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Abstract

:

A new approach was applied for the development of a precise, simple, and economic analytical process for the accurate analysis of tolterodine tartrate (TOT) in its bulk and tablet using HSPiP- and quality by design (QbD)-assisted methods. The HSPiP program predicted several solvents and their right ratios for the mobile phase, followed by simulating the experimental solubility data in various predicted solvents. QbD was used to identify the impact of the composition and the mobile phase flow rate on the peak area and retention time. TOT was estimated using an Agilent TC C18 column employing an optimized mobile phase. The HSPiP shortened the solvent selection time with high reliability, whereas QbD identified critical factors. The optimized composition and process variables were used to develop an analytical method for TOT estimation. Various analytical validation parameters were estimated with constructed linearity of 5–30 μg/mL and a percent recovery yield value of 100.36%. To ensure the reliability of the optimized method, we estimated validation parameters (linearity, specificity, precision, accuracy, robustness, and ruggedness) to comply with the ICH guidelines. Considering the high recovery yield, good regression coefficient, low detection limit, and low noise ratio, the optimized method was accurate and precise with a high degree of specificity, rapid process, and reproducibility for the quantitative estimation of tolterodine from both oral analytes (I and II). The validated method was implemented for pharmacokinetic study in rats for quantitative estimation of the analytes with high accuracy, sensitivity, and reproducibility.
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1. Introduction


Tolterodine tartrate (TOT) and its active metabolite (5-hydroxymethyl derivative) are the potential competitive anti-muscarinic agent to treat urinary incontinence (a condition marked by uncontrolled contraction of the detrusor muscles, leading to an overwhelming and involuntary urge to urinate) and related overactive urinary bladder [1]. Chemically, the drug is a tertiary amine with better tolerability and side effects compared with others. It has a molecular formula of C26H37NO7, a molecular weight of 473.58 g/mol, limited water solubility, low in vivo dissolution, varied oral bioavailability (10–74%), and reported intestinal disturbance as a side effect [2,3,4]. The solubility of the drug in ethanol, dimethyl sulfoxide, N,N-dimethylformamide, and phosphate buffer (pH 7.2) is reported as 0.1, 20, 30, and 1 mg/mL, respectively [5]. Notably, TOT is related to 5 H-bond donor counts, 8 H-bond acceptor counts, and a slightly lipophilic tertiary amine in salt form (tartrate). The drug exhibits variable pharmacokinetic parameters depending upon a poor or extensive metabolizer. The drug in the IR (immediate release) tablet exhibits a clearance rate of 44 L/h with a half-life of 2–3 h in the extensive metabolizer, whereas this clearance is slow (9 L/h) with a longer half-life (10 h) in the poor metabolizer. Moreover, the half-life is further extended for the ER tablet (extended release) in the poor and extensive metabolizers (6 h and 11 h for extensive and poor metabolizers, respectively). Notably, a low dose (2 mg/day) is recommended for hepatic-impaired patients [3].



Various methods have been employed to assess its stability, pharmaceutical properties, and enantiomeric ratios (even enantiomer impurities), using chiral HPLC (high-performance liquid chromatography), and simultaneous estimation using different column types and mobile phases (including variations in pH levels) [6,7]. Apart from HPLC, alternative ultra-performance LC (UPLC), high-performance thin-layer chromatography (HPTLC), and spectrophotometric methods (evaluating coupling reactions) have also been developed for the estimation of TOT [8,9]. Furthermore, a mass spectrophotometric technique has been reported to measure TOT in the human plasma in combination with tamsulosin [6].



Few advanced and sophisticated instrumentations, such as capillary solid-phase extraction–tandem mass spectroscopy, capillary liquid–tandem mass spectroscopy, and gas chromatography–mass spectroscopy have been reported to determine the drug and its metabolites from the plasma samples [10,11]. However, these methodologies are associated with various limitations and expensive analysis burdens. Therefore, a new simple, rapid, and reproducible method is required to fill the gaps in the analytical research for the drug estimation. Thus, a significant gap existed in the availability of precise HPLC methodologies designed for the precise estimation of TOT in various dosage forms. This can be resolved by implementing HSPiP-based solvent selection followed by the identification of critical factors having a prime impact on retention time and flow rate using QbD. HSPiP is a predictive program that is fundamentally based on Hansen solubility parameters (HSPs). These parameters are related to the innate cohesive energies of a material or solvent. Mathematically, total cohesive energy is considered as the square sum of each parameter such as dispersion energy (δd), polarity energy (functional groups in a molecule) arising from the dielectric constant value (δp), and H-bonding energy (δh) [12]. The program categorizes solvents as “good” or “bad” depending upon “relative energy difference” (RED). An RED value < 1 indicates a good solvent and vice versa [12,13]. The program renders several predictive parameters (Hansen distance, RED, and Hansen space parameter) to opt a solvent or mixture of solvents in a particular ratio for the investigated drug or solute. The theoretical solubility can be further justified with the experimental solubility at a particular temperature.



In the HPLC method development, the quality control (QC) parameters are critically important to guarantee the method’s accuracy, precision, robustness, reliability, and reproducibility. These QC parameters assist with validating the method for routine analysis at academic institutions and is common in industrial research and development (R&D) units. Thus, these QC parameters ensure consistent results and analytical findings. By implementing strict quality control parameters in HPLC method development and validation, one can improve the overall effectiveness of the analytical methodology for high simplicity, cost effectiveness, rapid analysis, sensitivity, and reproducibility. In the literature, several studies reported analytical methods of tolterodine tartrate estimation, but some research gaps and areas for improvement still remained, such as the lack of limited in vivo QC data in the biological samples (plasma and urine), ultra-sensitive detection techniques, matrix interference, green analytical method, degradation analysis, bioanalytical method in certain populations, chiral HPLC method, real-time assessment of the drug in patients for in vitro simulation, high-throughput analysis, and impurity profiling [8,9,10,11]. These are still open domains to explore.



To the best of our knowledge, Hansen solubility parameters-based solvent prediction and subsequent simulation with the experimental solubility data for TOT have been explored by us first, to investigate various biocompatible solvents followed by predicting in vivo performance in humans using GastroPlus (version 9.8, simulation and prediction software) [12,13]. This may result in a promising approach to developing a simple, specific, rapid, cost-effective, reproducible, accurate, and sensitive method. To address this, the method development and validation of a sensitive, accurate, efficient, and RP-HPLC (reverse phase-high-performance liquid chromatography) procedure were deemed essential. This procedure was intended for the quantification of TOT in both bulk substance and pharmaceutical dosage forms. The primary objective of this initiative was to fulfill the analytical requirements for routine evaluations within the quality-control division of a pharmaceutical company [14]. We aimed to develop an uncomplicated, rapid, and reliable process for precise results in tablet dosage, bulk substance analysis, and in vivo pharmacokinetic profile. Furthermore, the validation of the developed analytical method by applying ICH (the International Council for Harmonization) guidelines ensures its credibility and applicability [15].




2. Materials


J.B. Chemicals and Pharmaceuticals Pvt. Ltd., Thane, MH, India provided tolterodine tartrate (analytical grade with ≥ 98.8% purity) (TOT) as a gift sample for research and development. Solvents (acetonitrile, methanol, dimethylacetamide, trimethylamine, and dimethyl sulfoxide) were purchased from Sigma-Aldrich (Mumbai, MH, India). CDH Fine Chemical, Mumbai, MH, India provided propylene glycol (PG) and ethylene glycol (EG). Ethyl acetate, N-methyl-2-pyrrolidone (NMP), and ethanol were purchased from Fisher Scientific Chemicals (Mumbai, MH, India). To estimate the drug content, high-performance liquid chromatography (HPLC) as an analytical tool was employed (1220 infinity LC Agilent Technologies, Singapore) coupled with Agilent TC C18 (250 mm × 4.6 mm) column with packing particle size of 5 μm (rapid resolution with 1.8 micron and 600 Bar). Distilled water was used as an aqueous solution and buffer preparation.




3. Methods


3.1. HSPiP-Based Predicted Solvents and Combination Ratio


HSPiP (version 5.4.087, Dr. techn.Charles M. Hansen Jens Bornøsvej 16, 2970 Hørsholm Denmark) is a predictive and simulation program based on the total cohesive energies of any material. These materials may be any drug, surfactants, solvents, and cosolvents. The program pools various solvents and categorizes them as good and bad solvents for a particular solute in a specific solvent at fixed temperature. The program requires various input parameters obtained from the literature, experiments, and default settings. Fundamentally, it works on prime interactive forces responsible for the solubilization/miscibility of two different solvents or a solute into a solvent [16]. These energies are considered as dispersion energy (expressed as δd) due to the hydrophobic carbon portion of a molecule, polarity energy arising from the dielectric constant of the solvent or polar functional group of a solid solute (expressed as δp), and hydrogen-bonding energy (δh) as the most efficient interactive force. These are termed Hansen solubility parameters (HSPs). Theoretically, the HSP values are the extension of the Hildebrand solubility parameter by assuming the total cohesive energy as the square sum of all contributing interactions (δd, δp, and δh) [17]. The total energy (δ) is distributed over δd, δp, and δh as shown in equation (1). HSPiP classifies the solvents as “good” or “bad” depending upon the “relative energy difference”, expressed as RED [12,13,16,17]. A solvent with RED ˂ 1 is considered “good”, and vice versa [16]. Mathematically, it is the relative value of the 3-dimensional sphere radius (Ro) to the space parameter (Ra). Thus, RED is Ro/Ra, as expressed in Equation (2).


[δ]2 = [δd]2 + [δp]2 + [δh]2



(1)






RED = Ro/Ra



(2)







We estimated the HSP values for the drug and various solvents. A solute is expected to be soluble if the HSP difference (Δδ) between the solute and the solvent is zero (ideal) or minimal (close to zero). The pair-wise difference between the HSP of the solute and solvent indicates the extent of their solubility/miscibility. This difference can be described as Equation (3) [16].


[Ra]2 = 4[δd of solvent − δd of TOT]2 + [δp of solvent − δp of TOT]2 + [δh of solvent − δh of TOT]2



(3)







Similarly, the HSP of a binary solvent mixture can be estimated by the approximation using Equation (4),


[δx] = ϕ1 [δx1] + ϕ2 [δx2]



(4)







Ribar et al. used the suitability of HSPs as descriptors to model the drug retention in HPLC. A novel theoretical model was developed as the basis for a complete mathematical deviation of the model. Hansen distance is a numerical number to quantify the thermodynamic similarity between a solute and solvent on the basis of the constituent’s interaction type [18]. The authors investigated various training errors by developing a new model using the HSP values considering linearity and nonlinearity in outcomes. Notably, a good correlation was found between the changes in the mobile composition and the column temperature on retention time using the developed model [18].




3.2. Measurement of Maximum Wavelength (λmax)


The drug was dissolved in the selected mobile phase. To confirm its maximum absorption, the sample was scanned using a UV–Vis spectrophotometer (U-1800, Shimadzu, Tokyo, Japan). The UV detector was selected due to its dependable nature and its simplicity to find the precise λmax required for the drug absorption (quantitative identification) with high accuracy and reproducibility. The drug solution was scanned over a range of 200–400 nm as per the reported method [19]. Moreover, scanning was conducted to identify any interaction with the solvent systems used for the study. Based on the maxima, a wavelength was selected for the drug estimation in the HPLC system.




3.3. Experimental Solubility of TOT in the Predicted Solvents


It was compulsory to investigate the experimental solubility of the drug in the predicted solvents. The HSPiP-predicted solvents were methanol, ethanol, propylene glycol (PG), ethylene glycol (EG), DMSO (dimethyl sulfoxide), acetonitrile, ethyl acetate, water, DMA (N,N-dimethylacetate), and NMP (N-methyl-2-pyrrolidone). A precise amount of TOT was transferred into a glass vial containing solvent (2 mL) and various sets of binary solvents (set I–set V). The glass vial containing the mixture was placed into a Remi water bath shaker, stirring at a constant rate and temperature (40 ± 1 °C). The addition was continued until the saturation state was achieved. After attaining equilibrium, the mixture was centrifuged to obtain a clear supernatant for the replicated estimation (n = 3) of the drug using UV–Vis spectrophotometry (U-1800, Shimadzu, Japan) at 220 nm [20,21,22].




3.4. Screening of Chromatographic Factors (Taguchi Model)


A screening (pre-optimization) study was carried out, which comprised selected factors (seven factors) using Design Expert software (version 9.8, Stat-Ease Inc., 1300 Godward St NE #6400, Minneapolis, MN, USA) to develop a robust analytical method (HPLC) for TOT estimation. These selected factors (A: acetonitrile concentration; B: flow rate; C: column temperature; D: trimethylamine concentration; E: injection volume; F: ethyl acetate concentration; and G: sample temperature) were screened at two different levels, that is, high level (+1) and low level (−1), aiming to select the most significant factors that affect peak area (maximum) and retention time (minimum). The Taguchi design comprised eight experimental runs and helped to identify the significant critical attributes (factors) [22].



The van Deemter equation provided a combined impact of various factors (various flow and kinetic parameters) on the HETP (height equivalent to a theoretical plate), as shown in Equation (5) [23]. HETP is a measure of the resolving power of a column, causing peak broadening, as per the equation


  H E T P = A +    B   u    +   C s + C m   × u  



(5)




where A, B, and u are the eddy diffusion parameter, the eddy coefficient, and the speed of the mobile phase, respectively. Moreover, C is the resistance to the mass-transfer coefficient of the drug between the studied mobile phase (Cm) and the column stationary phase (Cs).




3.5. Selection of Chromatographic Parameters


Initially, solvents and their proper ratios were decided based on the experimental solubility and RED values. Moreover, the choice of using RP-HPLC for separation was primarily driven by its convenience and robustness compared with other liquid chromatography methods. This selection was made with the expectation that RP-HPLC would offer a higher likelihood of achieving a successful and satisfactory final separation of the components. An RP-HPLC approach (isocratic mode) was employed to evaluate the drug’s characteristics, utilizing parameters such as retention time, theoretical plate, and tailing factor.




3.6. Preparation of Standard Stock Solution


The standard stock solution of TOT was prepared by dissolving 100 mg of TOT in 100 mL of acetonitrile (ACN) and ethyl acetate (1:1), resulting in a concentration of 1.0 mg/mL. Subsequently, various dilutions were made using the prepared stock solution.




3.7. Optimized Mobile Phase Composition


Based on the HSP distance of the individual solvent and the RED value of the binary system, set V was selected for the mobile phase composition. Moreover, the experimental solubility data were used to corroborate the predicted solvents and their binary combination. To achieve the targeted RED value and the basic nature of the mobile phase, trimethylamine (5 mL/L) was added into the mobile phase. Thus, the mobile phase comprised ACN/ethyl acetate/trimethylamine (50:45:5). The mobile phase selection involved various steps in the HSPiP-based screening followed by experimental solubility at the same temperature. Initially, the column was run for 60 min with the mobile phase to equilibrate the system at a low flow rate. Several trials were conducted to achieve a well-resolved symmetrical peak with high sensitivity. Various flow rates, ranging from 0.5 to 1.5 mL/min, were run to obtain the most optimized flow rate of 1.2 mL/min with a satisfactory retention time at 3.7 min using C18 column (250 × 4.6 mm, 5 µm as particle size). Consequently, the entire analysis was completed within 8 min.




3.8. The Combined Impact of the Selected Factors on Responses by Central Composite Design (CCD)


CCD was applied to identify the critical factors responsible for a remarkable impact on chromatographic parameters such as peak area and retention time. HSPiP and experimental solubility data provided the right combination of solvents. Taguchi’s model renders factors with a significant impact on chromatographic outcomes. Therefore, CCD was used to apply a robust, reliable, and reproducible method with controlled variables. The critical factors (obtained from the Taguchi design) were taken for further optimization using response surface design (RSD). The RSD comprised a central composite design (CCD) using two significant factors. The major advantage of the CCD optimization model is that it requires only two factors at two levels, and there is no requirement for a second-order mathematical model [24]. These two significant factors are X1 (ACN concentration) and X2 (ethyl acetate concentration). These factors were important and directly influenced the outcome (responses). Thirteen experimental runs (HPLC injections) were performed at varied levels. The applied model showed a quadratic model interaction between the factors, and it follows Equation (6), written as


Y = ß0 + ß1X1 + ß2X2 + ß3X1X2 + ß4X12 + ß5X22



(6)




Y: dependent variable; ß1 and ß2: coefficients of X1 and X2; ß0: intercept; ß3: coefficient of interaction between factors X1 and X2; ß4 and ß5: coefficients of quadratic terms X1 and X2.




3.9. Method Validation to Estimate TOT from a Mixture and a Tablet


Based on various trials of the experiment, the final chromatographic conditions were summarized and reported. The resultant chromatogram of standard TOT was compiled [25,26].




3.10. Application of the Proposed Method to Bulk Sample


A precise amount of TOT (10 mg) was carefully weighed and placed into a volumetric flask (10 mL) containing the mobile phase. To achieve 15 µg/mL strength, the stock solution was further diluted. The prepared solution was utilized in the suggested technique to estimate the quantity of TOT. This process was replicated, and the outcomes were presented.




3.11. Application of the Proposed Method to Tablet Formulation


To estimate TOT content from a tablet (2.0 mg/tablet), 20 tablets were weighed individually and combined as per pharmacopoeia guidelines. Tablets were finely powdered, and a fixed content of the powder was transferred into a volumetric flask (10 mg/100 mL). Then, 100 mL of methanol was used to dissolve the powder, followed by sonication (20 min) to extract the drug. The suspension was filtered using a membrane filter (0.45 µm) (Millifilter, Milford, MA, USA). The filtrate contained the dissolved drug. The filtrate was further diluted to obtain a final concentration of 15 µg/mL. This prepared solution underwent the proposed method for analysis, allowing the quantification of TOT content [26]. This process was performed six times independently, and the estimated result was summarized.




3.12. Validation of the Proposed Method and Various Validation Parameters


The method validation was conducted by following the ICH guidelines. The standard and test solutions were prepared using the previously established experimental procedure. The method was validated by performing various validation parameters such as linearity, accuracy, repeatability, precision (including intermediate precision), specificity, detection and quantitation limits, linearity, and range, as per the ICH analytical method validation Q2R1 guidelines. The validated method was implemented for in vivo drug estimation using rat models.



Using the stock solution as a source, portions of 0.5, 1, 1.5, 2, 2.5, and 3 mL were extracted and placed into 10 mL volumetric flasks for linearity. These portions were diluted up to the mark using the mobile phase, which resulted in a final concentration range of 5–30 µg/mL. Each sample (20 µL) was introduced using a Hamilton syringe. For every concentration, measurements were replicated six times. A calibration curve was constructed by plotting the drug concentration against the peak area.



The current study involved the accuracy parameter for the validation of the developed procedure. The study involved conducting a recovery analysis employing the standard addition technique across the three concentration levels (80%, 100%, and 120%). A predetermined quantity of the standard TOT was introduced to the previously analyzed sample (with an initial concentration of 10 µg/mL of TOT), which was then processed using the suggested HPLC procedure.



The performance assessment of the HPLC instrument under chromatographic conditions involved the utilization of several injections of a consistent 15 µg/mL TOT sample.



The precision within a single day was established by evaluating three distinct concentrations of TOT (10, 15, and 20 µg/mL) on three separate occasions. To gauge the variability across days, the same concentrations were tested on three different days.



The proposed approach’s sensitivity was evaluated using the limit of detection (LOD) and the limit of quantitation (LOQ). Equations (7) and (8) were employed to determine LOD and LOQ, respectively.


LOD = (S.D./α) × 3.3



(7)






LOQ = (S.D./α) × 10



(8)




where S.D. is the standard deviation of the curve and α is the slope of the curve.



The LOD and LOQ of the developed method were highly specific compared with the method developed by Urvi et al. [27]. This will help to apply the current method to the detection of biological samples because it can detect minute levels of the drug in the biological fluid [27].



Specificity involves a quantitative detection of the analyte even when other components that could potentially be present in the sample matrix are present too. On the other hand, selectivity is the process of qualitatively detecting the analyte when components that might be commonly found in the sample matrix are also present.



Various sample solutions with a concentration of 15 µg/mL were derived from the stock solution and subjected to analysis by two distinct analysts employing comparable operational and environmental parameters. The measurement of peak areas was conducted thrice for the solutions with identical concentrations.



To assess its resilience (robustness), several parameters were intentionally adjusted, including flow rate alteration, modifying the solution’s pH, adjusting the composition of the mobile phase, and employing a solution of TOT at a concentration of 15 µg/mL.




3.13. Pharmacokinetic Study in Rats


The validated method was implemented for in vivo study in a rat model using pure TOT (as suspension using 0.05% sodium salt of carboxymethyl cellulose) and commercial tablets. All animals were received after approval from the Institutional Ethical Review Board. Animals were housed in an air-conditioned room with controlled temperature (20 ± 1 °C) and humidity (55 ± 15%). Each animal was allowed to access healthy food and water ad libitum. Rats (weighing around 250–300 g) were randomly selected and grouped as A and B (n = 6). A and B received pure TOT suspension and tablet (as suspension), respectively. Each group was properly labeled and kept on fast for 12 h (overnight) before the formulation administration. Group A received oral TOT suspension (analyte I) at a dosing strength of 10 mg/kg, whereas group B received the tablet suspension (analyte II) at the same dose using a catheter [25]. Blood was collected (0.22 mL) in a blood-collecting tube at different time points (0, 1, 2, 4, 8, and 12 h) through the retro-orbital area of the eye. The collected blood was immediately centrifuged, and the collected plasma was transferred to the freezer (−80 °C) before analysis. Plasma was harvested from the control (untreated) group and stored in the freezer for further use after collecting the blood in heparinized tubes. The calibration curve was prepared by spiking the drug solution (prepared in mobile phase) in the plasma. The study was repeated to obtain the mean and standard deviation.




3.14. Statistical Analysis


The explored experimental data were generated through replication of work to obtain mean and standard deviation (n = 3, ± standard deviation). Statistical analysis was carried out employing GraphPad-Prism (Trial version, San Diego CA, the United States of America). A value was relatively considered significant at p ≤ 0.05. ANOVA (one-way analysis of variance), followed by Tukey’s multiple comparison, was applied wherever required for calculation of the data. The mean values of the means, standard deviation, % relative standard deviation, limit of detection, and limit of quantification, and linear regression analysis (least square), were calculated employing Microsoft® Excel 2016 (Microsoft Corporation, Redmond, WA, USA).





4. Results and Discussion


4.1. HSPiP-Based Predicted Solvents and Ratio


The program predicted various HSP values for TOT and the expected solvents with maximum solubility (Table 1). The HSP values of TOT indicated that dispersion energy is high compared with polarity and hydrogen bonding, which can be correlated with its structural property, as shown in Figure 1A,B. The drug does not bear a polar functional group or a functional group with high electronegative atoms forming H-bonds with the solvents. Thus, the δd, δp, and δh of TOT were estimated as 17.6, 2.4, and 4.6, respectively. Comparing these values to select a suitable solvent for maximum solubility, acetonitrile and ethyl acetate (EA) are close to the HSP of TOT for the analytical mobile phase. NMP and DMSO are relatively closer than the aforementioned solvents. However, these are not recommended practically for the HPLC analytical mobile phase. EA was found to be the only predicted solvent with the lowest value of HSP distance, suggesting maximum overall interactions (London force, π–π interaction, and dispersion energy) [16,23]. Trimethylamine was considered as an auxiliary component for further reduction in overall mobile phase composition. Moreover, the program predicted a binary system with possible values of RED. The lowest RED value (0.9) was associated with set V. The addition of a small volume of the amine may result in a significant reduction in the overall RED value of the system (data not generated). The predicted outcome was in good agreement with the published HPLC mobile phase, wherein trimethylamine profoundly reduced the retention time with high resolution due to trimethylamine’s addition into the mobile phase [10,11].




4.2. Measurement of λmax


TOT was completely dissolved in the combination set V. The obtained λmax value was found to be 220 nm, as shown in Figure 1C. A similar pattern of UV scanning report was obtained in methanol. This suggested the purity of the compound and contamination-free active pharmaceutical ingredient (API). The established λmax was used for HPLC-based drug estimation in further study.




4.3. Experimental Solubility of TOT in the Predicted Solvents


To confirm the predicted solubility of the drug in the predicted solvents, it was a prerequisite to obtain the experimental saturated solubility, explored at 45 °C. Figure 2 illustrates the experimental solubility of TOT in the predicted solvents (bar graph) and the HSP distance value of the respective solvents. The predicted HSP distance followed a similar pattern to the experimental solubility (blue line in Figure 2). The aqueous solubility of the drug has been reported in the literature as 13.2 mg/mL at 37 °C in an acidic medium (pH = 3.5) [26]. The obtained solubility values in water and methanol are in good agreement with the published report [26]. The drug exhibits pH-dependent aqueous solubility, suggesting a considerable factor for mobile phase development in analytical methodology with high robustness, reproducibility, and accuracy [26].




4.4. Selection of Critical Factors for Chromatography (Taguchi Model)


In the Taguchi model, seven factors (A–G) at two different levels (maximum and minimum) were assessed, as shown in Table 2 and Figure 3A–D. The set goals were peak area and retention time, with constraints of maximum and minimum, respectively, following the reported method [22]. The design assisted in identifying the significant attributes (factors) under the set constraints [23]. Table 2 summarizes the factors, their levels, and responses. These are significant factors recommended to consider while developing new methods for the quantification of the drug with high reproducibility and low variability using the HPLC method. Based on the result, it was recommended to use a high content of ACN and EA followed by the addition of trimethylamine, as low content, to obtain the set goals (maximum peak area and low retention time) in optimization. Thus, a ratio was predicted as 50:45:05 for ACN:EA:TEA. An attempt was made to vary the flow rate from 1.0 to 1.5 mL/min by keeping the temperature constant and was expected to improve separation efficiency based on the theoretical understanding of the van Deemter equation [24]. In practice, the separation was not significantly changed in the predicted solvents, which may be due to the narrow range of flow rates used in the study. The peak was found to be broadened beyond 2 mL/min of flow rate. Therefore, the study was continued at the optimal flow rate (1.2 mL/min) with an injection volume of 20 µL. Furthermore, the column temperature was varied from 20 to 25 °C, keeping the flow rate constant. The eluted result was not convincing. Therefore, other factors were considered that affected the separation.




4.5. Impact of Factors on Peak Area and Retention Time: Optimization


From the Taguchi model, the solvents and their ratios were predicted. However, it was further optimized to identify the combined impact of these factors on the set responses under the constraints, followed by validation of the fit model using validation parameters of statistical analysis [18]. Results are summarized in Table 3 and Table 4. Figure 4 and Figure 5 illustrate the response surface plot and overall desirability numerical parameters, respectively.



The CCD model was applied for the optimization of various factors and showed interactions in the established HPLC process of analysis to estimate TOT in various samples. Taguchi design provided half-normal plots and Pareto charts (Figure 3). The seven factors were applied at varied levels, and two significant factors were identified, acetonitrile (A) and ethyl acetate concentrations (F), in the studied responses and set goals [21]. CCD rendered 13 runs. The values of the experimental data for the two significant factors are given in Table 4. The results obtained from the statistical analysis of data obtained from the CCD design revealed that an increase in ACN concentration (X1) and EA concentration (X2) leads to a corresponding increment in the peak area to a certain level. The maximum chromatogram peak was obtained at the middle level and low level of ACN concentration (50% v/v) and EA concentration (50% v/v), respectively. More concentration of ACN and EA in the mobile phase led to a decrease in peak height and area (Figure 4A,B). Therefore, it was required to use about 50% of these to obtain a well-resolved peak without tailing or peak broadening [18].



In the case of retention time (RT), the optimized concentration of ACN was also at the middle level (50 % v/v) in the mobile phase. Beyond 50%, there was no significant (p < 0.05) decrease in RT as predicted in the CCD model. Moreover, EA concentration was also optimized for low retention time. Low RT was obtained when EA concentration was at its lowest level (50 % v/v) (Figure 4C,D).



One-way analysis of variance (ANOVA) was applied as a statistical tool to check the variability in the experiments. The values of various statistical parameters are given in Table 3. The low p values of X1 and X2 were estimated as 0.0045 and 0.0062, respectively, suggesting the best fit of the model (quadratic polynomial) [12,13]. Furthermore, the desirability value was close to 1 (0.9988), suggesting that all considered factors were within the model while optimizing (Figure 5).




4.6. Method Validation Parameters to Estimate TOT from Bulk and Tablets


Based on the HSPiP-predicted outcomes, the Taguchi-based model identified critical factors, and the CCD-based model optimized the impact of the factors on the peak area and retention time; the finalized optimized chromatographic conditions are provided in Table 5. The resultant chromatogram of standard TOT is shown in Figure 6. The resulting chromatogram was associated with tailing of 1.3, skew of 0.121, and capacity factor (k’) of 1.32.




4.7. Application of the Proposed Method to Bulk Samples and Tablets


The validated method was applied for its sensitivity, reproducibility, and accuracy by implementing on two separate products, the bulk sample (analyte I) and the commercial tablet (analyte II). This process was replicated six times, and the outcomes are summarized in Table 6.



The determined quantity was estimated as 99.81%, accompanied by a relative standard deviation (% R.S.D) of under 2%. This led to the conclusion that this approach effectively targets the identification of TOT within pharmaceutical formulations [14].




4.8. Method Validation of the Analytes


4.8.1. Linearity Study


For the HPLC method development, linearity is considered a crucial criterion that evaluates the capacity of the method to yield findings, and it is exactly proportional to the analyte concentration within a certain range [14]. A robust linearity study indicated that the developed method can accurately calculate the analyte at different concentrations, which is important for consistent and reproducible methods of drug analysis. Therefore, for validation of the developed method, we consider the linearity parameter over the studied concentration range. The data and calibration curve can be found in Table 7 and Figure 7. The concentration range of standard solutions is precise compared with the method developed to detect low concentration solutions of the drug [21]. Furthermore, the LOD and LOQ values are refined over the mentioned method [21].




4.8.2. Accuracy


In the method development using any analytical technique, accuracy is a crucial parameter for determining how close the measured values are to the true value of the analyte [23,24,25,26,27,28]. The reliability and validity of the actual drug content in samples can be quantified by this parameter. Accurate methods indicate that the obtained results or drug concentrations are the correct representation of the actual drug content present in the formulations, which is crucial for drug quality control, dosage accuracy, and regulatory compliance [28]. The outcomes of this analysis are presented in Table 7. The proposed method demonstrates accuracy in determining TOT within pharmaceutical formulations, as evidenced by its high recovery rates (ranging from 99.76% to 100.36%) and a low relative standard deviation (% R.S.D) of less than 2%.




4.8.3. Precision and Repeatability


Precision refers to the extent to which data values closely align with one another in multiple measurements conducted within consistent analytical conditions [23]. The outcomes of this evaluation are presented in Table 7.




4.8.4. Intra-Day and Inter-Day Precision


Intra-day and inter-day precision values are crucial parameters in the development of HPLC methods. Intra-day precision means evaluation of the consistency of results of multiple uses of methods within a single day, ensuring reliable performance during routine analysis. On the other hand, the reproducibility of methods over several days is known as inter-day precision assessment, indicating its stability and robustness. These parameters are crucial for confirming whether the method produces consistent and dependable results under various conditions, which is needed for regulatory approval and quality control for the integrity of findings in scientific research [23,24,25,26,27,28]. The precision within a single day was established by evaluating three distinct concentrations of TOT (10, 15, and 20 µg/mL) on three separate occasions. To gauge the variability across days, the same concentrations were tested on three different days, as discussed before. These findings demonstrate the consistency of the assay, as evidenced by the % R.S.D. values presented in Table 7, all of which are less than 2. The presence of low standard deviation underscores the method’s accuracy in quantifying TOT. The results of the precision study are summarized in Table 7.




4.8.5. Sensitivity


The sensitivity of the method is crucial in an HPLC to detect and quantify low levels of an analyte [23]. A sensitive method ensures that it can quantify low levels of analyte accurately while detecting trace impurities, monitoring low-dose drugs, and ensuring safety and efficacy [28]. The high sensitivity of the method enables its use in diverse analytical processes. Here, the sensitivity of the developed method was assessed. For TOT, the determined LOD and LOQ were 0.13 µg/mL and 0.40 µg/mL, respectively.




4.8.6. Specificity and Selectivity


The analyte must not experience any interference from additional components and should be clearly distinguished from them. The method exhibited strong selectivity, as evidenced by the absence of any interfering peaks near the retention time of TOT. Additionally, the baseline remained free from significant noise.




4.8.7. Ruggedness


The robustness under different conditions in HPLC method development, such as different instruments, operators, and environmental factors, is known as ruggedness. It indicates that the method is reproducible and reliable under these varied conditions. Assessment of the ruggedness of the HPLC method is an important step for ensuring its application in different laboratory settings, improving its reliability, and supporting consistent quality control. Considering this fact, we considered the ruggedness parameter for validation of the developed method. The outcomes are documented in Table 7.




4.8.8. System Suitability Test


System suitability testing is crucial to ensuring the quality performance of the chromatographic system. Pre-prepared solutions were subjected to testing under chromatographic conditions for this purpose. The outcomes of these tests are displayed in Table 8. The absolute peak was obtained at low retention time (3.7 min) with minimum tailing considering high “N”, as shown in Table 8.



As evidenced by Table 8, the presence of multiple high theoretical plates, well-defined peak symmetry, and accurate retention time collectively demonstrate the appropriateness of the proposed approach for quantifying TOT.




4.8.9. Robustness


The ability of the method to remain unaffected by any small changes or variations in experimental conditions is known as robustness. It means that the method should be reliable and reproducible even after minor changes occur in parameters like temperature, pressure, pH, flow rate, or other environmental factors. Hence, robustness testing is important for the stability and reliability of methods in quality control processes [27,28]. Assessing the robustness is crucial for regulatory compliance and increases the overall credibility and reproducibility of the method in scientific research. Therefore, in this study, we considered this parameter for validation of the developed method. The overall summary of method validation is summarized in Table 9.





4.9. In Vivo Pharmacokinetic Study Using the Validated Method


The validated method was implemented to investigate PK parameter assessment with high reproducibility, simplicity, robustness, and precision [27,28]. HSPiP- and QbD-oriented validated methods reduced the time of method validation with high accuracy and reducibility in scale-up. Representative chromatograms for analyte I and analyte II are provided in the Supplementary Materials. The plasma has a greater impact on the resolution of the drug peak. Therefore, there is a slight variation in retention time for analyte I and analyte II. The method could be a promising alternative to conventional methods for preclinical PK assessment of the explored drug in animal models such as rats [26,27,28,29]. The results are summarized in Table 10, wherein details of AUC, Cmax, Tmax, MRT, Vd, and T1/2 are tabulated for analyte I (pure active pharmaceutical ingredient as API) and analyte II (powdered form of tablet) at the same dosing strength (oral). Figure 8 portrays the relative plasma drug concentration time profile for both analytes in rats. The values of AUC and Cmax were relatively high in analyte I, which may be attributed to the solution nature of the formulation (API) compared with the suspension (tablet transformed into suspension). It is apparent from Table 10 that analyte I exhibited a rapid drug elimination rate (1.8 h) compared with analyte II (2.1), which is in good agreement with the reported findings [26,27]. Validation parameters suggested that the analytical method was quite precise, accurate, reproducible, and reliable compared with expensive methods [30,31]. The adopted method was simple, rapid, and sensitive by implementing HSPiP and QbD techniques as alternative tools of process optimization (critical process attributes) [21].





5. Challenges and Future Prospects: Limitations and Advantages


Several reports have been published for methodologies to estimate tolterodine tartrate from biological (plasma) and non-biological samples [29,32,33,34,35,36,37], including HPLC, UPLC, LC-MS/MS, and others [32,33,34,35,36,37]. Most of these reported retention time below 10 min. These methods are advantageous over spectrophotometers due to high sensitivity, high detection, efficient techniques, and accuracy [32,33]. However, there are certain limitations in the techniques, such as the lack of limited data available for reproducibility using biological samples or matrices (urine and plasma). Few methods have been reported for green techniques to avoid ecofriendly constraints. Chiral HPLC methods still need to be explored for the drug, coupled with advanced techniques [35]. No data are available for ultra technique-based methods of estimation. Most of the methods are expensive (mass spectroscopy) and challenging to the ecosystem (involving methanol and acetonitrile). It is quite critical and complex to develop solid-phase extraction methods for biological samples. The conventional HPLC method is associated with large consumption of organic solvent, large waste production, maximum matrix interference, intensive time for optimization, and high variability. Supplementary Table S1 provides details of the various methods and their advantages and limitations [32,33,34,35,36,37].




6. Conclusions


Based on the results obtained from HSPiP, QbD, and validation parameters, it is quite convincing to conclude that the developed method can be promising to analyze drug samples with in vitro and in vivo assessments with high accuracy, specificity, robustness, and reproducibility. The conventional analytical method of TOT estimation from biological samples is associated with a few limitations, such as lack of accuracy, reproducibility, and cost-effectiveness; tediousness; and low sensitivity. Therefore, there has been increasing demand for an alternative quantitative methodology to overcome the aforementioned issues. Currently, HSPiP and QbQ have been well explored for the drug with high robustness in analytical methods and alternatives to conventional approaches. HSPiP reduced the preliminary screening stage of the solvent for analytical purposes, whereas QbD identified the optimal level of the critical material attributes for the mobile phase preparation. High desirability suggested the best fit of the model adopted for optimization. An RP-HPLC technique was developed and validated to quantify TOT levels in both bulk substances (analyte I) and tablet forms (analyte II). The method exhibits higher precision, accuracy, robustness, and system suitability. Its application is consistent with the systematic assessment of TOT within pharmaceutical compounds and in vivo pharmacokinetic parameter assessment. Furthermore, the method demonstrated high sensitivity, selectivity, and reproducibility. Moreover, the developed approach remains suitable for the routine evaluation of TOT content within its designated pharmaceutical compositions as well as in in vivo drug estimation in preclinical studies.
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Figure 1. (A) Bond structure of tolterodine (free drug) using Chemdraw software (free trial version), (B) HSPiP-generated 3-dimensional ball–stick structure of the drug (pink color and blue color balls indicated O and N atoms respectively), and (C) scanned spectra of TOT in methanol using UV–Vis spectrophotometer in spectrum mode (U-1800, Shimadzu, Tokyo, Japan). 
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Figure 2. An illustrative representation of the correlation between the experimental solubility of TOT in various predicted solvents and the HSP distance generated in HSPiP. Experimental solubility data are presented as the mean and standard deviation (SD) (n = 3, ± SD). The graph was constructed using Origin Pro 14 (trial version). 
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Figure 3. Pareto charts and half-normal plots depicting the critical factors for HPLC method development of tolterodine tartrate (A,C) peak area and (B,D) retention time (RT). Design Expert software generated bar graphs and correlation curves. 
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Figure 4. The 2D and 3D response surface graphs reveal the effect of significant factors on responses (A,B), peak area, and (C,D) retention time. Design Expert software generated 3D response surface graphs and 2D contour plots. 
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Figure 5. Desirability as a numerical functional parameter in the bar graph. Bar graph was generated in Design Expert after optimization. The combined desirability value is closely related to unity (0.99), indicating the best fit of the model in optimization. The high value of individual factors (X and X2) indicate significant impact on the investigated responses (Y1 as peak area and Y2 as retention time). 
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Figure 6. Representative chromatogram of TOT standard in the mobile phase as a reference at a retention time of 3.719 min and a concentration of 15 μg/mL (A) and TOT chromatogram obtained for the studied tablet at a retention time of 3.741 min (15 μg/mL) in the same mobile phase (B). HPLC software-generated chromatograms. 
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Figure 7. Linearity curve of TOT. The graph was generated using the mean value of the peak area at each concentration using Origin Pro 14 (trial version). 
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Figure 8. Plasma drug concentration time profile of analyte I and analyte II in rats after oral administration (n = 3, mean ± standard deviation). The graph was generated using Origin Pro 9.0 software (trial version, One Roundhouse Plaza, Northampton, MA, USA). 
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Table 1. HSPiP software-based predicted excipients based on HSP values for TOT.
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Name

	

	
HSP Values Estimated




	
Excipients

	
Predicted Solubility (% w/v) @45 °C

	
δd

	
δp

	
δh

	
δt

	
MVol

	
HSP Distance






	
TOT

	
-

	
17.6

	
2.4

	
4.6

	
18.3

	
333.8

	
-




	
Water

	
1.15

	
15.6

	
16.0

	
42.0

	
46.8

	
18

	
40.0




	
Methanol

	
1.72

	
16.4

	
12.3

	
21.7

	
29.9

	
41.1

	
19.9




	
Ethanol

	
0.92

	
15.6

	
9.3

	
17.2

	
25.0

	
58.2

	
14.9




	
Propylene glycol

	
1.28

	
17.1

	
9.1

	
19.8

	
27.6

	
90.9

	
16.6




	
Ethylene glycol

	
1.53

	
17.3

	
10.2

	
22.1

	
29.8

	
74

	
19.2




	
Dimethyl sulfoxide

	
2.36

	
18.4

	
14.6

	
8.1

	
24.9

	
81.3

	
12.8




	
NMP

	
1.16

	
17.9

	
9.9

	
7.4

	
21.8

	
99.7

	
8.0




	
Acetonitrile

	
1.84

	
15.6

	
16.6

	
8.3

	
24.3

	
53.4

	
15.2




	
Ethyl acetate

	
2.17

	
15.7

	
6.3

	
7.5

	
18.5

	
97.6

	
6.2




	
DMA

	
1.57

	
17

	
11.6

	
10.2

	
23.0

	
94.9

	
10.8




	
Trimethylamine

	
1.70

	
14.8

	
2.8

	
2.9

	
15.3

	
137.3

	
5.9




	

	
Predicted HSP and RED parameters for the suggested combinations of solvents




	
Binary solvents

	
Solvents predicted

	
%

	
RED

	
δd

	
δp

	
δh

	




	
Set I

	
EA

	
70

	
1.0

	
15.7

	
9.1

	
6.9

	




	
ACN

	
30

	




	
Set II

	
EA

	
70

	
1.0

	
15.5

	
7.4

	
11.7

	




	
Methanol

	
30

	




	
Set III

	
EA

	
60

	
1.2

	
15.4

	
8.1

	
13.2

	




	
Methanol

	
40

	




	
Set IV

	
EA

	
60

	
1.0

	
15.6

	
10.4

	
6.8

	




	
ACN

	
40

	




	
Set V

	
EA

	
50

	
0.9

	
15.6

	
11.7

	
6.7

	




	
ACN

	
50

	




	

	
SMILE




	
TOT

	
Cc1ccc(c(c1)[C@H](CCN(C(C)C)C(C)C)c2ccccc2)O




	
Water

	
OH




	
Methanol

	
CO




	
Acetonitrile

	
CC#N




	
PG

	
CC(CO)O




	
EG

	
C(CO)O




	
Ethyl acetate

	
CCOC(=O)C




	
Dimethyl sulfoxide

	
CS(=O)C




	
NMP (1-Methyl-2-pyrrolidinone)

	
CN1CCCC1=O




	
N, N-dimethyl acetamide

	
CC(=O)N(C)C




	
Trimethylamine

	
CCN(CC)CC











 





Table 2. Various critical parameters affecting TOT bioanalytical method development (Taguchi design).






Table 2. Various critical parameters affecting TOT bioanalytical method development (Taguchi design).





	
Factors

	
Name of Selected Factors

	
Level

	




	

	

	
(−1)

	
(+1)

	
Response






	
A

	
Acetonitrile content (% v/v)

	
40

	
50

	
Peak area (mAU)




	
B

	
Flow rate (mL/min)

	
1.0

	
1.5

	




	
C

	
Column temperature (°C)

	
20

	
25

	




	
D

	
Trimethylamine (% v/v)

	
5

	
10

	
Retention time (min)




	
E

	
Injection volume (µL)

	
10

	
20

	

	

	




	
F

	
Ethyl acetate content (% v/v)

	
35

	
45

	

	

	




	
G

	
Sample temperature (°C)

	
15

	
20

	

	

	




	
Run

	
A

	
B

	
C

	
D

	
E

	
F

	
G




	
1

	
+1

	
+1

	
−1

	
−1

	
+1

	
+1

	
−1




	
2

	
−1

	
+1

	
+1

	
−1

	
−1

	
+1

	
+1




	
3

	
+1

	
−1

	
+1

	
+1

	
−1

	
+1

	
−1




	
4

	
−1

	
+1

	
+1

	
+1

	
+1

	
−1

	
−1




	
5

	
−1

	
−1

	
−1

	
+1

	
+1

	
+1

	
+1




	
6

	
−1

	
−1

	
−1

	
−1

	
−1

	
−1

	
−1




	
7

	
+1

	
+1

	
−1

	
+1

	
−1

	
−1

	
+1




	
8

	
+1

	
−1

	
+1

	
−1

	
+1

	
+1

	
+1











 





Table 3. The central composite design employed two factors at three levels.






Table 3. The central composite design employed two factors at three levels.





	
Factors and Their Levels

	
Responses

	
Goal




	
Design Run

	
A

	
B

	

	






	
1

	
0

	
0

	
Peak area (mAU)

	
Maximum




	
2

	
+1

	
0

	
Peak retention time (min)

	
Minimum




	
3

	
0

	
0

	

	




	
4

	
−1

	
0

	

	




	
5

	
−1

	
−1

	

	




	
6

	
−1

	
+1

	

	




	
7

	
0

	
0

	

	




	
8

	
0

	
+1

	

	




	
9

	
0

	
0

	

	




	
10

	
−1

	
+1

	

	




	
11

	
+1

	
+1

	

	




	
12

	
0

	
0

	

	




	
13

	
+1

	
−1

	

	











 





Table 4. Statistical analysis of two significant factors.






Table 4. Statistical analysis of two significant factors.





	Significant Factors
	Low (−1)
	Middle (0)
	High

(+1)
	Mathematical Model
	p-Value
	F Value





	X1: ACN concentration (% v/v)
	45
	50
	55
	Quadratic
	0.0045
	1.89



	X2: Ethyl acetate concentration (% v/v)
	50
	55
	60
	Quadratic
	0.0062
	1.18










 





Table 5. Optimized chromatographic conditions.






Table 5. Optimized chromatographic conditions.





	Chromatographic Parameters
	Chromatographic Condition





	Standard stock in mobile phase (µg/mL)
	100



	Mobile phase composition (v/v)
	ACN:EA:TEA (50:45:05)



	Detection wavelength (nm) as λmax
	220



	Flow rate (mL/min)
	1.2



	Sample size (µL)
	20







Note: ACN = acetonitrile, EA = ethyl acetate, TEA = trimethylamine.













 





Table 6. Analysis of laboratory mixture of TOT.






Table 6. Analysis of laboratory mixture of TOT.





	Samples
	Amount Taken

(µg/mL)
	Amount Found (µg/mL)

Mean ± S.D.
	Amount Found (%)

Mean ± S.D.
	% R.S.D. *





	Bulk mixture (I)
	15
	14.97 ± 0.07
	99.79 ± 0.49
	0.495



	Tablet (II) **
	15
	14.97 ± 0.18
	99.81 ± 1.18
	1.18







* n = 6; ** Average weight = 0.460 g.













 





Table 7. Validation parameters to estimate TOT from analyte I and analyte II.






Table 7. Validation parameters to estimate TOT from analyte I and analyte II.





	
Linearity Parameters (n = 6)






	
S. No.

	
Concentration (µg/mL)

	
Mean peak area ± S.D. *

	
% R.S.D. **

	




	
1

	
5

	
128,288.2 ± 814.32

	
0.63




	
2

	
10

	
256,183.4 ± 1468.84

	
0.57




	
3

	
15

	
360,483.8 ± 2848.34

	
0.79




	
4

	
20

	
474,384.8 ± 4588.022

	
0.97




	
5

	
25

	
587,885.8 ± 5905.894

	
1.005




	
6

	
30

	
709,248.4 ± 5077.497

	
0.72




	
Results of Recovery Study (n = 3)




	
Ai (μg/mL)

	
X (%)

	
Ad (μg/mL)

	
% recovery

	
% R.S.D.*




	
10

	
80

	
8

	
100.13

	
0.94




	
10

	
100

	
10

	
99.76

	
1.32




	
10

	
120

	
12

	
100.36

	
1.47




	
Results of Repeatability Study




	
Concentration (µg/mL)

	
Amount Found (mean ± S.D.)

	
% R.S.D. *




	
15

	
99.63 ± 0.49

	
0.49




	
Results of Precision Studies (Intra-day and Inter-day)




	

	
Intra-day: Amount Found (%)

	
Inter-day: Amount Found (%)




	
Mean ± S.D. **

	
% R.S.D.

	
Mean ± S.D. **

	
% R.S.D.




	
101.1 ± 0.94

	
0.93

	
99.56 ± 0.28

	
0.28




	
99.73 ± 0.39

	
0.39

	
99.54 ± 0.34

	
0.34




	
100.33 ± 0.30

	
0.30

	
99.90 ± 0.33

	
0.33




	
Results of Ruggedness Study




	

	
% Amount Found (Mean ± S.D.)

	
% R.S.D.*




	
Analyte I

	
99.87 ± 0.78

	
0.78




	
Analyte II

	
100.08 ± 0.86

	
0.86








* n = 6 and ** n = 3, Ai = the initial amount of the drug, X = access drug added to the analyte, Ad = amount added.













 





Table 8. A summary report of the system suitability test.






Table 8. A summary report of the system suitability test.





	System Suitability Parameters
	Proposed Method





	No. of theoretical plates (N)
	4065



	Tailing factor (T)
	1.3



	Retention time (in min)
	3.7










 





Table 9. Results of robustness studies and validation parameters.






Table 9. Results of robustness studies and validation parameters.





	
Result of Robustness Study




	
Sr. No.

	
Parameter

	
S.D. of Peak Area

	
% R.S.D. *






	
1

	
Mobile phase composition

(a) 0.1% OPA: Methanol (45:55)

	


3254.134

	


0.903




	
(b) Phosphate buffer: ACN (55:45)

	
3528.944

	
0.976




	
2

	
Changing flow rate

(a) 1.0 mL/min

	


2248.265

	


0.625




	
(b) 1.4 mL/min

	
2946.118

	
0.820




	
3

	
Changing the pH of the mobile phase

(a) 1.5

	


3053.616

	


0.84




	
(b) 2.5

	
3811.690

	
1.06




	
Summary of Validation Parameters




	
Parameters

	
Results




	
Linearity (range)

	
5–30 µg/mL




	
Y = mx + C

	
Y = 22,936 X − 18,031




	
LOD (µg/mL)

	
0.13




	
LOQ (µg/mL)

	
0.40




	
% Recovery *

	
99.76–100.36%




	
Precision (% R.S.D.)

	




	
Intra-Day *

	
0.30–0.93




	
Inter-Day *

	
0.28–0.33




	
Repeatability **

	
0.49




	
Ruggedness *

	




	
Analyst I

	
99.87 ± 0.78




	
Analyst II

	
100.08 ± 0.86








Note: * n = 3, ** n = 6, LOD = limit of detection, LOQ = limit of quantification.













 





Table 10. Summary of PK parameters after in vivo study in rat model for analyte I and analyte II.






Table 10. Summary of PK parameters after in vivo study in rat model for analyte I and analyte II.





	PK Parameters
	Analyte II
	Analyte I





	Dose (mg/kg) *
	10.0
	10.0



	AUC0-t (nmol·h/L)
	9.8 ± 0.97
	16.3 ± 0.39



	AUC0-∞ (nmol·h/L)
	10.0 ± 0.9
	16.6 ± 0.4



	Cmax (nmol/L)
	2.2 ± 0.1
	3.5 ± 0.25



	Tmax (h)
	2.0
	2.0



	T1/2 (h)
	2.1 ± 0.14
	1.8 ± 0.01



	Ke (h−1)
	0.33
	0.385



	Clearance (L/h·kg)
	53.6
	32.28







Note: * [26].
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