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Abstract

:

Background: Analytical techniques are a crucial method used in quality control procedures. Fusidic acid (FU), an antibacterial drug, is available on the market in a semisolid dosage form. This work aimed to develop a simple, sensitive, and robust UPLC assay for FU. Method: The effect of the formic acid concentration (X1 (1%, 0.55%, and 0.1%)), and column temperature (X2 (40, 32.5, and 25 °C)) on the retention time, peak area, and peak height were determined. Results: The results show that a long retention time of 1.18 min can be achieved with a low column temperature and a low to medium concentration of formic acid. A good peak height resolution was obtained with a low concentration of formic acid at different temperature settings. The optimized condition was suggested by the software program to analyze the drug in a mobile phase, consisting of 72% acetonitrile and 28% water containing 0.1% formic acid with a column temperature adjusted to 40 °C. Conclusion: The method was validated in terms of linearity, accuracy, precision, and robustness. In addition, the stability degradation study determined that the method can separate the drug from other degradation production. The method was applicable to determine the drug content in the marketed product.
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1. Introduction


Quality control is a crucial procedure for the pharmaceutical industry. Drugs must be marketed as safe and in therapeutically active formulations in which performance is reliable and anticipated. To guarantee the batch-to-batch quality, reproducibility, dependability, and performance, drug products are subjected to two categories of tests: product quality tests and product performance tests. Product quality tests are carried out to evaluate the characteristics including assay, identification, content uniformity, pH, microbiological limits, minimum fill, and part of the compendial monograph. Product performance tests are carried out to evaluate medication release from the completed dosage form and should be capable of detecting any change in the drug release [1]. As there is a relationship between biopharmaceutics and PK/PD, any change in the release characteristics may reflect a change in the absorption and, therefore, the pharmacological effect [2].



In order to meet medical needs, the pharmaceutical and biopharmaceutical industries continue to develop and market pharmaceutical products. Guaranteeing the quality and safety of active pharmaceutical ingredients (API) and drug products is challenging. Effective analytical techniques are important to sufficiently achieve product quality attributes through the release, stability, and post-marketing stages. Improving the analytical method may act as a dual action. First, from an industrial point of view, it is important to develop an economically viable method, that uses less amounts of chemicals, produces less waste, and is safe and reproducible. On the other hand, improving the analytical method plays a crucial role and ensures higher product quality and, therefore, increases consumer safety [3]. Nevertheless, acceptable quality can solely be achieved when the analytical technique undergoes a reasonable validation process [3]. Analytical validation involves a formal, systematic, and documented tool that calculates the capacity of an analytical technique to provide reliable, accurate, and reproducible outcomes [3].



The validation of methods is an ongoing process. The objective is to ensure the reliability of the analytical data throughout product development. The term “method validation” refers to the procedure of showing (via scientific studies) that an analytical method is suitable for its intended purpose [4]. The U.S. Food and Drugs Administration’s (FDA) recent draft document “Analytical Procedures and Methods Validation: Chemistry, Manufacturing, and Controls Documentation” provides guidelines on method development and validation for new non-compendial test methods. This new document covers the method development and validation process for products included in investigational new drug (IND), new drug application (NDA), and abbreviated new drug application (ANDA) submissions. As a result, regulatory agencies’ expectations for method development and validation are clear. A great deal of effort has been devoted in recent years to the harmonization of pharmaceutical regulatory requirements in the United States, Europe, and Japan. The International Conference on Harmonization (ICH) has issued guidelines for analytical method validation, as part of this initiative. U.S. Pharmacopeia (USP) and the latest FDA draft guidance document on methods validation both make reference to the ICH guidelines [5].



Over the past decades, FU has been used for treating Staphylococcus aureus infections. It is a tetracyclic triterpenoid derived from Fusidium coccineum [6]. In vitro, it has good efficacy against Staphylococcal spp., counting methicillin-resistant strains. Moreover, it has good activity against enterococci, streptococci, and Gram-negative anaerobes [7]. However, it is not active against Enterobacteriaceae [8]. FU acts by inhibiting the protein synthesis via interference with the function of elongation factor G (EF-G), which causes the inhibition of peptide translocation and ribosome disassembly [9]. Bacteriostatic action is the main effect of FU, but it can be bactericidal at high concentrations [10]. In recent years, topical FU has been used more frequently for skin infections, suggesting resistance selection [11]. For resistance control, combination therapy with different antimicrobials may be useful and effective.



Several studies were conducted for the analysis of FU alone or in combination with other drugs in bulk pharmaceutical dosage form or human plasma using the conventional HPLC technique. Shewale et al., developed a validate HPLC method for a topical dosage form containing FU and beclomethasone dipropionate. The developed assay separated the two drugs, with a flow rate of 2.5 mL/min. Unless the flow rate is in the normal range for liquid chromatography (1–3.5 mL/min), increasing the flow rate will increase the pressure and this could adversely affect the system’s pump [12]. In another work, a developed HPLC assay was established to analyze FU in tablet dosage form. The system flow rate was 1 mL/min and the drug separated after 7 min [13]. Generally, these HPLC analytical methodologies used flow rates higher than 1 mL and the drug chromatogram was separated after a period longer than 8 min [14,15,16,17]. It is time consuming and uses a complex mobile phase that requires pH control. These systems should be developed using a more economical and ecofriendly method.



UPLC shows several advantages over other types of chromatography techniques. Liquid–liquid chromatography (LLC) consumes large volumes of water-immiscible organic solvents, which makes the process labor intensive, time consuming, and non-ecofriendly. In contrast, UPLC, which refers to ultra-performance liquid chromatography, enhances mainly three areas: “speed, resolution, and sensitivity”. In other words, it is a sensitive form of analysis that reduces the consumption of solvents and has a high speed of analysis.



Shifting from the HPLC to the UPLC method with a column composed of sub-2 µm particles results in several advantages. It provides rapid analytical techniques with improved resolution within a shorter time. The UPLC analytical method could be considered as a routine laboratory and industrial analysis for API and drug products, with the full benefits of lower cost and faster time with higher throughput [18].



The selection of the mobile phase plays an important role in the separation, as well as its effects on the system’s sustainability. Based on the previous works applied to FU, most of the mobile systems used phosphoric acid, which is metal corrosive and irritant and is incompatible with LC/MS. Formic acid is less harmful and compatible with the LC/MS system [19].



The regular analytical methods are generally implemented by evaluating one parameter for the predictable response, one factor at a time (OFAT), while others remain constant, however this demonstrates a limitation in estimating the interaction between the factors. Furthermore, it is impossible to predict the analytical response, the number of experiments, and the time needed in the presence of many conditions, which were not evaluated. Moreover, elevated risk in method failure and protocol revalidation after method transfer or alternative method development is required. Therefore, ICH10 introduces the analytical quality by design (AQbD) approach. AQbD is a trend in the pharmaceutical industry involving the implementation of analytical quality by design (AQbD) in the method development process as a part of risk management, pharmaceutical development, and the pharmaceutical quality system [20]. Sharma et al. (2019), studied the effect of the mobile phase constituents on critical analytical attributes (CAA), such as the tailing factor, assay, and the number of theoretical plates (N). It was found that increasing the water concentration from 30 to 40% had no effect on the tailing factor, but it significantly affected the N value [20].



Therefore, the present study aimed to analyze FU by using UPLC analytical procedures to minimize the consumption of the mobile phase and energy by applying a low flow rate and separating the drug within a very short retention time. An optimized and validated UPLC method was developed for the analysis of FU, and the experiment tools designed were utilized to investigate the effect of different concentrations of formic acid and different column temperatures on the analytical responses, including retention time (X1), peak area (X2), and peak height (X3).




2. Experimental


2.1. Material


Fusidic acid (FU) was purchased from Xi’an Sheerherb Biological Technology Co., Ltd. (Singapore). Formic acid ≥ 98% was obtained from Sigma-Aldrich (Steinheim, Germany). HPLC grade methanol was also obtained (Riedel-de Haën Laboratory Chemicals, Selzer, Germany). Deionized water was obtained from a Milli-Q water purification system (Millipore, Waltham, MA, USA).




2.2. Methods


2.2.1. Design of Experiment (DoE)


A 32 full factorial experimental design was used to illustrate the outcome of two independent factors, which were the formic acid concentration and column temperature, on the FU chromatogram properties, namely the retention time, peak area, and peak height. The Design Expert® software (Stat-Ease, Minneapolis, MN, USA) was used. Three concentrations of formic acid (1%, 0.55%, and 0.1%) and three different column temperatures (40, 32.5, and 25 °C) were selected to illustrate the influence of these two independent factors on the chromatogram responses, as shown in Table 1.




2.2.2. System and Conditions


The study operated with a highly sensitive UHPLC system (Ultimate 3000® binary solvent manager (Thermo Fisher scientific, Waltham, MA, United States), prepared with an automatic sampler and a photodiode array (PDA) detector. The separation was carried out by reverse-phase isocratic elution using a mobile phase consisting of 72% acetonitrile and 28% water containing different percentages of formic acid, delivered at a 0.3 mL/min flow rate through an Acquity® UPLC column HSS C18 (2.1 × 50 mm, 1.7 μm). The total run time was 2.0 min, and recognition was performed at 250 nm and applied at different temperatures. A working media of 50 ppm of FU in methanol was utilized in the analytical procedures.




2.2.3. Preparation of Standard Stock Solution, Calibration, and Quality Control Samples


A stock solution containing 100 ppm was prepared by dissolving 0.01 g of FU in 100 mL of methanol. Serial dilutions (1–100 ppm) from this stock were made in methanol. Triplicate injections for each percentage were conducted. The peak area was schemed against each concentration to acquire the calibration curve, and the corresponding regression equation was derived.




2.2.4. UPLC Analytical Validation


The strategy was validated according to the guidelines from the USFDA for bioanalytical methods (USFDA, 2001), and the European Medicines Agency (EMA, 2012) procedure was assessed in terms of several factors such as linearity, selectivity, sensitivity, precision, accuracy, the limit of detection, and the limit of quantitation.



Linearity and Range


Suitable dilutions of the FU stock solution (100 ppm) were used to prepare the concentrations within the calibration range of 1–100 ppm (1, 5, 25, 50, 75, 100 ppm). Triplicate injections for each percentage were conducted. Calibration solutions were injected in ascending order at each verification. The mathematical linear regression equation and correlation coefficient (R2) were used to statistically assess the linearity of the outcomes.




Accuracy and Precision


The intra-day accuracy and precision were evaluated by utilizing triplicate determinations of six FU standards within 24 h. However, the inter-day accuracy and precision were assessed in triplicate on three consecutive days. The general preciseness of the technique was explicit as relative standard deviation (%RSD), and the accuracy of the technique was explicit in terms of the % of the drug recovered.




Robustness


Robustness is described as the capacity of an analytical technique to stay robust, which means unchanged by slight modifications in the technique such as the flow rate, column age, column temperature, and detection wavelength, etc., and other environmental aspects (room temperature, humidity, etc.). This was investigated by modifying three parameters in the developed procedure, which were flow rate, wavelength, and temperature, by utilizing three different flow rates (0.28, 0.30, and 0.32 mL/min), three different wavelengths (248, 250, and 252 nm), and three different temperatures (38, 40, and 42 °C).




System Suitability


The tailing factor (T), asymmetry factor (AS), and reproducibility (%RSD) were determined from the replicant injection.


  T a i l i n g   f a c t o r   T   =   a + b  /  2 b    



(1)




where b is the peak width after the peak center at 20% peak height and a is the peak width before the peak center.


  A s y m m e t r y   f a c t o r ( A s ) =   b  /  a    



(2)




where b is the peak width after the peak center at 10% peak height and a is the peak width before the peak center.




Forced Degradation Studies


A concentration of FU was exposed to hydrolysis under four different conditions. One part (v:v) of FU was mixed with four parts of 0.1 N HCl for acidic stress, 0.1 N NaOH for basic stress, or 30% H2O2. For thermal stress, 5 mL of the FU was placed in a hot air oven for 2 days at 50 °C.





2.2.5. Application of the Developed Method on Content Uniformity


The developed method was used to determine the content uniformity of FU in marketed cream (Leo, SN: 0036073975008585, LOT: C62270, EXP: 09/24). A vertical cut was performed from the upper rim to the bottom seal of the tube. A sample of 0.25 g of the cream was taken from the top, middle, and bottom of the tube. The samples were dissolved in 100 mL of phosphate buffer at a pH of 6.8. For complete extraction, the flasks were placed in a mechanical shaker water bath adjusted to 37 °C for 2 h. This solution was then filtered, and the content was measured using the developed UPLC assay.






3. Results and Discussion


3.1. Design of Experiment (DoE)


3.1.1. Effect on Retention Time (RT)


The effects of formic acid and column temperature (the independent factors) on the FU chromatogram retention time, peak area, and, peak height analyzed by ANOVA are listed in Table 2 and the Pareto standardized chart in Figure 1.



As shown in the ANOVA table (Table 2), the column temperature exerted a significant antagonistic effect on the FU chromatogram retention time (p value = 0.0120). In contrast, the concentration of the formic acid, quadratic effects (X1X1 and X2X2), and the interactive factors (X1X2) did not show any significant effect on the retention time (p value > 0.05).



Figure 2 shows the individual effects of formic acid and column temperature on the chromatogram retention time. The results indicated that increasing the column temperature resulted in shortening the chromatogram retention time, while formic acid at lower concentrations resulted in increasing the retention time, followed by increasing retention at higher formic acid levels, but both effects were insignificant.



The contour plot (Figure 3) shows that high retention time values were obtained in the region for the low temperature with medium and higher formic acid concentrations. Similarly, Table 3 reveals that the shortest retention value (0.862 ± 0.042 min) was obtained in the case when the highest formic acid concentration (1%) was used along with the highest column temperature (40 °C).



The effect of column temperature on the retention time of the UPLC chromatogram was studied by several investigators, who concluded that UPLC chromatogram is highly affected by the column temperature. Raising the column temperature may result in lowering the viscosity of the mobile phase solvent and, hence, lowering the backpressure [21,22].



Yang et al. [23], indicated that both retention time and peak area of analytes’ chromatograms were reduced by raising the column temperature, but the analyst should make sure that the column efficiency is either improved or kept almost unaffected when increasing the temperature in the low temperature range [23].




3.1.2. Effect on Peak Area


The ANOVA for the effect of formic acid and column temperature on the FU chromatogram peak area is shown in Table 2 and the standardized Pareto chart in Figure 1. The obtained data results indicated that the individual effects (X1 and X2), the interactive effect of formic acid temperature (X1X2), and the quadratic effects did not exert a significant impact on the drug chromatogram peak area. The Pareto chart indicated an agonistic effect by the formic acid quadratic value and its temperature interaction on the chromatogram peak area, in addition to antagonistic effects by the temperature and its quadratic value on the response. However, these effects were insignificant (p value > 0.05).



The individual effects of formic acid and column temperature on the chromatogram retention time are depicted in Figure 2. The results showed that increasing the formic acid concentration in the mobile phase resulted in a slight reduction in the peak area, followed by slight increases at higher formic acid values. In contrast, the rise in column temperature resulted in a slight increase in the chromatogram peak area, while formic acid at lower concentrations resulted in increasing the retention time, followed by increasing the retention at higher formic acid levels, but both effects were insignificant.



Lower and medium values for the FU chromatogram peak area were depicted at all formic acid levels with medium temperatures, while higher values in the response were observed for low formic acid concentrations and higher temperatures, as illustrated by the contour plot in Figure 3.




3.1.3. Effect on Peak Height


The effect of formic acid concentration and column temperature on the peak height of the FU chromatogram is displayed in the standardized Pareto chart in Figure 1 and Table 2. There was a highly significant antagonistic effect (p = 0.0041) by formic acid on the chromatogram peak height. However, the individual effect of the temperature, the interactive effect of the formic acid temperature (X1X2), and quadratic effects on the peak height of the drug chromatogram were insignificant (p value > 0.05).



The individual effects of formic acid and column temperature on the peak height of the FU UPLC chromatogram are illustrated in Figure 2. Increasing the formic acid concentration in the mobile phase caused a noticeable reduction in the chromatogram peak height, while elevating the column temperature led to a slight and insignificant decrease in the chromatogram peak height.



The contour plots, as shown in Figure 3, on the effects of formic acid and column temperature on the peak height of the drug chromatogram denote that the highest values in the chromatogram peak height were obtained at lower values of formic acid and temperature. Moreover, higher values in the response were noticed for low formic acid concentrations with medium and higher temperatures.



The antagonistic effects of formic acid on the FU chromatogram peak area and peak height might be explained based on the analyte nature. The elution is dependent on the ionization of analyte molecules and, as FU is an acidic drug, since increasing the formic acid concentration kept the drug molecules in a unionized form, this resulted in decreasing the chromatogram peak area and peak height by reducing the elution efficiency [23,24]. Ibrahim et al. [25] used the QbD approach in the analysis of glibenclamide, an acidic antidiabetic drug. They showed that by increasing the concentration of formic acid in the mobile phase up to 0.5%, the mobile phase was more acidic and the drug appeared in the unionized form, resulting in lower resolution, which was reflected in the peak height.





3.2. Optimization of UPLC Conditions for FU Analysis


Based on statistical analysis of the effect of the dependent factors (formic acid, X1, and column temperature, X2) on the FU UPLC chromatogram attributes, the optimization conditions were suggested based on the following desirability: minimum chromatogram retention time, maximum peak area, and maximum peak height.



Based on the modeling made by the statistic software, the following factors were suggested by the software for the optimal UPLC conditions for FU analysis: formic acid = 0.1% and temperature = 40 °C, as shown in Table 4. The predicted and observed values for the responses of the FU UPLC chromatogram optimized analytical conditions are listed in Table 4, which were found to be close to each other. The observed retention time for the FU chromatogram was 1.02 ± 0.019 min (the predicted retention time was 1.02 min). The observed chromatogram peak area was 3.70 ± 0.0.043 mAU/min compared to the predicted value (3.45 mAU/min) with a peak height value of 40.64 ± 0.77 mAU (the predicted value was 40.23 mAU).



The UPLC chromatogram for FU obtained by the optimized analytical conditions is depicted in Figure 4, in which the drug peak appeared at a retention time of 1.023 min. The chromatogram also showed the mobile phase peak at 0.5 min.




3.3. Method Validation


3.3.1. Linearity


The UPLC assay method for FU was linear in the concentration range from 1 to 100 ppm, as shown in Figure 5. The correlation coefficient was 0.999, with a linear regression equation of Y = 0.0541X − 0.0076.




3.3.2. Limit of Detection and Limit of Quantitation


According to the LOD and LOQ equations, they were calculated based on the SD of the intercept and the slope for the constructed calibration curve. The LOD was 0.123 ppm and the LOQ was 0.373 ppm. These smallest values indicate the sensitivity of the used method.




3.3.3. Accuracy and Precision


The accuracy of the assay used was determined by calculating the % recovery of three nominal concentrations (1, 50, 75 ppm) and their RSD% (Table 5). The % recovery ranged from 89.353 ± 1.564 to 100.922 ± 1.463, with an RSD% of less than 2. Regarding the precision, a measured concentration, as well as an RSD%, were calculated intra and intra-day (Table 5). The RSD% for all aspects was less than 2%, indicating a precise assay method even with varied parameters.




3.3.4. Robustness


The study’s robustness was performed by changing the wavelength, temperature, and flow rate. The values obtained on the statistical parameters for the chromatographic responses (retention time, peak area, and peak height) for all the variations of the detection wavelength, temperature, and the flow rate at the target concentration of 52 ppm are shown in Table 6. The calculated RSD% was significantly low and less than 0.5%, indicating the method’s robustness and ability to separate the drug with any minor change that occurred.




3.3.5. System Suitability


Table 7 summarizes the system suitability in term of the tailing factor (T), asymmetry factor (AS), and reproducibility represented as (%RSD). The data were analyzed for six replicate injections of the FU standard with a concentration of 50 ppm.



According to the ICH, a chromatogram with a tailing factor < 2 and %RSD < 2 is recommended.





3.4. Forced Degradation Study


The degradation chromatograms for FU subject to various stress conditions are seen in Figure 6. The stability samples were stored at 50 °C for 2 days and then analyzed. The study showed significant degradation of FU in an alkaline and acidic medium by 95% and 98%, respectively. Moreover, 88% of the drug degraded with 30% H2O2. In contrast, the stability chromatogram shows no sign of degradation of FU with thermal stress, and no change in the peak area was observed compared with the freshly prepared samples. The obtained data agree with the data obtained in a previous study by Sharma et al. [20], who carried out an FU degradation kinetics assessment using the Arrhenius equation. They found that a high value of first order degradation rate constant was obtained in the acidic environment, followed by the alkaline environment, while the lowest degradation rate was observed in the oxidative stress condition (30% H2O2). The results prove the efficiency of the method used in determining a trace amount of FU. A good resolution between the two peaks was obtained, indicating the ability of the method to separate the drug from other degradation products.




3.5. Analysis of Drug Content Uniformity in Marketed Cream


The content uniformity of FU in marketed cream was analyzed using the developed UPLC. The average content of the FU was 109.49 ± 6.31% with an RSD of 5.76%. The results comply with the pharmacopeia limit, which states that the content uniformity for drugs of less than 5 gm should be within 90 to 110% with an RSD of less than 6%.





4. Conclusions


Analytical method development helps to understand the critical process parameters and to minimize their influence on accuracy and precision. The optimized UPLC analysis procedure effectively separates the FU in a short time with good resolution, which in turn reduces solvent consumption. The developed method was simple and fast. Moreover, the proposed method is considered valid according to the ICH and FDA acceptance criteria. In future work, a degradation kinetic study for FU will be carried out, because it is very important to draw a full picture of the degradation pathways of the API.
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Figure 1. Pareto charts for the effect of formic acid concentration and column temperature on the retention time, peak area, and peak height of fusidic acid. 
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Figure 2. The individual effect of formic acid concentration and column temperature on the retention time, peak area, and peak height of fusidic acid. 
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Figure 3. The contour plots for the effect of formic acid concentration and temperature on the retention time, peak area, and peak height of fusidic acid. 
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Figure 4. The fusidic acid chromatogram obtained by applying the optimized UPLC condition. Optimized chromatogram for 50 µg/mL of fusidic acid obtained by applying the optimized UPLC condition. 
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Figure 5. The calibration curve for FU obtained using the developed UPLC assay. 
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Figure 6. Forced degradation chromatograms obtained for fusidic acid. 
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Table 1. The variables for fusidic acid analytical procedures.
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	Independent Variables (Factors)
	Low

(−1)
	Middle

(0)
	High

(+1)





	X1: Formic acid (%)
	0.1
	0.55
	1.0



	X2: Column temperature (°C)
	25.0
	32.5
	40.0



	Dependent Variable (Response):
	
	
	



	Y1: Retention time (min)
	
	
	



	Y2: Peak area (mAu/min)
	
	
	



	Y3: Peak area (mAu)
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Table 2. Analysis of variance for the effect of formic acid, and column temperature with their interactive and quadratic effects on the retention time, peak area, and peak height of FU chromatogram attributes.
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Response

	
Source

	
Sum of Squares

	
p-Value






	
Retention Time

	
A-Formic acid concentration

	
0.0080

	
0.1180




	
B-Temperature

	
0.0508

	
0.0120




	
AB

	
0.0108

	
0.0858




	
A2

	
0.0044

	
0.2065




	
B2

	
0.0010

	
0.5003




	
Peak Area

	
A-Formic acid concentration

	
0.0351

	
0.3056




	
B-Temperature

	
0.0641

	
0.1946




	
AB

	
0.0756

	
0.1682




	
A2

	
0.0371

	
0.2944




	
B2

	
0.0304

	
0.3349




	
Peak Height

	
A-Formic acid concentration

	
8.52

	
0.0041




	
B-Temperature

	
0.1900

	
0.3197




	
AB

	
0.1368

	
0.3871




	
A2

	
0.2515

	
0.2645




	
B2

	
0.0989

	
0.4537
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Table 3. The observed responses for the analytical procedure of FU using UPLC (mean ± SD).
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	Run
	X1, Formic Acid (%)
	X2, Temperature (°C)
	Retention Time

(min)
	Peak Area

(mAu/min)
	Peak Height

(mAu)





	1
	0.1
	25.0
	1.128 ± 0.002
	2.968 ± 0.030
	41.177 ± 0.154



	2
	0.1
	32.5
	1.072 ± 0.005
	3.241 ± 0.107
	40.152 ± 1.379



	3
	0.1
	40.0
	1.021 ± 0.008
	3.545 ± 0.059
	40.227 ± 1.254



	4
	0.55
	25.0
	1.145 ± 0.004
	3.01 ± 0.094
	39.545 ± 0.320



	5
	0.55
	32.5
	1.081 ± 0.007
	3.079 ± 0.043
	39.862 ± 0.235



	6
	0.55
	40.0
	1.022 ± 0.008
	3.026 ± 0.195
	39.637 ± 0.702



	7
	1.0
	25.0
	1.136 ± 0.002
	2.977 ± 0.059
	38.370 ± 0.197



	8
	1.0
	32.5
	1.046 ± 0.017
	3.314 ± 0.552
	37.877 ± 0.576



	9
	1.0
	40.0
	0.862 ± 0.042
	3.004 ± 0.002
	38.643 ± 0.420
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Table 4. The optimum condition of FU analysis using UPLC with the predicted and observed analytical values.
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Optimized Independent Parameters

	
Response




	
Type

	
Desirability

	
Predicted

	
Observed






	
Formic acid (X1) = 0.1%

	
Y1: Retention time (min)

	
Minimum

	
1.03

	
1.02 ± 0.019




	

	
Y2: Peak area (mAU/min)

	
Maximum

	
3.45

	
3.70 ± 0.0.043




	
Temperature (X2) = 40 °C

	
Y3: Peak height (mAU)

	
Maximum

	
40.23

	
40.64 ± 0.77
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Table 5. Inter and intra-day statistical results.
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Nominal Concentration (ppm)

	
1

	
50

	
75




	
      M e a s u r e d   C o n c e n t r a t i o n   ( p p m )   R S D %      






	
Inter-Day

	
Day-1

	
0.885 ± 0.013

	
49.932 ± 0.015

	
75.058 ± 1.097




	
1.556

	
0.031

	
1.462




	
Day-2

	
0.880 ± 0.005

	
49.707 ± 0.326

	
80.491 ± 1.566




	
0.592

	
0.650

	
1.940




	
Day-3

	
0.879 ± 0.013

	
55.168 ± 0.584

	
81.176 ± 0.117




	
1.488

	
1.060

	
0.144




	
Intra-day (on day 1)




	
% Recovery

	
89.353 ± 1.564

	
100.060 ± 1.41

	
100.922 ± 1.463




	
RSD%

	
1.556

	
0.031

	
1.462
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Table 6. Robustness RSD statistics.
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Wavelength (nm)




	
248

	
250

	
252






	
Retention Time (min)

	
1.37347 × 10−14

	
1.37347 × 10−14

	
0.232




	
Peak Area (mAU/min)

	
0.452

	
0.186

	
0.567




	
Peak Height (mAU)

	
0.433

	
0.399

	
0.247




	

	
Temperature (°C)




	
38

	
40

	
42




	
Retention Time (min)

	
0.171

	
1.37347 × 10−14

	
1.334




	
Peak Area (mAU/min)

	
0.187

	
0.186

	
0.831




	
Peak Height (mAU)

	
0.565

	
0.399

	
0.551




	

	
Flow Rate (mL/min)




	

	
0.28

	
0.3

	
0.32




	
Retention Time (min)

	
0.163

	
1.37347 × 10−14

	
0.319




	
Peak Area (mAU/min)

	
0.459

	
0.186

	
0.399




	
Peak Height (mAU)

	
0.319

	
0.454

	
0.374
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Table 7. System suitability for fusidic acid UPLC analysis.
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	Tailing Factor (T)
	Asymmetry Factor (AS)
	Area Reproducibility (%RSD)





	Fusidic acid
	1.22
	1.375
	0.031
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