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Abstract


In this paper, novel green HPLC and HPTLC chromatographic methods were developed for the concurrent determination of moxifloxacin, levofloxacin, and gemifloxacin in bulk and pharmaceutical products. The green HPLC method was used on Thermo C18 (4.6 × 250 mm, 5 µm). By mixing ethanol and 20 mM sodium dihydrogen phosphate dihydrate (pH 5) in a ratio of 25:75, v/v, the mobile phase was created using isocratic elution. The flow rate was 1 mLmin−1. The studied antibiotics were separated well within 9.5 min. The green HPTLC method was used on coated HPTLC aluminum sheets with Silica gel 60 F254 using a mobile phase mixture of water: acetone: ammonia (8:1:1, v/v/v). Compact and well-resolved peaks were obtained under chamber-saturation circumstances for the standard fluoroquinolone antibiotics. Both methods were optimized individually, validated by ICH, and assessed using the Green analytical procedure index (GAPI). The methods were applied to pharmaceutical products and compared with the published methods for the determination of each of these antibiotics individually, using Student’s t-test. They can be used by quality-control laboratories in pharmaceutical factories as sensitive eco-friendly methods for the analysis of these drugs and for the detection of cross-contamination during manufacturing processes.
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1. Introduction


Quinolones are antibiotics that are widely utilized in both human and veterinary medicine. These medications hinder essential bacterial enzymes (DNA gyrase and topoisomerase IV) that unwind the DNA helix to replicate and transcribe [1]. They have been used as antibiotics for more than five decades owing to their strong potency, excellent absorption, broad spectrum of activity, convenient preparations, high serum concentrations, and low frequency of side effects [1]. First-generation medications, such as nalidixic acid, have low serum concentrations. Second-generation quinolones, such as ciprofloxacin, have greater Gram-negative and systemic activity. Third-generation medications, such as levofloxacin and moxifloxacin, and fourth-generation medications, such as gemifloxacin, have increased activity against Gram-positive bacteria and atypical pathogens. These novel fluoroquinolones have broad-spectrum bactericidal action, good tissue penetration, and favorable safety and tolerability profiles [2]. Levofloxacin hemihydrate, (LV), is (-)-(S)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl -1-piperazinyl]-7-oxo-7H-Pyridol [1,2,3-di]-1,4-benzoxazine-6-carboxylic acid hemihydrate [3]. The optical S-(-) isomer of racemic ofloxacin is LV. LV has prolonged activity against Gram-positive bacteria and atypical pathogens [2]. It is used to treat bacterial infections in adults, including those that affect the skin, urinary system, prostate, and upper and lower respiratory tracts. Moxifloxacin hydrochloride (MX) is {1-cyclopropyl-7-[2,8-diazobicyclo (4.3.0) nonane]-6-fluoro- 8-methoxy-1,4 dihydro-4-oxo-3-quinoline carboxylic acid hydrochloride. It is considered a broad-spectrum antibiotic that inhibits cell reproduction by hindering DNA gyrase [3]. It is used to treat lung and sinus infections such as pneumonia, sinusitis, bacterial conjunctivitis, and subsequent infections in chronic bronchitis [3]. Gemifloxacin mesylate (GM) is (R,S)-7-[(4Z)-3- (aminomethyl)-4- (methoxyimino) -1-pyrrolidinyl]-1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-1,8-naphthyridine-3- carboxylic acid methane sulfonate [3], which has favorable safety and tolerability characteristics, significant tissue penetration, and broad-spectrum antibacterial action.



It is used to treat mild to moderate pneumonia as well as acute bacterial exacerbations of chronic bronchitis [3]. Common adverse effects of fluoroquinolones include tendon injury and risk of myocardial arrhythmias [4].



Different analytical approaches have been proposed for determining these fluoroquinolones in pure dosage forms and biological fluids. Spectrophotometric methods included determining MX [5,6], MX and GM [7], LV [8], GM with ambroxol or linezolid [9,10], LV with the fluorescence method [11], and MX with LV [12]. Electrochemical methods were also reported for the determination of quinolones [13,14]. The reported HPTLC methods included the determination of MX in tablets [15], MX with other fluoroquinolone antibiotics in industrial wastewater [16], LV with ornidazole or cefpodoxime [17,18] and GM [19,20]; the reported HPLC methods involved the determination of MX [21,22,23], LV [24,25], MX by stability studies [26], LV in urine [27], and GM in pharmaceutical and biological matrices [28,29,30,31,32,33].



These fluoroquinolone antibiotics have relatively similar chemical structures, and distinguishing between them is considered a challenge. Many pharmaceutical factories produce these antibiotics; therefore, there is a real need for rapid, sensitive, and eco-friendly analytical methods for their simultaneous analysis to prevent cross-contamination during manufacturing processes and also for cleaning-validation processes. According to a literature survey, no report was found for the simultaneous determination of these antibiotics in tablet dosage forms by means of HPLC and HPTLC methods.



Reversed-phase HPLC is the analytical method that is most frequently used in the research and manufacturing of pharmaceutical drugs, including the quality control of bulk medications and pharmaceutical formulations. Organic solvents, including acetonitrile, hydrocarbons, and dichloromethane, are combustible, poisonous, and costly to buy and dispose of. In our investigation, ethanol was employed, which is environmentally benign, because greening analytical methodologies have attracted significant concern in the field of pharmaceutical analysis. These methodologies help to decrease negative environmental effects, avoid the use or production of hazardous materials, and improve analyst health safety [34].



In order to improve the resolution of the compounds to be separated and to enable quantitative analysis of the compounds, the analytical technique HPTLC, based on TLC, has been improved. Some of the improvements include the use of higher-quality TLC plates in the stationary phase with finer particle sizes, which allows for better resolution. The separation can be enhanced further by developing the plate many times with multiple development tools. Consequently, HPTLC provides higher resolution and a lower detection limit (LOD) [35].



Therefore, the aim of this study was to create two new methods, HPLC and HPTLC, for the concurrent identification and quantification of these fluoroquinolone antibiotics to assist pharmaceutical factories in detecting and preventing cross-contamination and to have the opportunity to choose any of these two eco-friendly methods. Both methods were optimized, validated, and applied to pharmaceutical products.




2. Experimental


2.1. Instrumentation


A Camag HPTLC system (Muttenz, Switzerland) was employed. It included Linomat 5 sample applicator, HPTLC plate heater III, TLC scanner 3, UV cabinet, 100 μL Hamilton Syringe (Bonaduz, Schweiz), twin trough development chambers (for 10 cm × 10 cm sheets), and winCATS 1.3.4 software, used for analytical purposes. Coated HPTLC aluminum sheets with Silica gel 60 F254 (Darmstadt, Germany) were used as the stationary phase. Mettler Toledo balance (OH, USA) model XP 205 was used for weighing the chemicals and reagents. An Agilent 1220 Infinity LC system (G4294B configuration; Agilent Technologies, Santa Clara, CA, USA) was used, which consisted of a dual-solvent delivery system, an autosampler, and a diode array detector (DAD).




2.2. Chemicals and Reagents


E.G.P.I. (Egyptian group for pharmaceutical industries) company, Egypt, supplied pharmaceutical standards of LV and MX; they were certified to contain 99.9% and 99.8%, respectively. GM was provided by Utopia pharmaceutical company, Egypt. Ethanol was HPLC-grade from Chem-Lab grade; methanol was HPLC-grade (CHROMASOLV®, Seelze, Germany). Acetic acid, ethyl acetate, acetone, ammonia, acetonitrile, tetrahydrofuran (THF), toluene, and hexane were analytical grade. De-ionized water was made using the Millipore water purification system. Sodium dihydrogen orthophosphate dihydrate, phosphoric acid, sodium lauryl sulfate, sodium hydroxide, triethanolamine (TEA), and triethyl amine were analytical grade.




2.3. Pharmaceutical Samples


Advancrib® tablets (batch No. 042) (E.G.P.I, Egypt), 400 mg MX, Monosho® tablets (batch no. 042) (E.G.P.I, Egypt), 400 mg LV, and Quinabiotic® tablets (batch no. 042) (Utopia Pharmaceuticals, Egypt), 320 mg GM, were the tablets used to prepare samples.




2.4. Chromatographic Conditions


2.4.1. For HPLC Method


Thermo C18 column (4.6 × 250 mm, 5 µm) was used for the green HPLC method of analysis. By mixing ethanol and 20 mM sodium dihydrogen phosphate dihydrate (pH was adjusted to 5 using NaOH) in a ratio of 25:75, v/v, the mobile phase was made using isocratic elution. The injection volume was 20 µL, and the flow rate was 1 mL/ min. The detector was set to wavelength at 350 nm. All measurements were made at a temperature of 25 °C.




2.4.2. For HTPLC Method


As bands, sample and standard solutions were put on HPTLC plates. The mobile phase was a tertiary combination of water, acetone, and ammonia (8:1:1 v/v/v). The development chamber was saturated with the mobile phase for 20 min. Prior to sample application, all HPTLC plates were activated for 10 min at 60 °C. Bands of 3 mm length, 8 mm spacing, and 10 mm from the plate’s bottom were used. The HPTLC plate was air-dried and scanned at 260 nm after developing over an 8 cm distance. The scan length and width were adjusted to cover the entire band.





2.5. Standard Solutions and Calibration


2.5.1. For HPLC Method


MX, LV, and GM were each dissolved in ethanol to a concentration of 0.2 mg mL−1 before being stored at 4 °C to create separate stock solutions of the analytes for use in the subsequent creation of the working solutions.



The standard stock solutions were further diluted with ethanol to produce working solutions, which had a concentration range of 0.1–25 µg mL−1 for each drug separately.



The injected volume of 20 µL was performed three times for each concentration and analyzed under the previously reported chromatographic conditions. The values of peak area were plotted versus the concentrations. Linear correlations were discovered.




2.5.2. For HPTLC Method


Stock standard solutions for each drug, 100 μg mL−1, were prepared. In order to achieve final concentration ranges of 0.1 to 3 µg/band for GM and 0.05 to 2 µg/band for LV and MX, various volumes of stock standard solutions ranging from 1 to 30 μL for GM and from 0.5 to 20 μL for LV and MX were spotted on the TLC plates. The plates were created using the mobile phase that was previously described. By relating the integrated area under the peak to the relevant concentrations as µg/band, calibration curves were constructed.





2.6. Analysis of the Studied Antibiotics in Their Dosage Forms by Proposed Methods


Each commercial product’s twenty tablets were weighed and ground separately to create the samples. For each drug, an amount of powder equal to 20 mg was carefully weighed, deposited in a 100 mL volumetric flask, and dissolved in ethanol by means of the ultrasonic bath for 20 min and then cooled to room temperature. With the same solvent, the solution was then diluted to volume before being filtered through 0.45 µm membrane filters. The initial portion of the filtrate was discarded, and the remaining filtrate was utilized to create a stock sample solution. Using ethanol, more dilution was created to achieve the concentration range of 0.1–25.0 µg mL−1 for each drug separately for the HPLC method and concentration range of 0.1–3.0 µg/band for GM, and 0.05–2.00 µg/band for LV and MX, for the HPTLC method. The general procedures for both methods previously investigated have been made and the concentrations of the antibiotics found were calculated.





3. Results and Discussion


3.1. Method Development and Optimization


The goal of this approach was to develop accurate, sensitive, and time-saving LC methods for the simultaneous quantification of these antibiotics in raw materials and tablets. Therefore, the DAD responses of these drugs were studied. The suitable wavelength for the HPLC method that enables effective drug separation with sufficient sensitivity was determined to be 350 nm, and 260 nm was chosen for the HPTLC method for its good separation of these antibiotics with reasonable sensitivity.



Several changes in the mobile phase composition were studied to increase the performance of the chromatographic method. Different aqueous phases were tested for the HPLC method with ethanol and sodium lauryl sulfate, in which LV and GM showed forked peaks, and poor separation was achieved; also, water containing 0.05% triethanolamine was examined: the three antibiotics had broad peaks and poor signal. The most appropriate buffer was sodium dihydrogen phosphate, dehydrated at 20 mM concentration. The pH of the buffer was also studied, and three pH values were examined. The pH 3.0 resulted in peak broadening of the three antibiotics, while pH 7.0 resulted in high retardation to the appearance of the peaks, and pH 5.0 was found to be the most appropriate pH. The effect of ethanol concentration was also changed for examination. It was discovered that decreasing the acetonitrile concentration to less than 15% caused an increase in the retention time of the antibiotic peaks, resulting in peak broadening and excessive tailing, whereas increasing the acetonitrile concentration to more than 35% caused a high overlap between MX and LV. The best separation was obtained by using 25% ethanol. Using isocratic elution, acceptable results were obtained with a mobile phase comprised of ethanol: 20 mM sodium dihydrogen phosphate dihydrate, pH 5 (25:75, v/v). The flow rate was 1 mLmin−1, and the maximum HPLC response was obtained at the wavelength of 350 nm. The studied antibiotics were well separated within 9.5 min.



For the HPTLC method, several mobile phases were tried, including water: ethyl acetate: ammonia (8:1:1, v/v/v), in which LV and GM moved to the same distance away from the baseline; acetone: ammonia (7:3, v/v), ethanol: water: acetone (6:1:1, v/v/v); ethanol: ammonia: acetone (9:1:1, v/v/v); ethanol: water: ammonia: acetone (8:1:1:1, v/v/v/v); methanol: dichloromethane: ethyl acetate (6:3:1, v/v/v); acetone: ammonia: THF: water (6:2:1:1, v/v/v/v); and water: ammonia (9:1, v/v), in which all analytes remained at the baseline. These mobile phases have not achieved separation for the selected drugs. The most appropriate mobile phase was water: acetone: ammonia (8:1:1, v/v/v). The chromatogram was obtained under chamber saturation circumstances for the analysis of standard fluoroquinolone antibiotics and showed symmetrical, compact, and well-resolved peaks with Rf values of 0.55 ± 0.02, 0.75 ± 0.02, 0.83 ± 0.02 for MX, LV, and GM, respectively. The densitometric estimation of antibiotics was performed at 260 nm.



The chromatograms for both methods are shown in Figure 1, where there was a total separation of the investigated fluoroquinolones. Sharp peaks with distinct baseline separation were present. Table 1 demonstrates the system suitability results of both methods.




3.2. The Validation of the Methods


3.2.1. Linearity


In order to evaluate the linearity of the HPLC and HPTLC procedures for determining MX, LV, and GM, a series of various drug concentrations were examined. Seven concentrations were chosen, ranging between 0.1–25.0 µg mL−1 for the HPLC method and 0.1 to 3.0 µg/band for GM and 0.05–2.00 µg/band for LV and MX for the HPTLC method. To provide information about variation in peak area values between samples of the same concentration, each concentration was repeated three times. The linearity of the calibration graphs of the drugs was 0.1–25.0 µg mL−1 for the HPLC method and 0.1–3.0 µg/band for GM and 0.05–2.00 µg/band for LV and MX for the HPTLC method. The high value of the correlation coefficient confirmed validation (Table 2). The lack-of-fit statistical test was employed to check linearities and evaluate the variance of the residual values (Table S1) [36].




3.2.2. Detection and Quantitation limits


The International Conference on Harmonization (ICH) recommendations was followed [37], and the detection and quantitation limits were calculated using the standard deviation (S.D.) of the response and the slope. The theoretical values were evaluated practically and given in Table 2.




3.2.3. Selectivity


By creating eight laboratory-prepared mixes of the studied chemicals at various concentrations within the linearity range, the selectivity of the methods was assessed. Using the previously stated approaches, the laboratory-prepared mixtures were analyzed. The outcomes were satisfactory. Acceptable drug recoveries were from 98.85% to 99.41% for the HPLC approach and from 99.03% to 100.29% for the HPTLC method, suggesting the good selectivity of the developed methods for concurrent determination of MX, LV, and GM (Table S2).




3.2.4. Accuracy


Three marketed pharmaceutical formulations comprising these drugs were exposed to the standard addition procedure. The mean percentage recoveries and standard deviations for the proposed procedures were computed for six replicates. The antibiotic percent recoveries ranged from 99.29% to 99.70% for the HPLC method and from 99.01% to 101.00% for the HPTLC method, indicating good accuracy for these methods (Table S3).




3.2.5. Precision


For each compound, repeatability and intermediate precision were tested at three concentration levels. Through one-way ANOVA, the data were analyzed for each concentration level. An 8-day × 2-replicate design was used (Table S4). The p-value of the F-test was used to compare the results statistically. For each concentration level, three univariate analyses of variance were performed. Because the p-value of the F-test is consistently more than 0.05, no statistically significant difference in mean findings found from one level of day to another was found at the 95% confidence level.





3.3. Analysis of Pharmaceutical Products


The two developed methods were applied to determine LV, MX, and GM in their pharmaceutical products, Monosho®®, Advancrib®®, and Quinabiotic®®, respectively. Seven determinations were carried out, and the results achieved were acceptable for each antibiotic with regard to the labeled amount (Table 3). The chromatograms of the studied fluoroquinolones in pharmaceutical products are shown in Figures S1 and S2. The proposed methods were compared to previously published methods for the determination of each of these fluoroquinolone antibiotics by HPLC and HPTLC using Student’s t-test and F-ratio at a 95% confidence level, and no significant variation in results was found (Table 3). Furthermore, in Table 4, a comparison of figures of merit between the two developed methods and previously published methods is constructed, revealing that both developed methods have nearly the lowest limits of detection for the determination of these fluoroquinolones, in addition to their ability to quantify them simultaneously.




3.4. Evaluation of the Greenness of the Proposed Analytical Methods


There are already several methods available to examine and compare different analytical procedures in terms of their greenness. In comparison to the previous analytical eco-scale, the new Green Analytical procedure index (GAPI) [38,39] has the advantage of spanning the entire analytical technique [40,41]. It is made up of five pentagrams, each representing a step in the analytical procedure, such as sample collection, sample preparation, chemicals and solvents utilized, apparatus, and the aim of the analytical method. GAPI has three color codes, with red representing a high risk to the environment and yellow and green representing lower risk and better greenness.



Figure 2 shows the GAPI index evaluating the proposed methods for the determination of the studied antibiotics. As seen in (Figure 2a), the proposed green HPTLC method has 11 green and 4 yellow pentagrams, and no red color pentagrams appear in its GAPI index; the proposed HPLC method has 7 green and 8 yellow pentagrams, and no red color pentagrams appear in its GAPI index (Figure 2b). The GAPI pentagrams indicate that the suggested methods were green and eco-friendly due to the lack of an extraction stage and the usage of a greener solvent. The HPTLC method was logically greener than the HPLC method due to the use of instruments of lower energy and low solvent consumption and generation.





4. Conclusions


Our work offers two new HPLC and HPTLC methods for the separation and concurrent determination of the fluoroquinolone antibiotics (moxifloxacin HCl, levofloxacin hemihydrate, and gemifloxacin mesylate) in their bulk and pharmaceutical products. The conditions of both techniques, as well as the mobile phase solvents, offered a good resolution for these antibiotics. Both methods were eco-friendly according to GAPI. Furthermore, the developed HPLC method had a low separation time. ICH criteria were used to validate the methods. The methods were accurate, precise, specific, and sensitive, with low limits of detection. The methods were applied to pharmaceutical formulations. They can be safely and efficiently used by quality-control laboratories in pharmaceutical factories as fast, sensitive methods for the analysis of these drugs and for the detection of cross-contamination during manufacturing processes.
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Figure 1. (a) Typical HPLC chromatogram of diluent, (b) Typical HPLC chromatogram of 20 μL injection of prepared mixture containing 5 µg mL−1 of each of LV, MX, and GM using the proposed HPLC method; (c) HPTLC densitogram of prepared mixture containing 1 µg /band of MX, 1 µg/band of LV, and 0.7 µg/band of GM using the proposed HPTLC method. 
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Figure 2. GAPI pictograms for (a) the proposed green HPTLC method and (b) the proposed green HPLC method. 
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Table 1. The system suitability test results of the developed (A) HPLC method and (B) HPTLC for determination of the selected antibiotics.






Table 1. The system suitability test results of the developed (A) HPLC method and (B) HPTLC for determination of the selected antibiotics.





	
(A) HPLC




	
Compound

	
Retention Time

(min) a

	
%RSD b of Retention Time

	
Capacity Factor

(K′)

	
Selectivity

(α) c

	
Resolution

(Rs) c

	
Tailing Factor

	
Plate Count




	
LV

	
4.98

	
1.20

	
4.47

	
1.55 (a1)

	
2.10 (b1)

	
1.10

	
1841.02




	
MX

	
6.86

	
1.40

	
6.54

	
1.48 (a2)

	
2.28 (b2)

	
0.99

	
2820.15




	
GM

	
9.34

	
0.44

	
9.26

	

	

	
1.20

	
4118.54




	
(B) HPTLC




	
Compound

	
Retardation Factor (Rf)

	
Capacity Factor

(K′)

	
Selectivity

(α) c

	
Resolution

(Rs) c

	
Tailing Factor

	

	




	
MX

	
0.55

	
0.82

	
0.41 (a3)

	
1.60 (b3)

	
1.3

	

	




	
LV

	
0.75

	
0.33

	
0.61 (a4)

	
1.00 (b4)

	
1.2

	

	




	
GM

	
0.83

	
0.21

	

	

	
0.9

	

	








a: The retention time of unretained peak is 0.91 min. b: Relative standard deviation. c: a1, b1 are α and Rs calculated for MX-LV for HPLC method; a2, b2 are α and Rs calculated for GM-MX for HPLC method; a3, b3 are α and Rs calculated for LV-MX for HPTLC method; a4, b4 are α and Rs calculated for GM-LV for HPTLC method.













 





Table 2. Characteristic parameters of the calibration equations for the developed HPLC and HPTLC methods for determination of the selected antibiotics.
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HPLC

	

	




	
Parameters

	
LV

	
MX

	
GM




	
Calibration range (µg mL−1)

	
0.1–25.0

	
0.1–25.0

	
0.1–25.0




	
Detection limit (µg mL−1)

	
0.03

	
0.04

	
0.02




	
Quantitation limit (µg mL−1)

	
0.09

	
0.14

	
0.08




	
Regression equation (Y) a:

Slope (b)

	
17313.9

	
17405.3

	
12060.3




	
Standard deviation of the slope (Sb)

	
210.9

	
305.098

	
90.17




	
Relative standard deviation slope (%)

	
1.22

	
1.75

	
1.44




	
Intercept (a)

	
1069.84

	
71.59

	
290.6




	
Correlation coefficient (r)

	
0.9999

	
0.9998

	
0.9999




	
HPTLC




	
Parameters

	
LV

	
MX

	
GM




	
Calibration range (µg /band)

	
0.05–2.00

	
0.05–2.00

	
0.1–3.0




	
Detection limit (ng /band)

	
15.00

	
14.40

	
43.92




	
Quantitation limit (ng /band)

	
50.01

	
48.00

	
146.40




	
Regression equation (Y) a:

Slope (b)

	
20.48

	
31.20

	
22.54




	
Standard deviation of the slope (Sb)

	
0.20

	
0.23

	
0.30




	
Intercept (a)

	
−0.93

	
6.23

	
3.47




	
Correlation coefficient (r)

	
0.9997

	
0.9998

	
0.9996








a Y = a + bC, where C is the concentration in μg mL−1 for HPLC method or µg/band for HPTLC method, and Y is the peak area.













 





Table 3. Determination of GM, LV, and MX in tablet dosage forms using (a) the proposed HPTLC in comparison with reported HPTLC methods and (b) the proposed HPLC in comparison with reported HPLC methods.
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(a) HPTLC Method

	
%Recovery a ± SD

	
t-Value b

	
F-Value b




	
Proposed

	
Reported




	
Quinabiotic ®® tablets (GM)

	
100.88 ± 1.85

	
101.88 ± 0.85 c [19]

	
1.30

	
0.98




	
Monosho ®® tablets(LV)

	
98.60 ± 2.10

	
99.79 ± 0.22 c [17]

	
1.49

	
0.98




	
Advancrib ®® tablets (MX)

	
101.74 ± 0.85

	
101.2 ± 1.66 c [15]

	
0.77

	
0.99




	
(b) HPLC Method

	
%Recovery a ± SD

	

	




	
Proposed

	
Reported

	

	




	
Monosho ®® tablets(LV)

	
97.3 ± 1.10

	
98.16 ± 0.46 c [25]

	
1.91

	
0.98




	
Advancrib ®® tablets(MX)

	
100.96 ± 1.90

	
100.65 ± 1.3 c [26]

	
0.36

	
0.99




	
Quinabiotic ®® tablets(GM)

	
98.99 ± 1.00

	
99.20 ± 0.84 c [30]

	
0.43

	
1.00








a The values are mean of seven determinations. b The tabulated t- and F-values at 95% confidence limit are 2.18 and 4.28, respectively. c Reported HPTLC and HPLC methods.













 





Table 4. A comparison of figures of merit between (a) the proposed green HPLC and the previously reported HPLC methods and (b) the proposed green HPTLC and the previously reported HPTLC methods.
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(a) HPLC

	

	

	




	
Compound

	
Method

	
Linearity Range

(µg mL−1)

	
LOD

(µg mL−1)

	
LOQ

(µg mL−1)

	
Matrix

	
Ref.




	
LV

	
Proposed

	
0.1–25.0

	
0.03

	
0.09

	
Dosage form

	




	
Reported

	
50.0–150.0

	
0.03

	
0.09

	
Tablet dosage form

	
[25]




	
Reported

	
1.0–44.0

	
0.26

	
0.8

	
Dosage forms and plasma

	
[24]




	
Reported

	
0.5–16.5

	
0.03

	
0.09

	
Urine

	
[27]




	
MX

	
Proposed

	
0.1–25.0

	
0.04

	
0.14

	
Dosage form

	




	
Reported

	
20.0–60.0

	
1.8

	
5.6

	
Dosage form

	
[26]




	
Reported

	
50.0–350.0

	
0.32

	
1.01

	
Dosage form

	
[21]




	
Reported

	
5.0–15.0

	
0.7

	
2.1

	
Cleaning validation in factories

	
[22]




	
Reported

	
1.0–50.0

	
0.84

	
2.56

	
Industrial wastewater

	
[16]




	
GM

	
Proposed

	
0.1–25.0

	
0.02

	
0.08

	
Dosage form

	




	
Reported

	
5.0–25.0

	
0.171

	
0.518

	
Dosage form

	
[30]




	
Reported

	
0.1–2.5

	
0.63

	
2.1

	
Human breast milk

	
[31]




	
Reported

	
0.2–30.0

	
0.06

	
0.2

	
Rat tissues—lung, liver, and kidney

	
[32]




	
Reported

	
10.34–82.72

	
0.04

	
0.13

	
Bulk and pharmaceutical formulation

	
[33]




	
(b) HPTLC




	
Compound

	
Method

	
Linearity Range

(µg/Band)

	
LOD

(ng/Band)

	
LOQ

(ng/Band)

	
Matrix

	
Ref.




	
GM

	
Proposed

	
0.1–3.0

	
43.92

	
146.40

	
Dosage form

	




	
Reported

	
0.1–0.7

	
45.00

	
150.00

	
Rabbit plasma

	
[20]




	
Reported

	
0.002–0.180

	
0.28

	
0.86

	
Dosage form

	
[19]




	
LV

	
Proposed

	
0.05–2.00

	
14.40

	
48.00

	
Dosage form

	




	
Reported

	
0.05–0.25

	
0.11

	
0.36

	
Dosage forms

	
[17]




	
Reported

	
0.13–0.75

	
-

	
-

	
Tablet dosage form

	
[18]




	
MX

	
Proposed

	
0.05–2.00

	
15.00

	
50.01

	
Dosage form

	




	
Reported

	
9.0–54.0

	
-

	
-

	
Dosage form

	
[15]




	
Reported

	
1.2–2.0

	
33.31

	
100.95

	
Ophthalmic Dosage form

	
[23]
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