatitis C is considered as one of the biggest problems in public health that leads to chronic liver disease (Williams, 2006). Liver cirrhosis, liver failure, and hepatocellular carcinoma occur as a consequence of hepatitis C, which is deemed in Europe and the USA as the main reason of liver transplantation (Nahon et al., 2017). The prevalence of HCV infection is estimated by WHO as more than 170 million people worldwide (Poynard et al., 2003). The effective treatment of HCV is required to achieve sustained viral response with 24 weeks of aviremia after completion of the treatment course (Poynard et al., 2003). Previously, ribavirin, a purine nucleoside analog, combined with pegylated-interferon alpha showed enhancement of the sustained viral response rates (Poynard et al., 2003). However, such combination had some limitations, as the lengthy treatment period, several contraindications, with dangerous side effects (Poynard et al., 2003). Direct-acting antiviral agents (DAAs) have been recently used either alone or in combination with each other for the treatment of HCV (Cheung et al., 2016). They offer simpler, shorter, and more efficient interferon-limiting therapies for different HCV genotypes (Cheung et al., 2016; Jakobsen et al., 2017). Moreover, most DAAs are considered as efficient and safe HCV treatment (Cheung et al., 2016). Preliminary results have shown that DAAs seem to eradicate HVC from the blood much more frequently, in addition to, the early improvements in liver function (Cheung et al., 2016; Jakobsen et al., 2017). Examples of the DAAs that are commonly administered alone or in combination are sofosbuvir, ledipasvir, daclatasvir, and velpatasvir (Cheung et al., 2016;  Jakobsen et al., 2017). Combined sofosbuvir (SF) and velpatasvir (VP) therapy resulted in high rate of sustained virologic response in HCV patients with genotype 1, 2, 3, 4, 5, or 6 treated for 12 weeks with this regimen (Feld et al., 2015; Foster et al., 2015). The mixture of 400 mg SF and 100 mg VP, newly approved by the FDA, proved to be effective in a wide range of HCV patients and with compensated cirrhosis patients (Feld et al., 2015; Foster et al., 2015). SF (Fig. 1a) is a prodrug, acts as a nucleotide inhibitor of NS5B polymerase, and administered alone or in a mixture with other drugs (McQuaid et al., 2015), VP (Fig. 1b) is a second-generation inhibitor of NS5A protein which is fundamental for HCV replication (Greig, 2016).
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Fig. 1(a) SF and (b) VP structure (c) absorption spectra of 40 μg/mL SF overlapped with 10 μg/mL VP


Literature revealed few articles on the simultaneous analysis of SF and VP in this novel mixture. These include RP-HPLC (Vanaja et al., 2018; Rani & Devanna, 2017; Tahir et al., 2018), LC-MS/MS (Elkady & Aboelwafa, 2018), HPTLC (Rezk et al., 2019a; Saraya et al., 2019), UPLC (Rezk et al., 2018; Moustapha et al., 2019; Kamal et al., 2019), spectrophotometry (Kamal et al., 2019; Rezk et al., 2019b; Attia et al., 2018), and spectrofluorimetry (El-Gamal et al., 2018; Omar et al., 2018).
Spectrophotometric and spectrofluorimetric methods are two of the greenest analytical methods available because of the minimum solvent consumption and instrumental hazards (Van Aken et al., 2006; Gałuszka et al., 2012). Also, they are widely available techniques in most of the analytical laboratories with minimum expenses. Therefore, they are commonly used for the determination of many analytical mixtures (Kamal et al., 2019; Rezk et al., 2019b; Attia et al., 2018; El-Gamal et al., 2018; Omar et al., 2018). However, the great overlap in the absorption spectra of the selected mixture of SF and VP (Fig. 1c) presents a challenge for their simultaneous spectrophotometric analysis. Thus, the goal of this study is to develop methods for the determination of each drug without interference of the other drug in the same mixture without any previous sample separation.
Three spectrophotometric methods (Kamal et al., 2019; Rezk et al., 2019b; Attia et al., 2018) were published for the determination of SF and VP. Kamal et. al (Kamal et al., 2019) and Rezk et. al. (Rezk et al., 2019b) were able to determine SF in the mixture by applying the ratio difference (Kamal et al., 2019; Rezk et al., 2019b), first derivative of ratio spectra method (Kamal et al., 2019; Rezk et al., 2019b), dual-wavelength (Rezk et al., 2019b) and ratio subtraction (Rezk et al., 2019b). While Attia et. al (Attia et al., 2018) applied Savitsky–Golay filters signal processing to enable determination of SF in its binary mixture with VP. On the other hand, VP was determined in presence of SF by the first derivative of ratio spectra and ratio difference methods (Kamal et al., 2019) and by direct zero-order spectrophotometric method at 302.5 nm (Rezk et al., 2019b) and 339 nm (Attia et al., 2018). While the reported spectrofluorimetric methods, El-Gamal et. al. (El-Gamal et al., 2018) and Omar et. al. (Omar et al., 2018), have employed native fluorescence intensity measurements of VP in methanol at 385 nm and 400 nm after excitation at 295 nm (El-Gamal et al., 2018) and in methanol and various surface-active agents at 383 nm after excitation at 339 nm (Omar et al., 2018).
The objective of this study is to develop green sensitive and simple spectrophotometric methods that can displace the hazardous conventional methods for the determination of SF and VP. In this work, three spectrophotometric methods were suggested for the detection of SF in presence of VP. These methods include derivative ratio (2DD), delta absorbance (ΔA, ΔD1), and derivative compensation. Moreover, colorimetric methods (ElKimary & El-Yazbi, 2016; El-Yazbi, 2017; Ibrahim et al., 2017; El-Yazbi et al., 2019) can be used for the specific analysis of VP. In this study, two specific methods were proposed for the detection of VP by its specific reaction with NBD-Cl and MBTH reagents without interference from SF. The developed work offers simple, rapid, inexpensive methods for the analysis of SF and VP in their bulk and combined dosage form without any interference from each other. Analytical eco-scale protocol was also applied to evaluate the greenness of our developed method compared to some of the chromatographic reported methods where they did not consider any green analytical practices in terms of hazardous chemicals, energy consumption, and waste production (Van Aken et al., 2006; Gałuszka et al., 2012). Our results prove that although the spectrophotometric methods face the challenge of determining each drug in the presence of the other and not their simultaneous determination at the same time, such methods have the advantage of being greener than various chromatographic methods. Also, the ICH guidelines (International Conference on Harmonization; Validation of aAnalytical pProcedures, 2005) were applied on all the proposed methods to assure validation of the methods for routine work and quality assurance in pharmaceutical industries.
Experimental
Materials and reagents
SF and VP were kindly supplied as a gift sample by Amriya Pharmaceutical Industries, Alexandria, Egypt. Analytical grade chemicals were used (Methanol, Acetone, HCl), purchased from El-Nasr Pharmaceutical Co., Cairo, Egypt. A total of 0.2% methanolic solution of NBD-Cl (4-chloro-7-nitrobenzo-2-oxo-1,3-diazole) brought from Sigma Chemical Co., St. Louis, USA. Borate buffer pH 8 prepared from (boric acid and potassium chloride). A total of 0.01 M MBTH (3-methyl-2-benzothiazolinone hydrazone hydrochloride) (Fluka, Switzerland) prepared in 0.1 M HCl, 1% w/v Fe(III) chloride (Nice Chemical CO., Kerala, India) dissolved in 0.1 N HCl. Epclusa® tablets containing 400 mg SF and 100 mg VP were obtained from the local market.
Instrumentation
Perkin Elmer LS 45 Luminescence Spectrometer used for measuring the fluorescence spectra and intensity values, connected with a lamp 150 W Xenon, and data are recorded on a personal computer supplied with FL Win Lab Software.
All the spectrophotometric measurements were performed on Shimadzu UV Model 1800 spectrophotometer with a pair of 1 cm matched quartz cells. The pH of all the buffer solutions was measured using a pH-Meter Model pH 211 (Hanna instruments, USA), and an MLW type thermostatically controlled water bath was used.
Standard solutions
SF and VP standard stock solutions of 1 mg/ml (5 mg/ml for NBD-Cl method) were prepared in methanol and stored in the refrigerator.
Construction of the calibration graphs
Determination of SF in presence of VP
Derivative ratio method (2DD)
Different volumes of stock solution of SF were transferred into 10-mL volumetric flasks to prepare solutions in the range 5-50 μg/ml using methanol. Then the absorption spectrum of each solution together with that of a solution containing 10 μg/ml of VP was scanned within the range 200-400 nm. DD method is carried out by dividing, wavelength by wavelength, each SF absorption spectrum by that of 10 μg/mL VP as a divisor to obtain the ratio spectrum (Fig. 2a). Thereafter, the second derivative of the obtained ratio spectrum is calculated using Δλ = 6 (Fig. 2b). The second derivative amplitude at 254 nm is proportional to the concentration of SF; therefore, the calibration graph is used to determine the concentration of SF in the mixture.
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Fig. 2a Ratio spectrum of 40 μg/mL SF using a devisor of 10 μg/mL VP, b second derivative ratio spectrum of 40 μg/mL SF using 10 μg/mL VP divisor at Δλ = 6 nm, c second derivative spectrum of ratio spectra of 40 μg/mL SF using 10 μg/mL VP divisor superimposed with the synthetic mixture of 40 μg/mL SF and 10 μg/mL VP using 10 μg/mL VP divisor, d second derivative spectrum of ratio spectrum of 40 μg/mL SF using 10 μg/mL VP divisor at Δλ = 2 nm, e second derivative spectrum of ratio spectrum of 40 μg/mL SF using 10 μg/mL VP divisor at Δλ = 4 nm, f second derivative spectrum of ratio spectrum of 40 μg/mL SF using 10 μg/mL VP divisor at Δλ = 8 nm



Derivative compensation
The undesirable absorption during spectrophotometric analysis can be determined and removed by the non-mathematical method called the compensation method. Different volumes from the VP stock solution within the range 4-20 μg/mL were prepared in methanol and their absorption spectra were recorded and then the corresponding first derivative spectra were calculated. The D1 values of each solution were recorded at the specified λ and the corresponding D1 ratios for standard VP were calculated (Table 1). Fixed concentration of the mixture solution containing 40 μg/mL SF: 10 μg/mL VP was placed in the sample compartment while solutions of different concentrations of SF below or above the concentration present in the mixture were placed in the blank compartment. The first derivative spectrum (D1) of each solution was recorded and at each time the corresponding D1 ratios were calculated at the specified λ (Table 1). To detect the exact balance point, the D1 ratio of the mixture must equal that of pure VP (El-Yazbi et al., 2007) where the concentration of SF in the mixture compartment is the same as that in the blank compartment.
Table 1Ratios of the derivative modes at the specified wavelengths for VP


	Compound
	Conc. range μg/mL
	Ratio
	Ratio result

	VP
	4
	D1 273/D1 299
	0.585

	8
	0.575

	10
	0.596

	12
	0.599

	16
	0.599

	20
	0.584

	 	Mean ± RSD%
	0.589 ± 1.68

	VP
	4
	D1 273/D1 355
	0.524

	8
	0.511

	10
	0.505

	12
	0.529

	16
	0.509

	20
	0.507

	 	Mean ± RSD%
	0.514 ± 1.88





Graphical method
A graphical method is suggested to detect the exact balance point in order to avoid the several preparations of different concentrations of SF standard solutions. The compensation method steps were followed and a line was obtained (Fig. 3) by plotting the mixture derivative ratio calculated in each instance against the reference pure SF concentration. By replacing the ratio of pure VP from the graph the concentration of SF could be interpolated easily.
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Fig. 3Graphical plot of the (a) (D1 273/D1 299) and (b) D1 273/D1 355 ratio of VP-SF mixture in the sample cell versus SF in the reference cell for the determination of SF



Delta absorbance method (Δ A)
Equal volumes of SF standard solution within the concentration range 5-50 μg/mL were transferred into two sets of 10-ml volumetric flasks. The first set was diluted to mark with 0.1 N NaOH and the second set was diluted with 0.1 N HCl. The absorption of the drug solutions in 0.1 N NaOH was measured against the corresponding drug solutions in 0.1 N HCl to obtain the Δ A spectra (Fig. 4c) and then its first derivative (Δ D1) spectra (Fig. 4d). The values of ΔA and Δ D1 amplitudes were measured at 232and 245 nm, respectively.
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Fig. 4a Δ A absorption spectrum of 40 μg/mL SF and the synthetic mixture 0f 40 μg/mL SF and 10 μg/mL VP, b first derivative of Δ A overlapped absorption spectra of 40 μg/mL SF and synthetic mix of 40 μg/mL SF and 10 μg/mL VP, c Δ A absorbance spectra of SF in 0.1 N NaOH against SF of the same concentration in 0.1 N HCl, d first derivative of Δ A absorbance spectra of SF in 0.1 N NaOH against SF of the same concentration in 0.1 N HCl



Determination of VP in presence of SF
Spectrophotometric and spectroflurimetric determination of VP using 4-chloro-7-nitrobenzofurazan (NBD-Cl)
Spectrophotometric method
Into a set of 10-ml volumetric flasks, different volumes of stock VP solution in the concentration range 5-500 μg/ml were transferred. One milliliter of 0.2 M borate buffer pH 8 was added and then 3 ml of 0.2% methanolic solution of NBD-Cl. The solutions were heated in a thermostatically controlled water bath at 80 °C for 30 min and then cooled in an ice bath; thereafter, 1 ml of 0.2 M HCl was added. Finally, the solutions were completed to mark with acetone.
Each solution absorbance was measured at 436 nm. A calibration curve was obtained by plotting the absorbance values against the concentrations and the data of the regression equation recorded in Table 2.
Table 2Regression equation parameters of the spectrophotometric and spectrofluorimetric proposed methods for the determination of SF and VP


	Parameter
	2DD
	Δ A
	Δ D1
	NBD-Cl-UV
	NBD-Cl-Flu
	MBTH-UV

	Wavelength (nm)
	254
	232
	245
	436
	λem/ex 550/480
	709

	Linearity range (μg/mL)
	5.00-50.00
	5.00-50.00
	5.00-50.00
	5.00-500.00
	0.50-20.00
	5.00-150.00

	Regression equation: Intercept (a)
	0.009
	-0.0105
	-0.001
	0.0083
	416.26
	0.0564

	Slope (b)
	0.0237
	0.0265
	0.0043
	0.001
	11.215
	0.004

	Correlation coefficient (r)
	0.9996
	0.9991
	0.9992
	0.9997
	0.9997
	0.9996

	LOD (μg/mL)
	0.471
	0.318
	0.773
	0.87
	0.08
	1.03

	LOQ (μg/mL)
	1.568
	1.062
	2.578
	2.87
	0.27
	3.44





Spectrofluorimetric method
Different volumes from a stock solution of VP within the range of 0.5-20 μg/mL were transferred into a set of 10 ml volumetric flasks, 1 ml of 0.2 M borate buffer pH 8 was added followed by 1 ml of 0.2% methanolic solution of NBD-Cl. The solutions were heated at 80 °C for 20 min in a thermostatically controlled water bath and then cooled in an ice bath; thereafter, 0.5 ml of 0.2 M HCl was added. Finally, the solutions were completed to volume with acetone. Then, the fluorescence intensity at λem/ex 550/480 nm was measured and recorded. The fluorescence intensity values were plotted against the concentrations and a calibration curve was obtained with the data of regression equation recorded in Table 2.

Spectrophotometric determination of VP using MBTH
Dilutions from the standard solution of VP were transferred to a set of 10 ml volumetric flasks within the range 5-150 μg/mL. To each flask, 2 mL of freshly prepared 0.01 M MBTH solution was added, followed by 3 ml of 1% w/v ferric (III) chloride solution. The contents were mixed very well and left to stand for 15 min where a deep blue color is produced, then completed to volume with 0.1 N HCl. Finally, the absorbance is recorded at 709 nm against the blank solution. A linear calibration curve is obtained by plotting the absorbance values against the corresponding concentrations. Data of the regression equation were mentioned in Table 2.

Analysis of pharmaceutical dosage form
Ten tablets of Epclusa®, tablets reported to contain 400 mg SF and 100 mg VP, were weighed and crushed into a fine powder, and an accurately weighed amount of powder equivalent to 40 mg of SF and 10 mg VP, was transferred to a 25-mL volumetric flask and dissolved in a small amount of methanol followed by sonication for 20 min. The flask was completed to volume with methanol, mixed, and filtered. The filtrate of the tablets was analyzed spectrophotometrically and spectrofluorimetrically under the conditions mentioned above in the construction of the calibration curve section.
Results and discussion
Direct spectrophotometric determination of both SF and VP simultaneously in their mixture is not feasible because of the high spectral overlap (Fig. 1c) between SF and VP which represents a real challenge in the analysis of such formulation. Therefore, the proposed study describes three methods for the specific determination of SF in presence of VP, and two specific colorimetric methods for the determination of VP in presence of SF in their bulk and pharmaceutical form.
Determination of SF in presence of VP
Derivative ratio method
Figure 1c shows that the UV absorption spectrum of SF is completely overlapped by that of VP.
This interference was resolved using the suggested derivative ratio spectrum method. SF was determined by dividing the absorption spectra of SF and the mixture solutions, wavelength by wavelength, by VP standard solution (10 μg/mL) in order to obtain the corresponding ratio spectra (Fig. 2c), the second derivative of the ratio spectrum was preferred over the first derivative as it produced a better resolution. Best results for the determination of SF concentration without any contribution of VP were obtained by measuring the 2DD amplitude at 254 nm. The derivative ratio method was optimized by testing the effect of variables as the Δλ and the divisor concentration. In order to obtain the optimum wavelength interval for the second derivative of the ratio spectra, the effect of different Δλ intervals (2, 4, 6, and 8 nm) were studied (Fig. 2b, d, e, f). The obtained results showed that Δλ = 6 obtained the best reproducibility for the determination of SF using this method. The influence of the divisor concentration on the calibration graph was also tested. The obtained results showed that the divisor concentration is proportional to the second derivative values, so increasing or decreasing the divisor concentration results in a decrease or increase in the second derivative values, in spite that, the maxima and minima remain at the same wavelengths. The optimum divisor concentration for VP is 10 μg/mL. The calibration graph gave a linear straight line by plotting the second derivative values at 254 nm against the corresponding concentrations. The regression equation data are found in Table 2.
Derivative compensation
The spectrophotometric derivative compensation method was established for the determination of SF in presence of VP. The D1 maximum ratios for VP were calculated and the mean of the ratio values for six determinations of VP were recorded in Table 1 and used for the determination of the exact balance point. The suggested method proved to have good reproducibility indicated by RSD% < 2.
SF concentration was detected by placing the mixture in the sample compartment and different concentrations of SF solutions in the reference compartment. In order to determine the exact balance point, the mixture D1 ratios were compared with the VP ratios. At that point where the mixture ratio is equal to that of the VP, the SF concentration in the mixture corresponded to that in the reference compartment (Wahbi et al., 1992).
Detailed steps in the compensation method can be eliminated by the graphical method. A straight line was achieved from the graphical method by plotting the mixture ratio calculated against the reference SF concentration (Fig. 3).
Delta absorbance method (Δ A)
The application of ΔA method is very beneficial as it removes the error due to any interfering absorbing substance. The aim of this method is to measure the absorption spectrum of SF in different solvents. The choice of the solvents is based on affecting SF structure in order to obtain two different absorption spectra in the two solvents (Ragab et al., 2018). Subtracting these two spectra would allow the selective determination of only SF and would overcome the interference of VP.
In this work, SF obtained different absorption spectra in 0.1 N NaOH and 0.1 N HCl. SF delta absorbance (Δ A) and its first derivative (Δ D1) spectra measured in 0.1 N NaOH against 0.1 N HCl are shown in Fig. 4. As shown in the figure, at 232 nm, the SF ΔA spectrum is superimposed with the mixture ΔA spectrum, indicating the ΔA method can successfully determine SF in its mixture with VP without any interference from VP. The ΔD1 (Fig. 4b) was obtained by examining different Δλ intervals and showed that optimum results were achieved with Δλ = 2. Determination of SF in presence of VP is carried out by measuring the Δ A value at 232 nm and Δ D1 with Δλ = 2 at 245 nm.
Determination of VP in presence of SF
NBD-Cl and MBTH are selected in order to selectively react with VP in presence of SF, without any interference from SF present in the mixture (Fig. 5a, c).
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Fig. 5a Absorption spectra of the colored reaction product obtained from VP, SF, and SF-VP mixture reaction with 0.2% w/v NBD-Cl. b Fluorescence excitation (1) and emission (2) spectra of the reaction product of VP (5 μg/mL) with 0.2% w/v NBD-Cl. c Absorption spectra of the colored reaction product obtained from VP, SF, and SF-VP mixture reaction with MBTH in presence of the oxidant Fe(III) chloride


Determination of VP in presence of SF using NBD-Cl
In the NBD-Cl method, VP was found to react with NBD-Cl in borate buffer pH 8 yielding a highly fluorescent yellow product with maximum absorption at 436 nm and exhibiting strong fluorescence at 550 nm, after excitation at 480 nm (Fig. 5b) (Miyano et al., 1985; Walash et al., 2011; El-Yazbi et al., 2016; Darwish et al., 2009; Attia et al., 2017; Annenkov et al., 2015; Rageh et al., 2010; Omar et al., 2017; Mohamed et al., 2019). This reaction occurs as NBD-Cl reacts with the amine group in the VP under mild alkaline conditions yielding a highly fluorescent yellow colored derivative as shown in Scheme 1 (Miyano et al., 1985; Walash et al., 2011; El-Yazbi et al., 2016; Darwish et al., 2009; Attia et al., 2017; Annenkov et al., 2015; Rageh et al., 2010; Omar et al., 2017; Mohamed et al., 2019).
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Scheme 1Proposed reaction pathway of VP and NBD-Cl


2.1.1.Optimization of reaction conditions
Different conditions were studied for the spectrophotometric and spectrofluorimetric development and stability of the colored product. The effects of variation in the reagent volume, temperature, pH, reaction time, etc., have been examined to optimize such conditions.
2.1.1.1.Effect of NBD-Cl concentration
The impact of the volume of NBD-Cl was studied using different volumes of 0.2% of the reagent in borate buffer, pH 8. The UV absorbance and fluorescence intensity increases proportionally as the volume of the reagent increases until reaching their maxima at 1 mL and 3 ml for the spectrofluorimetric and spectrophotometric methods, respectively, after that gradual decrease in the absorbance and the fluorescence intensity values occur. Therefore, 1 mL of 0.2% NBD-Cl solution was chosen as the optimal volume of the reagent for spectrofluorimetric method, while 3 mL was the optimal volume for spectrophotometric method (Fig. 6a, b).
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Fig. 6Effect of NBD-Cl volume on absorbance a and on fluorescence intensity b of the reaction product. Effect of buffer pH on absorbance c and on fluorescence intensity d of the reaction product. Effect of buffer volume on absorbance e and fluorescence intensity f of the reaction product. Effect of heating temperature on absorbance g and fluorescence intensity h of the reaction product. Effect of heating time on absorbance i and fluorescence intensity j of the reaction product. Effect of HCl volume on absorbance k and fluorescence intensity l of the reaction product. For absorbance measurements, 50 μg/mL of VP was used with 0.2% w/v NBD-Cl and for fluorescence intensity measurements, 10 μg/mL of VP was used with 0.2% w/v NBD-Cl



2.1.1.2.Effect of buffer pH and volume
The influence of pH on the absorbance and the fluorescence intensity of the resulting products was studied. Maximum values were reached at pH 8 for both methods, after which both the absorbance and fluorescence intensity progressively decreased (Fig. 6c, d). This decrease in fluorescence was previously reported (El-Yazbi et al., 2016; Darwish et al., 2009; Attia et al., 2017) and was attributed to the formation of NBD-OH in the excess quantity of hydroxide ion that prohibits the reaction of NBD-Cl with the drug.
Phosphate buffer with the same pH was also tested and compared with 0.2 M borate buffer. It was found that the absorbance and fluorescence intensity were higher in borate buffer. Therefore, borate buffer is superior to phosphate buffer with the same pH and this is possibly due to the rate of hydrolysis of NBD-Cl to NBD-OH was much slower which agrees with Miyano et al. (Miyano et al., 1985).
The buffer volume was also examined where the absorbance and fluorescence intensity increased as the volume increased until reaching their maxima at 1 mL after which they decreased gradually. So, the optimum buffer volume in this study was 1 mL for both the spectrofluorimetric and spectrophotometric methods (Fig. 6e, f).

2.1.1.3.Effect of Heating temperature and time
Heating temperature and time are two main experimental conditions that must be optimized as the reaction is kinetically stimulated. Different temperature settings and time intervals were studied in a thermostatically controlled water bath (Fig. 6 g, h, i, j). The optimum conditions were found to be heating at 80 °C for 20 min for the spectrofluorimetric method, while for the spectrophotometric method the highest absorbance was obtained upon heating at 80 °C for 30 min.

2.1.1.4.Effect of HCl volume
The fluorescence intensity or the absorbance value of the obtained product of NBD-Cl, namely, 4-hydroxy7-nitrobenzo-2-oxa-1,3-diazole (NBD-OH) is produced by lowering the pH of the reaction medium to 1. Thus, before the measurement of the fluorescence intensity or absorbance value, the reaction mixture is acidified producing a noticeable decrease in the background fluorescence or absorbance due to the formation of NBD-OH without affecting the drug reagent adduct, consequently, the sensitivity was increased (Walash et al., 2011).
Therefore, different HCl volumes were investigated for the acidification of the reaction mixture. It was found that optimum acidified conditions were reached using 0.5 mL of 0.2 M HCl for the spectrofluorimetric method and using 1 mL of 0.2 M HCl for the spectrophotometric method (Fig. 6 k, l).

2.1.1.5.Effect of diluting solvent
Different diluting solvents were tested as methanol, borate buffer pH 8, acetonitrile, diethyl ether, water, ethanol, and acetone. The best fluorescence intensity and absorbance value was reached using acetone as a diluting solvent.
All the abovementioned optimum conditions were used for validating this method for the determination of VP in the presence of SF.

Determination of VP in presence of SF using MBTH
For the MBTH method, VP reacts with MBTH in presence of Fe(III) as an oxidizing agent through oxidative coupling (Scheme 2) yielding a colored product with an absorption maximum at 709 nm (Fig. 5c) (Ribeiro et al., 2009; El-Yazbi et al., 1993a; El-Kommos, 1987; El-Yazbi et al., 1984; El-Yazbi et al., 1993b; El-Yazbi et al., 1999; El-Ragehy et al., 2001; Sowjanya et al., 2011; Anthon & Barrett, 2004; Granja et al., 2018). On oxidation of MBTH with the oxidant, Fe(III) chloride, MBTH loses two electrons and one proton resulting in the formation of the active coupling species called electrophilic intermediate (Ribeiro et al., 2009; El-Yazbi et al., 1993a; El-Kommos, 1987; El-Yazbi et al., 1984; El-Yazbi et al., 1993b; El-Yazbi et al., 1999; El-Ragehy et al., 2001; Sowjanya et al., 2011; Anthon & Barrett, 2004; Granja et al., 2018). The carbon atom with maximum electron density in VP is attacked by the electrophile (Scheme 2) yielding the deep blue product with a specific absorption maximum at 709 nm specific to VP (Ribeiro et al., 2009; El-Yazbi et al., 1993a; El-Kommos, 1987; El-Yazbi et al., 1984; El-Yazbi et al., 1993b; El-Yazbi et al., 1999; El-Ragehy et al., 2001; Sowjanya et al., 2011; Anthon & Barrett, 2004; Granja et al., 2018). Figure 5c demonstrates the absorption spectra for the deep blue product obtained from VP solution alone and in presence of SF, showing no interference from SF with the absorption maximum of VP-colored product.
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Scheme 2Proposed reaction pathway of VP and MBTH


Optimization of reaction conditions
Different conditions were studied for the spectrophotometric development and stability of the colored product. The effects of different oxidizing agents, and their concentration, MBTH concentration temperature, reaction time, etc., have been examined to optimize such conditions.
Influence of different oxidizing agents
The procedure was applied using two oxidizing agents: Ce (IV) sulfate and Fe(III) chloride. Fe(III) offered the highest absorbance and the maximum color intensity with the reaction product as shown in Fig. 7a.
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Fig. 7a Absorption spectra of the reaction product of VP with 0.01 M MBTH using 1% w/v Fe(III) chloride and Ce (IV) sulfate, b the effect of 1% w/v Fe(III) volume on the absorbance of the reaction product using VP (50 μg/mL), c effect of 0.01 M MBTH volume on the absorbance of the reaction product using VP (50 μg/mL), d effect of reaction time on the absorbance of the reaction product using VP (50 μg/mL) in presence of 0.01 M MBTH and 1% w/v Fe(III), e effect of diluting solvent on the absorbance of the reaction product using VP (50 μg/mL) in presence of 0.01 M MBTH and 1% w/v Fe(III)



Influence of ferric chloride volume
Maximum color intensity and stability was achieved using 3 mL of 1% w/v Fe(III) chloride in the above procedure (Fig. 7b). Chromogen oxidation or several oxidation products are expected to occur in higher concentrations of the oxidant leading to color fainting with time (El-Kommos, 1987).

Influence of MBTH volume
Different volumes (0.5-3 mL) of freshly prepared 0.01 M MBTH were tested, 2 mL of 0.01 M MBTH was found to give the optimum maximum color intensity and absorbance (Fig. 7c).

Influence of heating
The effect of heating was examined; however, the maximum absorbance was achieved at room temperature.

Influence of time
After optimization of MBTH and Fe(III) chloride conditions, the time for color development was studied at different time intervals (5-35 min). As shown in (Fig. 7d), maximum absorbance was achieved after 15 min.

Influence of the diluent
Different diluting solvents as methanol, acetonitrile, acetone, water, and HCl, were studied to decide the solvent used in this reaction. The deep blue colored product was obtained by water and HCl in contrast to the other solvents that gave deep green color. As shown in Fig. 7e, HCl is the diluting solvent chosen as it gave maximum absorbance.

Influence of the sequence of addition
The sequence of addition is very critical for the color development, maximum color intensity was obtained by the addition of VP, MBTH, and Fe(III) then the abovementioned procedure was followed.
All the abovementioned optimum conditions were used for validating this method for the determination of VP in the presence of SF.

Method validation
The method is validated according to the ICH guidelines (International Conference on Harmonization; Validation of aAnalytical pProcedures, 2005) regarding linearity, accuracy, precision, limit of detection (LOD), and limit of quantitation (LOQ).
Linearity
Six concentrations of SF and VP were analyzed using the suggested methods in order to evaluate linearity. SF solutions of 5-50 μg/mL concentrations were used for all the proposed spectrophotometric methods. While for VP, solutions of 5-500 and 0.5-20 μg/mL concentrations were used for the NBD-Cl spectrophotometric and spectrofluorimetric methods, respectively. Also, for the MBTH method, 5-150 μg/mL VP solutions were used. Results are demonstrated in Table 2 with R2 greater than 0.999 and RSD% less than 2, showing good linearity for all proposed methods.
Accuracy and precision
Three different concentrations of SF and VP mixture within the linearity range were determined in triplicates by the developed methods. Results show accepted mean% recoveries with low Er (%) indicating good accuracy (Table 3).
Table 3Intra-day and inter-day precision of derivative ratio, delta absorbance, first derivative of delta A for the determination of SF in presence of VP and for spectrophotometric (UV) and spectrofluorimetric (flu) determination of VP in presence of SF using NBD-Cl and MBTH method


	Determination of SF in presence of VP

	SF (μg/mL)
	Mean % recovery ± SD
	RSD% (a)
	Er (%) (b)

	2DD
	ΔA
	ΔD1
	2DD
	Δ A
	Δ D1
	2DD
	ΔA
	ΔD1

	Intra-day precision

	10
	100.56 ± 0.64
	99.14 ± 1.16
	99.74 ± 1.817
	0.64
	1.17
	1.82
	0.56
	−0.86
	−0.26

	30
	101.64 ± 0.94
	101.21 ± 1.52
	101.98 ± 0.958
	0.92
	1.51
	0.94
	1.64
	1.21
	1.98

	60
	102.11 ± 0.19
	101.18 ± 1.86
	101.59 ± 1.36
	0.18
	1.84
	1.34
	2.11
	1.18
	1.59

	Inter-day precision

	10
	100.37 ± 1.83
	99.68 ± 0.58
	100.77 ± 1.34
	1.82
	0.58
	1.33
	0.37
	−0.31
	0.77

	30
	101.29 ± 0.82
	100.77 ± 1.02
	101.55 ± 1.34
	0.8
	1.01
	1.32
	1.29
	0.77
	1.32

	60
	102.52 ± 0.44
	101.02 ± 0.48
	101.16 ± 1.02
	0.42
	0.47
	1.01
	2.52
	1.02
	1.16

	Determination of VP in presence of SF

	VP (μg/mL)
	Mean % recovery ± SD
	RSD %(a)
	Er (%)(b)

	NBD-Cl
	MBTH
	NBD-Cl
	MBTH
	NBD-Cl
	MBTH

	UV
	Flu
	UV
	UV
	Flu
	UV
	UV
	Flu
	UV

	Intra-day precision

	20 μg/ml (UV)
4 μg/ml (flu)
	99 ± 1
	100.28 ± 1.64
	100.33 ± 1.91
	1.01
	1.63
	1.9
	−1
	0.28
	0.33

	50 μg/ml (UV)
10 μg/ml (flu)
	99.2 ± 1.113
	98.98 ± 0.82
	100.97 ± 1.04
	1.122
	0.83
	1.03
	−0.8
	−1.01
	0.97

	150 μg/ml (UV)
15 μg/ml (flu)
	100.66 ± 1.75
	99.37 ± 0.66
	100.32 ± 0.75
	1.74
	0.67
	0.75
	0.66
	−0.62
	0.32

	Inter-day precision

	20 μg/ml (UV)
4 μg/ml (flu)
	99.88 ± 1.495
	101.19 ± 1.56
	99.08 ± 1.91
	1.497
	1.54
	1.93
	−0.11
	1.19
	−0.92

	50 μg/ml (UV)
10 μg/ml (flu)
	99.51 ± 0.922
	99.54 ± 0.94
	99.80 ± 1.00
	0.927
	0.95
	1
	−0.488
	−0.46
	−0.2

	150 μg/ml (UV)
15 μg/ml (flu)
	100.44 ± 1.236
	99.17 ± 0.48
	99.66 ± 0.79
	1.23
	0.49
	0.79
	0.44
	−0.83
	−0.34


(a)% Relative standard deviation
(b)% Error



Intra-day precision was evaluated by measuring three different concentrations of SF and VP where each concentration is measured three times within the day using the developed methods. The inter-day precision was assessed in the same way but on various 3 days. The results of RSD% were less than 2 indicating the precision of the developed methods (Table 3).
LOD and LOQ
LOD and LOQ were calculated and evaluated (Table 2) by the use of the developed methods LOQ = 10σ/b and LOD = 3.3σ/b, where σ is the standard deviation of a blank replicate and b is the slope of the calibration graph. Results show that all the suggested methods have low LOD and LOQ indicating the sensitivity of the proposed methods.
Specificity
Determination of the drugs in the different ratios of the synthetic mixtures without any interference from any substance present in the mixture proved the selectivity of the suggested methods for the detection of SF and VP in presence of each other.
Standard solutions stability
Stock standard solutions under test were found to be stable for 2 weeks when stored at 4 °C in the refrigerator and through the day at room temperature.
Analysis of SF and VP in pharmaceutical dosage form
Determination of SF and VP in their pharmaceutical tablets (Epclusa® tablets) was carried out by applying the proposed methods. The obtained results were statistically compared with those of the reported methods. This comparison was carried out using variance ratio F test and student’s t test. Table 4 shows the obtained results demonstrating no considerable difference between the execution of the two methods concerning accuracy and precision.
Table 4Assay results for the determination of SF and VP in pharmaceutical dosage forma using all the proposed methods (n = 5)


	 	SF
	VP

	2DD
	ΔA
	ΔD1
	DC
	Reference method (Rezk et al., 2019b)
	NBD-Cl-UV
	NBD-Cl-Flu
	MBTH-UV
	Reference method (Attia et al., 2018)

	λ (nm)
	254
	232
	245
	D1 273/D1 299
	D1 273/D1 355
	260
	436
	λem/ex, 550/480
	709
	339

	% Recovery
	101.0
	100.5
	100.4
	100.2
	99.8
	99.1
	99.8
	100.4
	99.8
	100.9

	SD
	1.165
	0.82
	1.463
	0.84
	1.16
	0.95
	0.92
	0.66
	1.44
	0.78

	t test(b)
	1.13
	2.08
	2.17
	2.14
	1.83
	N/A
	1.86
	0.36
	1.83
	N/A

	F test(b)
	2.15
	1.07
	2.36
	1.11
	2.81
	N/A
	5.87
	1.08
	1.02
	N/A


(a)Epclusa® tablets reported to contain 400 mg SF and 100 mg VP
(b)Theoretical values of t and F for p = 0.05 are 2.31 and 6.39, respectively



Comparison to other reported methods
Literature reveals few methods for the estimation of SF and VP in pharmaceutical dosage forms. Three spectrophotometric methods (Kamal et al., 2019; Rezk et al., 2019b; Attia et al., 2018) have been reported where SF was determined in the mixture by applying the ratio difference (Kamal et al., 2019; Rezk et al., 2019b), first derivative of ratio spectra method (Kamal et al., 2019; Rezk et al., 2019b), dual wavelength (Rezk et al., 2019b), ratio subtraction (Rezk et al., 2019b), and Savitsky–Golay filters signal processing (Attia et al., 2018). On the other hand, VP has been determined in presence of SF by the first derivative of ratio spectra and ratio difference methods (Kamal et al., 2019) and by direct zero-order spectrophotometric method at 302.5 nm (Rezk et al., 2019b) and 339 nm (Attia et al., 2018). While the reported spectrofluorimetric methods have employed native fluorescence intensity measurements of VP in methanol at 385 nm and 400 nm after excitation at 295 nm (El-Gamal et al., 2018) and in methanol and various surface-active agents at 383 nm after excitation at 339 nm (Omar et al., 2018).
Tables 5 and 6 present the comparison of the proposed methods with other reported spectrophotometric methods for the determination of SF and VP in presence of each other.
Table 5Comparison of the proposed method for SF and VP determination with other reported methods: Determination of SF in presence of VP


	Determination of SF in presence of VP

	Point of comparison
	Proposed method
	Reference (Kamal et al., 2019)
	Reference (Rezk et al., 2019b)
	Reference (Attia et al., 2018)

	Determination method
	Derivative ratio (2DD), delta absorbance (ΔA, Δ D1), and derivative compensation
	First derivative of ratio spectra (1 DD) and ratio difference spectrophotometry (RD)
	Dual wavelength (DW), ratio subtraction (RS), ratio difference (RD), and first derivative of ratio spectra method (1 DD)
	First derivative of SF spectra, calculated by Savitsky–Golay filters, at 251 nm

	Linearity range (μg/mL)
	5-50
	5-50
	5-90
	4–40

	LOD (μg/mL)
	(2DD) 0.471
	(ΔA) 0.318
	(Δ D1) 0.773
	(1 DD) 0.150
	(RD) 0.106
	(DW) 1.21
	(RS) 1.32
	(RD) 1.19
	(1 DD) 1.38
	0.913

	LOQ (μg/mL)
	(2DD) 1.568
	(ΔA) 1.062
	(Δ D1) 2.578
	(1 DD) 0.454
	(RD) 0.322
	(DW) 3.67
	(RS) 4.01
	(RD) 3.61
	(1 DD) 4.17
	2.767

	Applications
	Synthetic mixture, dosage form
	Determination of drugs in dosage form
	Laboratory prepared mixtures and dosage form
	Determination of drugs in pharmaceutical dosage form



Table 6Comparison of the proposed method for SF and VP determination with other reported methods: Determination of VP in presence of SF


	Determination of VP in presence of SF

	Point of Comparison
	Proposed method
	Reference (Kamal et al., 2019)
	Reference (Rezk et al., 2019b)
	Reference (Attia et al., 2018)
	Reference (El-Gamal et al., 2018)

	Determination method
	Spectrophotometric determination using NBD-Cl and MBTH reagents and spectofluorimetric determination using NBD-Cl reagent
	First derivative of ratio spectra and ratio difference spectrophotometry
	Zero-order spectrophotometric method at 302.5 nm
	Direct spectrophotometric determination of VP at 339 nm
	Spectrofluorimetric quantification of VP in methanol at 385 nm and 400 nm

	Linearity range (μg/mL)
	Spectrophotometry, NBD-Cl 5-500
	Spectroflourimetry, NBD-Cl 0.5-20
	Spectrophotometry, MBTH 5-150
	5-45
	2-30
	4–40
	2.0–20.0

	LOD (μg/mL)
	0.87
	0.08
	1.03
	(1 DD) 0.063
	(RD) 0.054
	0.38
	0.655
	0.146 at 385 nm, 0.378 at 400 nm

	LOQ (μg/mL)
	2.87
	0.27
	3.44
	(1 DD) 0.190
	(RD) 0.164
	1.16
	1.985
	0.444 at 385 nm, 1.147 at 400 nm

	Applications
	Synthetic mixture, dosage form
	Determination of drugs in dosage form
	Laboratory prepared mixtures and dosage form
	Determination of drugs in pharmaceutical dosage form
	Analysis of VP in its commercial tablet formulation




Results show that the derivative ratio (2DD), delta absorbance (ΔA, ΔD1), and derivative compensation methods, proposed in this work for the determination of SF in presence of VP, are of better or comparable sensitivity to other reported methods (Kamal et al., 2019; Rezk et al., 2019b; Attia et al., 2018). This is demonstrated by the LOD and LOQ values in Table 5. While for the determination of VP in presence of SF, the proposed NBD-Cl spectrofluorimetric method proves to be the most sensitive method compared to all the reported spectrophotometric methods (Kamal et al.,2019; Rezk et al., 2019b; Attia et al., 2018; El-Gamal et al., 2018). Moreover, our proposed colorimetric methods have comparable sensitivity to other reported methods (Kamal et al., 2019; Rezk et al., 2019b; Attia et al., 2018) but have wider linearity range which increase the scope of applicability of our proposed methods for the determination of the selected mixture in different matrixes (Table 6). Also, the use of inexpensive reagents and simple instrumentations promotes our proposed methods to be used for routine analysis of VP and SF pharmaceutical formulations in quality control laboratories.
Assessment of method greenness
Ideal green analysis is achieved by removing or minimizing the usage of hazardous chemicals, reducing energy consumption and the least amount of waste production. The greenness profile of an analytical method is evaluated by the use of an analytical eco-scale tool which is considered a semi-quantitative tool for the assessment of the method greenness (Van Aken et al., 2006). Penalty points are used for calculating the eco-scale score, where the high score value indicates a green economic analytical technique regarding reagents, hazards, waste produced, and energy used (Gałuszka et al., 2012). Total penalty points of the entire procedure is subtracted from the ideal score value, 100, to calculate the analytical eco-scale score (Mohamed & Lamie, 2016). The proposed methods eco-scale score was compared with other reported method scores (Vanaja et al., 2018; Elkady & Aboelwafa, 2018) as shown in Table 7. The proposed methods high eco-scale value > 75 indicate that our technique is an excellent green analysis compared to other reported methods (Table 7). Therefore, the proposed methods proved to be eco-friendly, simple, and accurate technique for the analysis of SF and VP without any interference from each other in the pharmaceutical formulation to be used in routine analysis and quality control laboratories. Moreover, our results prove that although the spectrophotometric methods face the challenge of determining each drug in the presence of the other and not their simultaneous determination at the same time, such methods have the advantage of being greener than various chromatographic methods.
Table 7The penalty points for the determination of SF and VP for the reported methods and the proposed spectrophotometric method


	Reagents/instruments
	Penalty points

	Proposed spectrophotometer method
	Reported HPLC method (Vanaja et al., 2018)
	Reported LC-MS/MS method (Elkady &Aboelwafa, 2018)

	Methanol
	12
	18
	18

	Triethylamine
	-
	6
	-

	Phosphate buffer
	-
	0
	-

	Phosphoric acid
	-
	2
	-

	Borate buffer
	0
	-
	-

	MBTH
	-
	-
	-

	NBD-Cl
	0
	-
	-

	Formic acid
	-
	-
	2

	Acetonitrile
	-
	-
	12

	Acetone
	-
	-
	-

	Ferric chloride
	0
	-
	-

	UV-Vis spectrophotometer
	0
	-
	-

	 HPLC
	-
	0
	 -

	 LC-MS
	-
	-
	2

	Occupational hazard
	0
	0
	0

	 Waste
	6
	6
	8

	Total penalty points
	Σ22
	Σ32
	Σ42

	Analytical eco-scale
Total score
	78
	68
	58




Conclusion
The novel mixture of SF and VP was analyzed using inexpensive simple, accurate, rapid, and environment-friendly methods for the detection and determination of SF and VP in presence of each other without prior separation. The developed methods were identified to be specific, feasible, and reliable. Due to the high spectral overlap between SF and VP, SF was determined in presence of VP spectrophotometrically by the derivative ratio, the delta absorbance, and the derivative compensation methods. On the other hand, VP was analyzed in presence of SF spectrophotometrically and spectrofluorimetrically by the use of two colorimetric methods using two reagents: NBD-Cl and MBTH.
The suggested methods were applied on the synthetic mixture and the pharmaceutical tablet. Results of the percentage recovery and the relative standard deviation indicated good accuracy and precision.
When comparing our developed methods with reported methods, results showed no considerable difference with the other reported HPLC, HPTLC, and LC-MS/MS but have an advantage of being an excellent green analytical technique according to the analytical eco-scale protocol. The proposed work offers simple sample preparation, non-hazardous reagents, and inexpensive methods with no need for complicated instruments that require time for development, these advantages allow their routine application in quality assurance units in pharmaceutical industries.
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