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Introduction

Esomeprazole (ESO) is a cost-effective 
pharmacotherapy for non-steroidal anti-
inflammatory drug-associated ulceration, 
and Zollinger-Ellison syndrome [1]. ESO 
inhibits the secretion of gastric acid by 
blocking the action of gastric H+/K+-ATPase. 
Compared to omeprazole and other racemic 
proton pump inhibitors, the ESO pharma-
cokinetic profile offers better acid control 
[2–4]. An S-isomer of omeprazole (eso-
meprazole magnesium trihydrate) contains 
magnesium, bis[5-methoxy-2-[[(4-methoxy-
3,5-dimethyl-2-pyridinyl) methyl] sulfinyl] 
[1H- benzimidazole] is shown in Figure 1A 
[5]. Several UV-spectrophotometry [6–7], 
HPLC [8–12], and HPTLC [13] analytical 
methods are available in the literature for 

estimation of ESO in single form as well as in 
combination with other acid pump inhibitors. 
The official United States Pharmacopoeia 
(USP) NF monograph for ESO drug sub-
stances specifies the high-performance liq-
uid chromatography (HPLC) method for 
ESO detection and estimation together with 
various impurities [14] (Figure 1B, C).

ESO drug substances and drug products 
are official in the Indian Pharmacopoeia 
(IP) [15]. However, the IP does not men-
tion any tests to detect impurities in ESO 
drug products. The analytical method for 
the estimation of ESO impurities is avail-
able for the capsule dosage form. There is 
currently no official method for the esti-
mation of ESO impurities from the tablet 
dosage form. In the Indian market ESO 
Gastro-resistant tablets (40 mg) are sold 
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Abstract

Background: Esomeprazole (ESO) gastro-resistant tablets (40 mg) are sold under the brand name, Zosa, 
which effectively manages conditions associated with the overproduction of gastric acid, including pep-
tic ulcer disease and Zollinger-Ellison syndrome. The present study quantifies impurities in esomeprazole 
using advanced analytical techniques known as analytical quality by design with high-performance liquid 
chromatography.
Methods: Buffer selection (pH 7.6) and mobile phase composition (75:25 v/v) were optimized utilizing a 
YMC C18 column (150 mm × 4.6 mm; particle size, 3 μm) with a flow rate of 1.0 mL/min. The analyte was 
monitored with a UV/PDA detector at a wavelength of 280 nm. The stability-indicating nature of the method 
was confirmed based on forced degradation studies. The method validation was performed per ICH guide-
lines. Linearity, specificity, limit of detection, limit of quantification, precision, accuracy, solution stability, 
and robustness parameters were validated.
Results: All validation parameters were within an acceptable range. Excellent linearity with correlation coef-
ficient values > 0.99 was achieved across the quantification limit. The solution stability study demonstrated 
no significant increase in percent impurity over a 24-h period. Analytical quality by design was instrumental 
in defining the design range for buffer pH and mobile phase composition, ensuring robust method perfor-
mance. It was confirmed that 75% buffer solution, 25% acetonitrile, and pH 7.6 were the ideal conditions for 
determination of ESO impurities.
Conclusion: The validated method provides a reliable tool for accurately quantifying impurities in ESO 
tablet formulations.
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under the brand name, Zosa. Zosa tablets effectively man-
age conditions associated with the overproduction of gastric 
acid, including peptic ulcer disease and Zollinger-Ellison 
syndrome. With the efficacy in reducing gastric acid pro-
duction and providing symptomatic relief, Zosa tablets have 
gained significant traction among healthcare professionals 
and patients alike. The demand for Zosa tablets is consist-
ently high, reflecting the prevalence of acid-related disor-
ders in the Indian population and the effectiveness of Zosa 
in managing these conditions. Therefore, there is a need for 
a simple and robust analytical method to determine ESO 
impurities in tablet dosage forms within a short time frame.

Ensuring the safety and efficacy of drug therapy requires 
meticulous impurity profiling of drug products. Forced deg-
radation studies (FDSs) have a relevant role in the devel-
opment of stability-indicating methods. Additionally, it is 
advantageous to comprehend the inherent stability of drug 
products. Thus, the stability-indicating method is preferred 
due to precision, accuracy, and robustness. HPLC serves as 
one of the fundamental analytical techniques in pharmaceu-
tical sciences. HPLC enables precise and reliable quantifi-
cation of impurities, thereby facilitating rigorous evaluation 
and characterization of drug products.

The adoption of analytical quality by design (AQbD) 
methodologies aids in managing variability and enhancing 
the performance of analytical methods. AQbD is a scientific 
approach focused on risk assessment. AQbD facilitates the 
development of analytical methods by systematically iden-
tifying and controlling critical variables that impact method 
attributes. This process aims to achieve superior method per-
formance, ruggedness, flexibility, and robustness, thereby 
enabling continuous improvement [16]. A robust HPLC 
method can be developed using various AQbD tools by iden-
tifying critical method attributes (CMAs) to assess risk and 
optimizing and developing the method through the design of 
experiments (DoEs). By utilizing DoEs, the method opera-
ble design region can be established, which allows for the 
determination of acceptable ranges for factors affecting 
method performance. Furthermore, incorporating a control 
strategy and assessment of risk ensures the identification and 

mitigation of potential risks throughout the method devel-
opment process. The AQbD method provides confidence in 
method accuracy and reliability, while continuous method 
monitoring enables real-time performance assessment and 
potential adjustments [17]. The present work implemented 
AQbD principles in optimizing mobile phase composition 
and pH to identify and detect impurities in ESO products by 
developing an in-house validated HPLC method to manufac-
ture products with export potential.

Experimental

Chemicals and reagents

Omeprazole N-oxide and omeprazole-related compound A 
were used as USP reference standard impurities and sourced 
from Zuventus Healthcare Ltd. Pune. Buffer components 
like monobasic sodium phosphate and anhydrous dibasic 
sodium phosphates were obtained from Zuventus Healthcare 
Ltd. Pune. Phosphoric acid was used as a pH adjuster, and 
acetonitrile HPLC grade was used as an organic solvent 
for chromatographic separations in HPLC obtained from 
Zuventus Healthcare Ltd. Pune. HPLC grade milli-Q water 
was used to prepare all solutions. Zosa Tablets (Esomeprazole 
Gastro-resistant Tablets [40 mg]) were provided by Zuventus 
Healthcare Ltd. Pune. All analytical grade chemicals and 
solvents used were provided by Zuventus Healthcare Ltd. 
(Hinjawadi, Pune, India).

Instrumentation

The HPLC system (Waters Pacific Pte Ltd., Singapore) used 
in this study was equipped with a Yamazen multi-layered 
pack C

18
 column (150 mm × 4.6 mm; particle size, 3 μm). 

The waters-HPLC series is comprised of quaternary chan-
nels, which refer to the pump system typically consisting 
of four solvent channels, a degasser, an auto-injector, and 

Figure 1  Structure of esomeprazole (A); Structure of omeprazole impurity A (B); Structure of omeprazole N-oxide impurity (C).
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a UV-detector. The photo-diode array (PDA) detector was 
connected to Empower 3 software (Waters Corporation, 
Milford, USA) to monitor the output signal.

Chromatographic conditions

Impurity separation was accomplished through the utiliza-
tion of an isocratic mobile phase comprised blend of buffer 
and acetonitrile and acetonitrile in a volumetric ratio of 
75:25 [18]. A Yamazen multi-layered pack C

18
 column at 

ambient temperature with a flow rate of 1.0 mL min−1 was 
used. The sample analysis was performed at 280 nm using a 
PDA detector with a 50-μL injection volume and a 45-min 
run time.

Methods

Buffer preparation

Monobasic sodium phosphate (0.006 M) and anhydrous 
dibasic sodium phosphate (0.032 M) were dissolved in 1000 
mL of water and mixed well under continuous stirring. The 
solution (250 mL) was diluted with water up to 1000 mL 
and the pH was adjusted to 7.6 with phosphoric acid. The 
solution was thoroughly mixed.

Mobile phase preparation

The mobile phase was meticulously prepared by combining 
acetonitrile and buffer at a 25:75 ratio.

Diluent preparation

An optimized diluent was prepared by mixing acetonitrile 
and buffer in a 25:75 volumetric ratio.

System suitability solution 
preparation
Esomeprazole magnesium (0.04 mg mL−1), omeprazole 
N-oxide (0.04 mg mL−1), and omeprazole-related compound 
A (0.04 mg mL−1) were prepared in the diluent.

Sample solution

The tablets were crushed and powder equivalent to 40 mg of 
ESO was weighed accurately and transferred into a 250-mL 
flask. Nearly 170 mL of diluent was added and sonicated for 
15 min. The solution was filled to the designated mark with 
the diluent and thoroughly mixed. The solution then under-
went filtration through a 0.45-μm membrane filter. The ini-
tial 5 mL of filtrate was discarded and the remaining solution 
was utilized for analysis [19].

FDS

The drug substance or product is usually subjected to a 
variety of stress conditions, including heat, light, humid-
ity, acid/base hydrolysis, oxidation, and photolysis, in 
forced degradation experiments. Drug products and pla-
cebos were kept in different conditions, such as acid (0.1 
M HCl for 15 min at room temperature), alkali (0.1 M 
NaOH for 60 min at 60°C), oxidative stress (0.03% H

2
O

2
 

for 10 min at room temperature), and heat at 60°C for 24 
h. Placebo and drug products were exposed to 1.2 million 
lux h and near UV at 200-watt hrs m−2 for the photostabil-
ity condition. To observe the humidity, samples were kept 
at 40°C/75% relative humidity for 24 h. The intent was 
to create approximately 10% of degradation under at least 
one stress condition [20].

Analytical method development and 
validation (Figure 2)

Method validation

In accordance with ICH requirements, the optimized HPLC 
technique was validated for robustness, specificity, linearity, 
precision, limit of detection, accuracy, and limit of quantifi-
cation [21–23].

Specificity

Studies on forced degradation, including acid and base, oxi-
dation, photolysis, heat, and humidity samples, were carried 
out to ascertain the specificity of the technique. Peak purity 
was used to confirm interference of the placebo and other 
degradation peaks.

Linearity and range

The standard and mixture of all impurity stock solutions with 
a concentration of 0.05 mg mL−1 were utilized to demon-
strate the linearity of the optimized procedure. The stock 
solutions were further diluted for 6 different concentrations 
of esomeprazole and associated impurities in the diluent, 
ranging from 0.00001–0.0012 mg mL−1.

LOD and LOQ

The calibration curve method and signal-to-noise ratio 
(S/N) were used to determine the LOD and LOQ values 
for esomeprazole and associated contaminants. The follow-
ing formulae (1 and 2) were used to derive LOD and LOQ, 
respectively:

	
3.3 SD of y-intercept

LOD
Slope of  a calibration curve

×
= � (1)

	
10 SD of y-intercept

LOQ
Slope of  a calibration curve

×
= � (2)
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Precision

To ensure reproducibility, six different samples were extracted 
from a homogeneous mixture and subjected to analysis. The 
percentage relative standard deviation (RSD) values of the six 
impurity sample results were used to calculate the analysis 
precision. The analysis was performed again on separate days 
to verify the method ruggedness (intermediate precision).

Accuracy

Accuracy was demonstrated with the spiking test solution 
at the following concentrations LOQ %, 50%; 100%; and 
150%,  The concentration levels (LOQ%, 50%, 100%, and 
150%) were repeated in triplicate.

Solution stability

The blank, placebo, system suitability, and test solutions of 
ESO gastro-resistant tablets (40 mg) were prepared according 
to the analytical method. The test and standard solutions were 
stored at 15°C up to 24 h. The test solutions were analysed 
at the initial, and 8, 16, and 24 h time points. The percent 
impurity from the initial time period to 24 h was calculated.

Robustness

By purposefully altering the chromatographic conditions 
within and around the optimal parameters, robustness was 
established. Based on the robustness study method the oper-
able design space was defined, which involves determining 

Defined validation parameters

Define Analytical Goal

Literature Review

Method Optimization

pH of buffer 

Mobile phase composition 

Resolution 

Retention time 

Critical  Method AttributesCritical Method Parameter

Performed Analytical Method validation

Prepare validation report

Implemented Method in routine analysis

Monitor Method performance

Selection of buffer 

Selection of stationary phase 

Selection of diluent

Preparation of standard and 

sample solution phase 

Preliminary Experiment

Select Analytical Techniques

Implementation of AQbD

Establishment of MODR

Figure 2  Schematic diagram of methodology.
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if the method can continue to produce reliable results despite 
deliberate changes to the parameters. Robustness analyses 
aid in the identification of crucial technique parameters and 
the permissible ranges, enabling improved control as well 
as understanding of the method performance. Potential risks 
can be proactively evaluated and reduced by conducting 
robustness studies within the framework of the DoE.

Optimization using CCD

The dependent variables were resolution (Y1) and retention 
time (Y2), while the pH of the buffer solution (A) and the 
composition of the mobile phase (B) were independent var-
iables (Table 1).

Before method validation, the optimized chromatographic 
conditions underwent a risk assessment process using the 
DoEs [24]. Optimization was carried out using data from 
screening experiments. The same variables investigated in 
the screening experiments were examined again but within a 
narrower range to pinpoint the optimal settings. The results 
were analysed based on specific peak responses with perfor-
mance criteria set to achieve resolution between all peaks. 
AQbD principles were used to develop a suitable method for 
the determination of ESO and known impurities [25, 26].

In the current method the critical method parameters are 
the pH of the buffer solution and the composition of the 
mobile phase. The central composite design was executed 
using Design Expert software (Stat-Ease Inc., Minneapolis, 
USA) for the DoE studies [27].

Result and Discussion

Method development strategy and 
optimization of chromatographic 
conditions

The primary objective of this study was to develop a sim-
ple stability-indicating technique for assessing impurities 
in ESO via HPLC, achieving optimal resolution and min-
imizing run time. Spectrophotometric methods for deter-
mining ESO and related impurities in pharmaceutical 
formulations pose challenges in specificity, particularly 
due to the presence of diverse excipients in the placebo. 
Hence, the simple reversed-phase high-performance liquid 

chromatography (RP HPLC) impurity method is favored in 
quality control settings for the ability to deliver reproduc-
ible and precise results swiftly [28]. Several development 
trials were conducted using an isocratic method, combin-
ing buffer (pH 7.6) and acetonitrile at a ratio of 70:30 v/v. 
However, in this trial, the resolution between impurities 
and placebo was found to be unsatisfactory. To reduce run 
time, the concentration of the mobile phase was optimized 
through repeated runs. Various compositions of the mobile 
phase were tested to achieve optimal resolution and peak 
symmetry. Based on spectral data analysis, the detection 
wavelength was set at 280 nm for impurity detection in 
the samples [27]. Following preliminary chromatographic 
optimization, a DoE study was conducted to confirm that 
the optimized conditions are suitable for quantifying ESO 
impurities in tablet dosage forms. For the separation and 
estimation of ESO and related compounds, method devel-
opment was started by selecting buffer (pH 7.6) and mobile 
phase composition [MPC] (75:25 v/v), which evaluated sys-
tem suitability parameters (i.e., retention time [11.4 min] 
and resolution [6.46]). The result from the replicates runs 
were satisfactory and after the forced degradation analysis 
no interference was observed in the placebo peaks, and the 
impurities were resolved from each other.

The optimized chromatographic conditions of the analyti-
cal method development are summarised in Table 2.

FDS

Forced degradation is used in pharmaceutical development 
and analysis to intentionally induce the degradation of a drug 
substance or product under exaggerated conditions. These 
studies help assess the stability, degradation pathways, and 
impurity profiles of the drug substance or product ensuring 
drug safety and efficacy. FDSs provide necessary and val-
uable information about the inherent stability of any drug 
substance and its degradation behaviour under different 
exaggerated conditions [29].

Under ideal chromatographic conditions, the spiked impu-
rity sample was injected, and system suitability parameters 
were assessed. Additionally, the forced degradation analy-
sis was run to confirm that placebo peaks were interfering. 
Figure 3 displays individual chromatograms of the ESO 
molecules and Table 3 presents the findings of the forced 
degradation investigation.

Table 1  Variables and Levels

Variable   (−1) 
Low 
Level

  (0) 
Medium 
Level

  (+1) 
High 
Level

Independent variables
  A: pH of buffer solution   7.2   7.6   8.0

  B: Mobile phase composition (%)   73:27   75:25   77:23

Dependent Variables
  Y1: Resolution

  Y2: Retention time

Table 2  Optimised Chromatographic Conditions

Sr. No   Parameters   Conditions
1   HPLC   Waters

2   Column   YMC C18 column (150 mm × 
4.6 mm; particle size, 3 μm)

3   Wavelength   280 nm

4   pH of buffer solution   7.6

5   Mobile phase   Phosphate buffer pH 7.6: 
Acetonitrile (75:25 v/v ratio)

6   Run time   45 min

7   Injection volume   50 μl

8   Flow rate   1 ml/min
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A

B

Figure 3  (A) Chromatogram of omeprazole N-oxide impurity; (B) Chromatogram of omeprazole-related compound A.

Table 3  Degradation Study Results for Drug Product

Sr. 
No.

  Stress Conditions   % Total 
Impurities

  Peak 
Purity 
Index

  Single 
Point 
Threshold

  Peak Purity 
Criteria of 
Esomeprazole 
Peak

1   As such sample   0.285   1.000000   0.999990   Pass

2   Acid degradation: 0.1 M HCl at room temperature for 15 min   0.467   1.000000   0.999990   Pass

3   Alkali degradation: 0.1 M NaOH in a water bath at 60°C for 60 min   0.629   1.000000   0.999990   Pass

4   Oxidation degradation: 0.03% H2O2 at room temperature for 10 min   13.187   1.000000   0.999990   Pass

5   Heat degradation (solid-state): Expose the sample at 60°C for 24 h   0.236   1.000000   0.999990   Pass

6   Humidity degradation: Expose the sample at 75% RH for 24 h   0.253   1.000000   0.999989   Pass

7  
Photolytic degradation: 1.2 million lux hours and near UV at 200-
watt hrs/m2   0.294   1.000000   0.999990   Pass
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Method validation

The method validation adhered to the guidelines outlined by 
ICH for validating analytical methods. The objectives of these 
validations were to confirm the method reliability and efficacy 
in consistently delivering accurate and precise results.

Specificity

One important aspect that must be evaluated is specificity, 
which is mandatory as per regulatory ICH Q2(R1) guide-
lines. The guidelines emphasize how crucial it is that the 
process be specific to the target analyte and unaffected by 
other components of the sample. The process ability to iden-
tify and measure the target analyte without the interference 
of matrix elements is ensured by its specificity [30]. The 
ESO and spiked impurities were recorded for peak purity 
presented in Table 4 and the chromatogram is shown in 
Figure 4. In all the conditions the peak purity was passed.

Linearity and range

For omeprazole N-oxide, omeprazole-related compound 
A, and ESO, the developed method was shown to be linear 

in the concentration ranges of 0.00002–0.00118, 0.00008–
0.00121, and 0.00008–0.00122 mg mL−1, respectively. The 
correlation coefficient (R) for omeprazole N-oxide, omepra-
zole compound A, and ESO was 1.0000, 0.9999, and 0.9999, 
respectively, which was within limits; hence, the method was 
considered to be linear (Table 5).

LOD and LOQ

As per ICH guidelines, there are three distinct approaches 
(visual evaluation, S/N ratio, and slope method) that can be 
used to determine the LOD and LOQ for a given analytical 
method. In the current study we selected the S/N ratio. LOD 
and LOQ are essential criteria in the development of HPLC 
methods that characterize the method sensitivity. The lowest 
amount of an analyte that can be accurately identified at a 
S/N of 3:1 is known as the LOD. The LOD is the lowest 
concentration of the analyte that is distinguishable, but not 
usually precisely quantified.

The LOQ is the smallest quantity of an analyte that can 
be accurately measured with a 10:1 S/N [23]. The devel-
oped method is exceptionally sensitive and can detect min-
ute amounts of analyte from the test samples because of 

Table 4  Peak Purity of Test Solution and Impurities

Sample Details   Retention Time   Peak Purity Index   Single Point Threshold
Impurity spike test solution for (40 mg) tablets  

  Omeprazole N-oxide   5.211   0.999998   0.993094

  Omeprazole-related compound A   12.417   1.000000   0.979934

  Esomeprazole   14.394   1.000000   0.999970

Test solution for (40 mg) tablets  

  Esomeprazole   14.386   1.000000   0.999973

Figure 4  Typical chromatogram of impurity spiked test solution.
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the extremely low LOD and LOQ values, as mentioned in 
Table 5.

Precision

A precision study evaluates the capacity of an analyti-
cal method to reliably produce results with a high level of 
repeatability and reproducibility, making a precision study 
an essential part of method validation. Through the assess-
ment of potential differences arising from many sources dur-
ing the analytical process, precision offers valuable insights 
regarding the method reliability [23]. The lower percentage 
Relative Standard Deviation (RSD) in a precision study indi-
cates that the method demonstrates good recovery values and 
is considered accurate. The precision for the analysis of each 
impurity was shown to be satisfactory (Table 5).

Accuracy

The accuracy study is a crucial component of method valida-
tion because the accuracy study offers a thorough evaluation 
of the method capacity to provide findings that accurately 
represent the real values of the analytes under investiga-
tion. This important feature ensures that the process can 
yield unbiased, dependable outcomes, which add to the 
analytical process overall validity and reliability [23]. All 
recovery results found within the specified limits (i.e., the 
percent recovery should be between 90.0 and 110.0 for the 
50%–150% level and the RSD of percent recovery should be 
<10.0% (Table 6).

Solution stability

Solution stability is crucial in analytical method develop-
ment and validation for reliable results. Solution stability 
ensures accuracy, precision, and consistency over time, and 
is vital for method validation and regulatory compliance. 
Instability can lead to erroneous measurements and affect 
storage conditions, which impacts product quality in indus-
tries, such as the pharmaceutical industry. Stability studies 
guide appropriate storage and quality control measures, 
especially for long-term analysis [31]. Overall, maintaining 
solution stability is fundamental for preserving integrity, 
meeting regulatory standards, and ensuring the credibility 
of analytical results across diverse sectors. As shown in 
Table  7, the initial impurity of omeprazole N-oxide and 
omeprazole-related compound A was 0.021% and 0.134%, 
respectively. At the end of 24 h there was no significant 
increase in percent impurity. The study confirms the stabil-
ity of the solution for 24 h.

Robustness

The development of an analytical technique employing 
HPLC places significant importance on robustness as a cru-
cial parameter [32]. This study determines the method abil-
ity to tolerate small changes in experimental parameters, 
including pH and MPC. Remarkably, the dependent varia-
bles under investigation were not compromised by changes 
in the composition of the mobile phase and pH.

Optimization trials using CCD

CCD was used to develop and optimize the analytical method 
for the estimation of impurities of ESO. The dependent and Table 6  Recovery Study Results of Impurities

Parameters   Omeprazole 
N-Oxide

  Omeprazole-Related 
Compound A

Accuracy (% recovery)
  LOQ (%Mean)   110   109.21

  LOQ (%RSD)   0.0   7.52

  50% (%Mean)   104.86   108.48

  50% (%RSD)   0.42   0.59

  100% (%Mean)   103.16   99.28

  100% (%RSD)   0.36   1.74

  150% (%Mean)   104.25   97.91

  150% (%RSD)   0.08   1.07

Table 7  Solution Stability Results of Omeprazole N-Oxide 
and Omeprazole-Related Compound A

Parameters   Omeprazole 
N-oxide

  Omeprazole-Related 
Compound A

% Impurities in sample up to 24 h
  Initial   0.021   0.134

  After 8 h   0.022   0.169

  After 16 h   0.023   0.190

  After 24 h   0.022   0.197

Table 5  Linearity, LOD, LOQ, and Precision of Esomeprazole and Other Impurities

Parameters Omeprazole N-Oxide Omeprazole-Related
Compound A

Esomeprazole

Linearity
  Range (mg mL−1) 0.00002–0.00118 0.00008–0.00121 0.00008–0.00122

  Correlation coefficient (R) 1.0000 0.9999 0.9999

LOD and LOQ
  LOD (mg mL−1) 0.00001 0.00004 0.00004

  LOQ (mg mL−1) 0.00002 0.00008 0.00008

Precision
  Repeatability (% RSD)  2.53 5.64

  Intermediate precision (% RSD) 3.59 4.20
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independent factors were already captured and discussed in 
the experimental section and were considered to optimize 
and validate the analytical method. All optimization trial 
results are shown in Table 8.

Resolution refers to the separation of two adjacent peaks 
or components in a chromatogram in HPLC method devel-
opment. Resolution is a critical parameter because resolu-
tion indicates how well the HPLC system distinguishes 
and separates different analytes within a mixture. A higher 

resolution value indicates better separation between peaks 
[23]. Achieving good resolution is essential in HPLC method 
development to ensure accurate quantification and identifi-
cation of individual components in a sample. In the current 
study a higher resolution was observed with an increase in 
pH and buffer concentration in the MPC. The highest res-
olution of 10.56 was found at pH 8. A similar observation 
was noted for the MPC. The effect of pH on the resolution is 
presented in Figure 5.

Table 8  Optimisation Trial Results of CCD

Run  
 

Factor  
 

Dependent Variables

pH (A)   Mobile Phase Composition (MPC)
(Buffer: Acetonitrile)

Resolution (Y1)   Retention Time (Min) (Y2)

1   7.2   73:27   1.34   8.9

2   8.0   73:27   7.50   8.2

3   7.2   77:23   2.25   16.0

4   8.0   77:23   10.56   15.2

5   7.2   75:25   1.73   11.9

6   8.0   75:25   8.06   10.6

7   7.6   73:27   5.54   8.7

8   7.6   77:23   7.73   16.5

9   7.6   75:25   6.46   11.4

Figure 5  Increase in pH of the buffer and mobile phase composition leads to increase in resolution. (A) Contour plot (B) 3D plot (C) Factorial 
plot resolution.
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Retention time is crucial while developing an HPLC 
method. Retention time is an important parameter that rep-
resents how long it takes a solute to go through a chromato-
graphic column and reach the detector [33, 34]. Retention 
time is important because it may reveal important things 
about how the chemicals in a sample are separated and iden-
tified. Analysts may improve HPLC methods to separate 
target molecules more effectively with respect to resolu-
tion, selectivity, and overall efficiency by understanding and 
controlling retention times. In a variety of analytical appli-
cations, such as pharmaceutical analysis, environmental 
monitoring, and quality control in companies, this is crucial 
for producing reliable and precise findings [35, 36]. In the 
current study, a higher RT was observed with an increase in 
pH and buffer concentration in the MPC.

Using the DoE approach, we identified the MODR for our 
chromatographic method. We discovered a buffer compo-
sition of 75%–77% and pH 7.6 yielded optimal results, as 
shown in Figure 6.

By using Design Expert software, we confirmed that a 
75% buffer solution, 25% acetonitrile, and pH 7.6 were the 
ideal conditions. This led to successful peak resolution and 
established parameters like RT, relative retention rime, and 
relative response factor, which ensures a reliable and robust 
method. The implementation of DoE was instrumental in 
optimizing the method and achieving accurate outcomes.

Conclusion

The AQbD approach is indispensable for optimizing a sta-
ble and reliable RP-HPLC method to detect impurity deg-
radation in ESO. By using DoE, we thoroughly assessed 

chromatographic conditions, which minimalized potential 
risks. Method validation covered precision, linearity, spec-
ificity, robustness, ruggedness, accuracy, LOD, and LOQ. 
This validated method effectively supports the routine anal-
ysis of ESO impurities and degradation products in tablet 
formulations. These findings offer crucial insight to ana-
lysts, aiding in the early detection of potential issues during 
ESO analysis and facilitating the application of corrective 
measures.
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Figure 6  (A) Method operable design range; (B) response optimizer.
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