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Abstract: In a Quality by Design (QbD) approach, the impact and interaction of critical variables are understood
and optimized using Design of Experiment (DoE). DoE includes statistical multivariate analysis and modeling of
data for continuous improvement of the method. In the present research work, 24 full factorial designs were applied
to optimize and select appropriate chromatographic conditions for the RP-HPLC method for the development of
Torsemide (TOR) and Spironolactone (SPI) in synthetic mixtures. The drug was analyzed using a LiChrospher® C
18 (5um, 2504 mm) and a mobile phase of acetonitrile: buffer (57.4:42.6 v/v) at a flow rate of 1 mL/min, with
TOR showing considerable absorbance at 290 nm and SPI showing significant absorbance at 238 nm. For TOR and
SPI, the technique was shown to be linear over the concentration range of 2—-12 pg/mL and 10-60 pg/mL,
respectively. LOD and LOQ values for TOR were 0.10 g/mL and 0.32 g/mL, respectively, whereas those for SPI
were 0.75 pg/mL and 2.29 pug/mL. The correlation coefficient (R2) was found to be 0.9973 for TOR and 0.9976 for
SPI. The recovery study for accuracy was found in the range of 97.55%-99.05% and 94.82%-100% for TOR and
SPI, respectively.

Keywords: Torsemide; spironolactone; RP-HPLC; validation; QbD; Measurement uncertainty. © 2023 ACG
Publications. All rights reserved.

1. Introduction

In pharmaceutical research, QbD is a modern approach for assessment of product quality, and
QbD is a cutting-edge strategy for monitoring product quality and fostering ongoing advancement in the
pharmaceutical industry. Companies receiving warning letters from the United States Food and Drug
Administration (USFDA) [1-4] said that quality issues were a primary focus of their research efforts.
QbD specialist Joseph M. Juran has integrated the concept of conventional statistical practice into
contemporary quality management. [3] Quality cannot be tested in products; therefore, quality should be
built into design, as stated in the International Council for Harmonization (ICH) Q8 standard. According
to ICHQ8, Quality by Design (QbD) is a methodical strategy for developing pharmaceuticals that places
an emphasis on prioritizing product knowledge, process control, and quality risk management. When it
comes to the development of products, Analytical Quality by Design (AQbD) is the standard method.
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Due to its importance in both the initial stages of drug creation and in final quality assurance [7—
10], analytical method development is a pivotal factor in the pharmaceutical product lifecycle. The
industry-standard procedure for developing new analytical methods involves slowly and carefully
changing One-Factor-at-a-Time (OFAT) [11, 12]. As AQbD was less explored by researchers and it was
believed that the results obtained by the application of AQbD were inaccurate and misleading, it has
different components such as the Analytical Target Profile (ATP), risk management, screening design,
optimization method, Design of Experiment (DoE), design space, validation, continuous method
monitoring, etc. This has led researchers to focus on improving analytical methods by employing QbD
and DoE [13, 14]. Similar to how QbD aids in product development, the process of creating and validating
an analytical method using QbD is useful in the creation of high-quality analytical data for the
pharmaceutical industry. DoE is the part of the AQbD concept that aims to evidence the interaction
between factors affecting process development and the output of the process and to find the best-fit region
that fulfills the target requirement for Critical Method Attributes (CMA) [15].

Torsemide (TOR) is chemically N- [(isopropyl amino) carbonyl]. -4-[(3methylphenyl) amino]
pyridine-3-sulfonamide (Figure 1A). Torsemide, a loop diuretic, works within the lumen of the thick
ascending portion of the loop of Henle, where it inhibits the Na+/K+/2Cl-carrier system. Chemically,
Spironolactone (SPI) is S- [7R, 8R, 9S, 10R, 13S, 14S, 17R]-10,13-Dimethyl-3,5'-dioxospiro
[2,6,7,8,9,11,12,14,15,16-decahydro-1H-cyclopanta[a]phenantherene-17,2'-oxalone]. -7yl] ethanethioate
(Figure 1B). It binds to this mineralocorticoid receptor (MR), blocking the actions of aldosterone on gene
expression. A safe, accurate, and reliable procedure has to be incorporated to detect the concentration of
these drugs simultaneously, as they are available in both single and combined dosage forms [16—20].
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Figure 1. Chemical structures of torsemide (A) and spironolactone (B)

A review of the literature revealed that various methods, including spectrophotometry [21], HPLC
[22-23], HPTLC [24-25], and LC-ESI-MS [26], have been established for measuring TOR in biological
fluids and pharmaceutical dosage forms, or in both mixed and single dosage forms. A review of the
literature revealed that various methods, including spectrophotometric [27], HPLC [28-32], HPTLC [33-
34], HPLC-APCI-MS [35], and UPLC [36], have been developed for measuring SPI in biological fluids
and pharmaceutical dosage forms, or in both mixed and single dosage forms with other drugs.
Additionally, a confirmed method for TOR and SPI and their tablet, which was available on the market,
i.e., Dytor Plus 10, was selected for the study.

In order to determine the statistical significance of the difference between the measurement and
a relevant reference value, it is necessary to estimate the uncertainty associated with the measurement.
The uncertainty in each individual stage of an analytical technique is due in part to the uncertainty in the
measurements used. So, it's important to identify the causes and forms of uncertainty in each of these
procedures. In order to calculate an estimation of the HPLC measurement uncertainty, the EURACHEM
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[37, 38] guideline was applied. The variability of each individual measurement was accounted for either
by calculating the standard deviation of replicates or by analyzing the data from the calibration certificate.

The purpose of this research is to develop and verify a quality-by-design-based RP-HPLC method
for simultaneous determination of TOR and SPI in pharmaceutical dosage form. The purpose of this
research was to develop a sensitive, specific, and reliable HPLC test method for measuring TOR and SPI
in both bulk and tablet dosage forms. Since the FDA first instituted quality by design, it has been an
essential concept for healthcare organizations (USFDA). The focus of this work is on generating the
design space for simultaneous estimation of TOR and SPI in bulk and tablet dosage form, as well as
developing and validating a stability indicating HPLC method.

2. Experimental
2.1. Materials and Methods

Equipment used in the experiment: Ultra Sonicator Quantrex 140 was used for sonication.
Chromatographic separation was performed using the HPLC: Ultimate 3000 Thermoscientific with a
P2230 plus HPLC pump and UV-2230 plus UV-visible detector. Shimadzu Aux 220 was the analytical
balance that was used to weigh the standard and sample. Torsemide (98.91% purity) and Spironolactone
(99.11% purity) were obtained and gifted by Cipla Pharmaceuticals Ltd., Solan, India. The reagents and
solvents, acetonitrile (99.9%), methanol (99.9%), and water (99.9%), were of HPLC grade and obtained
from Sigma Aldrich, India.

2.2. Chromatographic Conditions

The analysis was performed using the LiChrospher® C* (5um, 250x4 mm) column using a
mobile phase made up of acetonitrile: buffer (57.4:42.6% v/v) was used at a flow rate of 1 mL/min. Using
UV detection at 290 and 230 nm, respectively, TOR and SPI at room temperature, the eluent was
observed. It used a 20-uL injection volume. There were 15 minutes in the runtime. Before usage, a
Whatman filter paper no. 41 was used to filter the mobile phase.

2.3. Preparation of the Mobile Phase

3.9 g of ammonium acetate was weighed accurately by using analytical balance and it was
transferred to a 1 L of beaker, and 1 mL of triethylamine was added on it. Then it was diluted to 1 L by
using distilled water. The specific pH was adjusted (see Table 1) by using glacial acetic acid.

2.4. Preparation of Stock solution of TOR and SPI

Accurately weighed 25 mg of TOR and SPI were added to separate 25 mL volumetric flasks, and
the remaining volume was diluted with mobile phase and the final concentrations were obtained as 1000
pug/mL for each standard. 1 mL of the final solutions were diluted to 10 mL in volumetric flasks using the
mobile phase. The concentration of the solution was obtained as 100 pug/mL for each standard.

2.5. Determination of Wavelength

In the region of 200-400 nm, stock solutions of TOR (100 pg/mL) and SPI (100 pg/mL) in the
mobile phase were scanned individually against a blank acetonitrile: ammonium acetate buffer. TOR
exhibited significant absorbance at 290 nm, and SPI exhibited significant absorbance at 238 nm. Hence,
the wavelengths were selected for the present study.
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2.6. Preparation of Calibration Curve

The standard stock solution's aliquots (0.2, 0.4, 0.6, 0.8, 1, and 1.2 mL) were transferred to a series
of 10-mL volumetric flasks and diluted with mobile phase to get 2, 4, 6, 8, 10, and 12 pg/mL TOR
respectively, until the desired concentration was reached.

The standard stock solution's aliquots (1, 2, 3, 4, 5, and 6 mL) were transferred to a series of 10-
mL volumetric flasks and diluted with mobile phase to get 10, 20, 30, 40, 50, and 60 pg/mL SPI
respectively, until the desired concentration was reached.

2.7. Analysis of Synthetic Mixture

To produce a concentration of 100 pg/mL TOR and SPI, 20 tablets (Dytor Plus 10) was crushed
and average weight of crushed powder (1 tablet) which is equivalent to 10 mg of TOR and 50 mg of SPI
was added to a 100mL volumetric flask and diluted up to the mark with mobile phase to obtain stock
solution (100 pg/mL of TOR and 500 pg/mL of SPI). From this, 0.6 mL was taken out and diluted to a
volume of 10 mL to produce TOR and SPI concentrations of 6 pug/mL and 30 pg/mL, respectively.
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Figure 2. Fishbone diagram indicating analytical method development variables

2.8. QbD and DoE Approach

For the development of an RP-HPLC technique, the QbD technique was used to choose and
optimize the chromatographic conditions. AQbD involves picking, evaluating, and improving different
steps for sample preparation, chromatographic separation, detection, and drug quantification. It does this
by using a number of Quality Risk Assessment (QRA) and management methods. To identify the best-
fitting Critical Method Parameters (CMPs) and Critical Material Attributes (CMAs), the
Ishikawa/fishbone (Causes and Effects) approach and DoE were used. The effective variable for method
development was first identified using the fishbone diagram illustrated in Figure 2. After defining and
identifying effective variables, the DoE approach was applied to optimize and understand the relationship
between independent variables and dependent variables. A full factorial design was used to optimize the
chromatographic conditions of the developed analytical method. For optimization, four independent
variables and two dependent variables were selected. pH of the mobile phase (A), composition of the
mobile phase (B), mobile phase flow rate (C), and temperature (D) were selected as independent variables,
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while retention time (RT) for TOR (Y1) and SPI (Y2) were selected as dependent variables. The

experimental runs, levels, and values of the independent factors are indicated in Table 1.

Table 1. Experimental Runs to optimize chromatographic condition of HPLC

Experimental Runs

Independent Factor Coded Value

A B C D
1 -1 -1 -1 -1
2 -1 -1 +1 -1
3 -1 -1 -1 +1
4 -1 -1 +1 +1
5 -1 +1 -1 -1
6 -1 +1 +1 -1
7 -1 +1 -1 +1
8 -1 +1 +1 +1
9 +1 -1 -1 -1
10 +1 -1 +1 -1
11 +1 -1 -1 +1
12 +1 -1 +1 +1
13 +1 +1 -1 -1
14 +1 +1 +1 -1
15 +1 +1 -1 +1
16 +1 +1 +1 +1
Levels of Independent Factors
Independent Factor Name Unit -1 +1
A: pH of the mobile phase - 4 5
B: Composition of mobile phase (Acetonitrile: % 40:60 60-40
Ammonium acetate Buffer)
C: Flow rate of mobile phase mL/min 0.8 1.0
D: Temperature °C 30 50

2.9. Method Validation

The method validation parameters of the method were determined as accuracy, linearity,
stability, precision, specificity, limit of quantitation (LoQ), limit of detection (LoD), and robustness as

described in ICH guidelines Q2 (R1) [36-40].
2.9.1. Linearity

The linear concentration ranges were applied as of 2-12 pg/mL for TOR and 10-60 pg/mL for
SPI. The calibration curve was constructed by plotting the graph of peak area vs. concentration (see Table

8).

2.9.2. Precision and Repeatability

The instrument's precision was tested by scanning and measuring the absorbance of solutions (n
= 6) for TOR (4 pg/mL) and SPI (20 ng/mL) without modifying the parameter of the proposed method's
parameter. The results were represented as a relative standard deviation (% RSD).
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2.9.3. Intermediate Precision

The proposed method was tested for intra-day and inter-day precision by analyzing the
corresponding responses three times on the same day and three times on different days for three different
concentrations [41-43] over the calibration range of 2, 4, and 8 ug/mL and SPI (10, 20, and 30 pg/mL).
The results were represented as a relative standard deviation (% RSD).

2.9.4. Accuracy

The accuracy of the method was determined by calculating the recovery of TOR and SPI by the
standard addition method [44-46]. Known amounts of standard solutions of the percent recovery of the
sample were calculated when TOR and SPI were added at 50, 100, and 150% levels to prequantified
sample solutions of TOR and SPI (4 pg/mL and 20 pg/mL).

2.9.5. Limit of quantification and Limit of detection

LOD and LOQ were calculated using the standard deviation of response (o) and slope (S) of the
calibration curve [44-47].
LOD=3.3 x0o/S
LOQ=10xo/S
Where, 6 = the response's standard deviation
S = slope of the calibration curve

2.9.6. Robustness

The analysis of the TOR and SPI sample data using purposeful modifications of the technique
parameters allowed for the study of robustness. The change in the response of TOR and SPI was observed.
The robustness of the method was investigated by altering the flow rate by 0.2 mL/min [48-54]. The
change in the response of TOR and SPI was recorded and compared with the original one.

2.10. Studies on Forced Degradation

Stress testing must be done to clarify the inherent stability properties of the active chemical,
according to the ICH guideline entitled Stability Testing of New Pharmacological Substances and
Products. TOR and SPI were subjected to forced deterioration using 0.5 N HCI, 0.5 N NaOH, 3% H,0x,
photolytic degradation, and water degradation.

2.10.1. Stress Degradation by Hydrolysis Under Acidic Media

For the stress degradation study, 25 mg SPI and TOR accurately weighed and added to 25 mL
volumetric flask, added 1 mL of 0.5 N HCI, and kept for 24 hours. After 24 hours. Neutralize it with 0.5
N NaOH and make up the mobile phase up to 25 mL (1000 pg/mL). Withdraw 2.5 mL of this solution
and dilute it with the mobile phase in 25 mL (100 pg/mL). Measure the peak area and find out the percent
degradation.

2.10.2. Stress Degradation by Hydrolysis Under Alkaline Media

25 mg SPI and TOR accurately weighed and added to 25 mL volumetric flask, added 1 mL of 0.5
N NaOH, and kept it for 24 hours. After 24 hours. Neutralize it with 0.5 N HCI and make up the mobile
phase up to 25 mL (1000 pg/mL). Withdraw 2.5 mL of this solution and dilute it with the mobile phase
in 25 mL (100 pg/mL). Measure the peak area and find out the percent degradation.
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2.10.3. Oxidative Degradation

25 mg SPI and TOR accurately weighed and added to 25 mL volumetric flask, and added 1 mL
of 3% H.0.. kept it for 24 hours. After 24 hours. This solution is made up of buffer and ACN up to 25
mL (1000 pg/mL). Withdraw 2.5 mL of this solution and dilute it with the mobile phase in 25 mL (100
pg/mL). Measure the peak area and find out the percent degradation.

2.10.4. Photolytic Degradation

25 mg SPIl and TOR accurately weighed and added to 25 mL volumetric flask and put this solution
in UV light and kept for 24 hrs. After 24 hrs. This solution made up with buffer/ACN up to 25 mL
(1000pg/mL). Withdraw 2.5 mL of this solution and diluted with mobile phase in 25 mL (100pg/mL).
Measure the peak area and find out % degradation.

2.10.5. Degradation by Water

25 mg SPI and TOR accurately weighed and added to 25 mL volumetric flask, added 1 mL of
water, and kept it for 24 hours. After 24 hours. This solution is made up of buffer and ACN up to 25 mL
(1000 pg/mL). Withdraw 2.5 mL of this solution and dilute it with the mobile phase in 25 mL (100
pg/mL). Measure the peak area and find out the percent degradation.

2.11. Measurement Uncertainty (MU)

Amount of sample mass (Uws), mass of standard compounds (Usm), volume (Uv), purity of the
standards (Up), calibration curve (Uc), stock solution preparation (Usprep), and repeatability (Uwr) were
selected as parameters for the estimation of uncertainty budget of the applied method for both measurand.
Thus, uncertainty budget of the method was estimated following equations as described in EURACEM
CITAC Guides and published papers.

Ucombined = X X \/Ullz/ls + U.ng + Ulg + UI% + U(.g + Usgprep + Ullz/lr (Eq-l)

U=k X Ucombinea (EQ-z)

Where, U is the expanded uncertainty, it is a dimension representing the range of measurement results
within which one can have some degree of confidence in the result and, k stands for the typical coverage
factor, which is 2.

3. Results and discussion
3.1. Selection of Mobile Phase

Based on the literature review, solubility, and pKa of drugs, the C18 column was selected for the
study. The mobile phase was allowed to saturate the column. To obtain the optimum separation of TOR
and SPI, multiple mobile phases made up of methanol, acetonitrile, water, and ammonium acetate buffer
were attempted in varied compositions at varying flow rates. The detection wavelength was set at 290 and
238 nm, which produced noticeably better detector responses for drugs. In terms of resolution and peak
shape, the mixture of acetonitrile and ammonium acetate buffer (57.4:42.6% V/V) at 1.0 mL/min of flow
rate at 30 °C outperformed the other mixes.
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3.1. Optimization of Chromatographic Conditions for HPLC method

For optimization of effective variables, a 2* full factorial design was applied, and experimental
runs were carried out. The results of various experimental runs are presented in Table 2.

Table 2. Results of Experimental Runs as per DoE

Composition of Mobile phase

Sr.No. pH (Acetonitrile: Ammonium I(:rlnoli\;r;?:s T(irgga ' RT (fr?]rir;liOR R-{r;?r:)spl
acetate Buffer)(%ov/v)
1 4 40:60 0.8 30 3.717 8.335
2 4 40:60 1.0 30 2.988 6.705
3 4 40:60 0.8 50 3.685 7.292
4 4 40:60 1.0 50 2.927 5.802
5 4 60:40 0.8 30 5.687 14.207
6 4 60:40 1.0 30 4.567 8.610
7 4 60:40 0.8 50 5.583 12.763
8 4 60:40 1.0 50 4.480 13.295
9 5 40:60 0.8 30 3.412 8.400
10 5 40:60 1.0 30 2.737 6.725
11 5 40:60 0.8 50 3.227 7.212
12 5 40:60 1.0 50 2.587 5.767
13 5 60:40 0.8 30 5.458 34.217
14 5 60:40 1.0 30 4.348 27.055
15 5 60:40 0.8 50 5.278 26.553
16 5 60:40 1.0 50 4.182 21.050
Outcome of Dependent Variable

- . Standard

Depe_ndent Name of Variable  Analysis Minimum Maximum Mean Deviation
Variable RT RT (SD)
Y1 RT for TOR Factorial 2.587 5.687 4.054 1.020
Y2 RT for SPI Factorial 5.767 34.217 13.374 8.685

3.1.1. Optimization of Retention time (RT) of TOR (Y1)

The effect of the factors and the factor interactions on the retention behavior of TOR was
evaluated, and the model was developed using the significant effects and interactions. Figure 3 represents
a paretochart showing the effect and interaction of independent variables on the RT of TOR. It also
indicated that composition (B) showed the highest influence and temperature (D) showed the lowest
influence on the RT of TOR.

Positive coefficients of factor B indicated its positive effect on the RT of TOR. The negative
coefficients of A, C, D, and BC factor interactions indicated their negative effect on the RT of TOR. The
MLRA equation for statistical modeling was described under:

RT TOR (Y1) = + 4.05- 0.15*A + 0.89*B - 0.45*C- 0.060*D- 0.10*BC
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Figure 3. Effects and interaction of variables on RT of TOR

The model's F-value of 1571.50 demonstrates model significance. A "model F-value" this big
might happen owing to noise just 0.01% of the time. When "Prob > F" is less than 0.0500, model terms
are considered significant. A, B, C, D, and BC are important model terms in this case. Model terms are
not significant if the value is higher than 0.1000. Model reduction may enhance your model if it has a lot
of unnecessary words (except those needed to maintain hierarchy). The "Pred R-Squared" of 0.9967 and
the "Adj R-Squared" of 0.9981 are reasonably in agreement. The signal-to-noise ratio is measured using
"Adeq Precision”. An ideal ratio is larger than 4, and the ratio of 110.469 shows a strong indication. To
move about the design space, utilize this model. A result of the ANOVA was presented in Table 3.

Table 3. ANOVA for selected factorial model analysis of variance table
[Partial sum of squares - Type IlI)

Sum of Mean P value
Source Square DF Square Fvalue Prob>F
Model 16.64 5 3.33 1571.50 <0.0001
(A) Ph 1 0.36 170.71 <0.0001
(B)%composition 12.79 1 12.79 6037.93 <0.0001
(C)Flow rate 3.27 1 3.27 1543.23 <0.0001
(D)Temperature 0.058 1 0.058 27.48 0.0004
BC0.17 1 0.17 78.13 <0.0001
Residual 0.021 10 2118E-003
Cor total 16.66 15

Figure 4 represents the one factor and interaction effect of the selected variable on the RT of TOR.
It indicated that an increase in flow rate and pH in the mobile phase decreases the RT of TOR linearly.
Figure 4A showed a change in composition in the mobile phase that linearly increased the RT of TOR,
whereas temperature showed the least effect on the RT of TOR, indicating a negative effect of temperature
on RT. Figures 4B and 4C indicate an interaction between composition and flow rate, and hence the effect
of factors B and C was nonlinear; they indicated that an increase in B increased the RT of TOR and an
increase in C decreased the RT of TOR.
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3.1.2. Retention time (RT) of SPI (Y2):
The effect of the factors and the factor interactions on the retention time behavior of SPI was

evaluated, and the model was developed using the significant effects and interactions.
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Figure 5 represents a paretochart showing the effect and interaction of independent variables on
the RT of SPI. It also indicated that composition (B) showed the highest influence and temperature (D)
showed the lowest influence on the RT of SPI.

Positive coefficients of factors B, A, and AB indicated their positive effect on the RT of SPI.
Negative coefficients of C, factor, and CD, AD, and ABD factor interactions indicated their negative
effect on the RT of SPI. The MLRA equation for statistical modeling was described under:

RT SPI (Y2)= +13.37 + 3.75*A + 6.34*B- 1.50*C- 0.91*D+ 3.75*A*B- 1.07*A*D- 1.04*A*B*D

The model F-value of 47.98 suggests that the model is significant. A "model F-value" this big
might be caused by noise, but there is only a 0.01% chance that it would. When "Prob > F" is less than
0.0500, model terms are considered significant. A, B, C, and AB are important model terms in this case.
Model terms are not significant if the value is higher than 0.1000. Model reduction may enhance your
model if it has a lot of unnecessary words (except those needed to maintain hierarchy). The "Pred R-
Squared" of 0.9069 is in reasonable agreement with the "Adj R-Squared"” of 0.9564. Signal-to-noise ratio
is measured using "Adeq Precision." A ratio of at least 4 is preferred. Your ratio of 20.489 suggests a
strong enough signal. To move about the design space, utilize this model. The results of the ANOVA
were presented in Table 4.

Table 4. ANOVA for selected factorial model Analysis of variance table
(Partial sum of squares - Type II)

Source gguma?;: DF Mean square F value Er\éagl:g
Model 1178.85 7 168.41 47.98 <0.0001
(A) pH 224.79 1 224.79 64.05 <0.0001
(B)%composition 644.02 1 644.02 183.49 <0.0001
(C)Flow rate 35.90 1 35.90 10.23 0.0126
(D)Temperature 13.18 1 13.18 3.76 0.0886
AB 225.21 1 225.21 64.17 <0.0001
AD18.30 1 18.30 5.21 0.0518
ABD17.45 1 17.45 4.97 0.0563
Residual 28.08 8 3.51
Cor total 1206.93 15

Figure 6 represents the one factor and interaction effect of the selected variable on the RT of SPI.
It indicated that the increase in composition and pH of the mobile phase increases the RT of SPI linearly.
Figure 6A shows a change in flow rate and temperature increases; the RT of SPI was linearly increased.
Figures 6B and 6C showed pH, temperature, and % composition interacted with each other, indicating a
non-linear correlation of the variables. Figure 6D shows the effect of A and B on the RT of SPI; it indicates
that an increase in A and B increases the RT of SPI. The effect of A and B was linear with positive
coefficients. Figure 6E shows the effect of A and D on the RT of SPI; it indicates that an increase in A
increased the RT of SPI and an increase in D decreased the RT of SPI. The effect of A and D was linear
with opposite coefficients.
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Figure 6. Effect of Variables on RT of SPI (A) one factor effect (B) interaction effect of variables (C)
interaction effect of variables X; and X, (D) 3D response surface plot showing effect of X
and X4 (E) 3D response surface plot showing effect of X; and X;

3.2. Optimization of Chromatographic Condition

In order to determine optimized chromatographic conditions from the design, various constraints
were applied to the design. In total, 4 independent factors and 2 dependent responses were screened based
on their influences on the design space. The fixed values of factors A, B, C, and D were assigned. Only
the RT of TOR and SPI was targeted as a constraint. The details of the constraints applied are shown in
Table 5. The solution offered by the software is shown in Table 6.

Table 5. Optimization constraints for optimization of chromatographic condition

Sr.no Name Goal Lower Limit  Upper Limit
1 pH -1 -1 1
2 % Composition of mobile phase 1 -1 1
3 Flow Rate (mL/min) 1 -1 1
4 Temperature (°C) -1 -1 1
5 RT for Torsemide (TOR) (min) 3.5 2.587 5.687
6 RT for Spironolactone (SPI) (min) 7.0 5.767 34.217
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Table 6. Solutions offered by software as per optimization constraints

% Composition Flow Temperature RT fo_r . RT for .
Sr.no pH . Rate 0 Torsemide Spironolactone Desirability
of Mobile Phase . (°C) . .
(mL/min) (min) (min)

1 -1 0.99 1 -1 3.49 7.35 0.997
2 -1 0.38 1 -1 3.51 7.37 0.996
3 -0.99 -0.39 1 -1 35 7.39 0.996
4 -1 -0.37 1 -1 3.51 7.39 0.995
5 -0.98 -0.39 1 -1 35 7.42 0.995
6 -1 -0.38 0.99 -1 3.51 7.39 0.995
7 -1 -0.41 0.97 -1 35 7.37 0.994

The best chromatographic condition was found to be Solution 1 in our applications, which met
all the requirements for both the independent and dependent constraints and had a high degree of
attractiveness (0.997), which means it fit the constraints statistically well. For the purposes of further
analytical method validation and to investigate forced degradation, the optimum chromatographic
conditions were chosen. These included a mobile phase with a pH of 4.0, a mobile phase composition of
60% acetonitrile and 40% ammonium acetate buffer, a flow rate of 1 mL/min, and a temperature of 30°C.
The chromatogram obtained from high-performance liquid chromatography (HPLC) using the optimal
chromatographic conditions is shown in Figure 7. This demonstrates unequivocally that SP1 and TOR are
two separate targets. Thus, many criteria for validating the analytical method were further assessed under
optimum chromatographic circumstances.

o AL 38 [oifes o Acer]
g

Figure 7. HPLC chromatogram for optimized chromatographic condition as per DoE

3.3. Analytical Method Validation
3.3.1. System Suitability

The system suitability of the method was checked using determinations of capacity factor,
repeatability, tailing factor, theoretical plates, and retention time of HPLC injections of standard TOR and
SPI at 6 pg/mL and 30 pg/mL concentrations, respectively. Table 7 shows that observed values were
compared with recommended values.

Table 7. System Suitability Test Parameters (n=4)

Sr.no System Suitability Parameters TOR SPI
1 Tailing Factor 1.21 1.02
2 Theoretical Plates 10544 16247
3 Retention Time (Minutes) 3.148 7.518
4 Resolution 24.44
3.3.2. Linearity

Both drugs were studied for linearity at six different concentration levels. The linearity of TOR
and SPI was found in the range of 2—12 ug/mL and 10-60 pug/mL, respectively. Figure 8 shows peak areas
generated with the relevant concentrations in pg/mL for TOR (A) and SPI (B). The correlation coefficient
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value should not be less than 0.9900 over the working range for linearity of results. The correlation
coefficients were found to be 0.9973 and 0.9976 for TOR and SPI (Table 8), respectively. Those data are
within the acceptable limit, and hence, the method was found to be linear.
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Figure 8. Linearity chromatograms for (A) TOR (B) SPI
Table 8. Results of linearity study of method for TOR and SPI
Linearity For TOR
Sr. No Concentration  Retention Peak Linear Equation Correlation
T (png/mL) time (min)  Area(mAU*min) 9 Coefficient (r?)
1 2 3.132 1.2539
2 4 3.138 2.4884
3 6 3.145 3.7106 _
4 8 3148 50131 y =0.6976x - 0.4575 0.9973
5 10 3.152 6.4572
6 12 3.153 8.0264
Linearity For SPI

1 10 7.480 8.6875
2 20 7.488 15.8292
3 30 7.508 26.9568 _
4 40 7518 345164 y =0.9098x - 1.1797 0.9976
5 50 7.532 43.9528
6 60 7.533 53.2539
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3.3.3. Accuracy

The standard addition of pharmaceuticals to the pre-analyzed sample at concentrations of 50%,
100%, and 150% were used for the evaluation of accuracy the proposed method herein. The recovery
data for TOR and SPI were given in Table 9. The acceptable ranges of the data should be between 98%
and 102% for recovery with a maximum RSD of 2.0%. Our results indicated pretty good %RSD for

recoveries.

Table 9. Results of Recovery study

Conc. Amount  Amount Total %Recovery %
Drugs Level taken added Amount Mean +S. D RSD
(%)  (pg/ml) (pg/mL) (ug/mL) 2 3
50% 4 2 6 97.66  96.83  98.16  97.55+0.67 0.6
TOR 100% 4 4 8 97.25 9826  97.52 97.67+0.52 0.5
150% 4 8 10 99.19 9890  99.07 99.05+0.15 0.1
50% 20 10 30 9553 9271  96.24 94.82+1.86 1.9
SPI 100% 20 20 40 97.00 96.88  97.40  97.09+0.27 0.2
150% 20 30 50 100.30 100.40 99.30  100.00+0.60 0.6

3.3.4. Precision

The RSD should not be more than 2.0% [5] The RSD for TOR was determined as in the range of
0.43 to0 0.64% for intra-day precision and 0.38 to 0.88% for inter-day precision, indicating that the method
was precise. The RSD for SPI was determined to be in the range of 0.03 to 0.53% for intra-day precision
and 0.20 to 1.07% for inter-day precision, indicating that the method was precise. A result of the precision

study is presented in Table 10.

Table 10. Results of Precision study

Intra-day precision

Inter-day precision

Drug  Parameters concentration (ug/mL) concentration (ug/mL)

2 4 8 2 4 8
Mean 1.24 2.50 5.03 1.23 2.49 5.06
TOR S.D 0.009 0.01 0.026 0.008 0.009 0.044
%RSD 0.64 0.43 0.51 0.68 0.38 0.88

10 20 30 10 20 30
Mean 8.74 15.85 26.88 8.68 15.86 26.92
SPI S.D 0.047 0.005 0.017 0093 0.03 0.006
%RSD 0.53 0.03 0.06 1.07 0.20 0.22

3.3.5. Repeatability

The results of the repeatability (n = 6) study of the developed method are shown in Table 11. The
% RSD for repeatability of TOR and SPI was found to be 1.45 and 0.29 %, respectively. RSD was found
to be less than 2% [5] which indicates the method had good repeatability.
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Table 11. Repeatability study of developed method for TOR and SPI

TOR SPI
Sr. No. (4pg/mL) (20pg/mL)
Peak Area(mAU*min) Peak Area(mAU*min)
1 2.4884 15.8292
2 2.5047 15.8568
3 2.5088 15.8950
4 2.5247 15.7598
5 2.5447 15.8051
6 2.5899 15.7958
Mean 2.52 15.82
S.D 0.0366 0.047
%RSD 1.45 0.29

3.3.6. Robustness

The robustness (n = 3) data from a change in flow rate and mobile phase composition for TOR
and SPI is shown in Table 12. The RSD of the method was found to be less than 2% and was within the
acceptable limit.

Table 12. Results of robustness study

Change 1 Change 2
Parameter § _
Drugs Flow rate 1.0 mL/min 0.9 mL/min
(n=3) (n=3)
Area (conc. 4ug/mL) 2.492 2.501
TOR SD 0.0063
% RSD 0.25
Area (conc.20 pg/mL) 15.859 15.863
SPI SD 0.0028
% RSD 0.01
Drugs Change in Mobile phase Buffer: ACN Buffer: ACN
Composition (40:60% v/v) (42:58% viv)
Area (conc.6pg/mL) 5.052 5.125
TOR S.D 0.0516
% RSD 1.01
Area (conc.30ug/mL) 26.83 26.920
SPI S.D 0.0636
% RSD 0.23

3.3.7. Limit of Detection (LoD) and Limit of Quantification (LoQ)

The LoD and LoQ for TOR were determined as 0.10 g/mL and 0.32 g/mL, respectively. For SPI,
these values were found to be as 0.75 g/mL and 2.29 g/mL. The results were shown in Table 13.

Table 13. Results of LoD and LoQ for developed method

Sr. No. Parameters TOR SPI
1 Mean of slope 0.683 0.909
2 Standard deviation of intercepts 0.022 0.209
3 LOD(pg/mL) 0.10 0.75
4 LOQ(ug/mL) 0.32 2.29
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3.4. Analysis of Tablet Dosage Form
The TOR and SPI in the form of tablets were successfully determined using the suggested RP-
HPLC technique. The proportion of TOR and SPI was determined to be acceptable, and it was similar to

the label claim. A result of the assay for tablet dosage form is presented in Table 14.

Table 14. Result of assay of tablet dosage form

TOR SPI
(1I3yr;t10r_llf’(l)u; + Parameters Concentration (6 pg/mL) Concentration (30pg/mL)
50 mg SPI) Mean+S.D 101.02+0.86 102.22+0.69
g %RSD 0.85 0.68

3.5. Degradation Studies

The stability of TOR and SPI under different stress situations was studied by inducing their
degradation. The research followed the ICH Q2R2 protocol. Control samples were used to double-check
the results of the stability investigation. The outcomes of controlled examinations of sample and control
degradation under different stresses are summarized in Table 15. Both TOR and SPI degrade noticeably
under a variety of stresses. The results showed that in acidic and basic environments, TOR and SPI
degraded more noticeably. The peak purity angle must be less than the peak purity threshold in order to
meet ICH guidelines. As a result, the proposed method for analyzing TOR and SPI was unaffected by
their degradation products. The stability of TOR and SPI in the pharmaceutical dose form was therefore
determined using the proposed approach.

Table 15. Results of forced degradation studies for TOR and SPI

Drug Time Degrad_a_tlon Peak Area % Degradation
(Hour) Condition Control Sample

TOR 24 . . 90.5396 65.6106 27.5

Sp| 24 Acid degradation

TOR 24 Alkali dearadation 90.5396 60.6897 32.9

SPI 24 9 94.2349 73.7089 21.7

TOR 24 Oxidative stress 90.5396 71.7455 20.7

SPI 24 94,2349 74.4056 21.0

TOR 24 . 90.5396 66.8133 26.2

SPI 24 Photo degradation g4 9349 78.4527 217

3.6 Measurement Uncertainty

Even though validation is essential to ensuring proper interpretation and comparison of results, it
is not sufficient on its own. Torsemide and Spironolactone's measurement uncertainty was evaluated for
the applied RP-HPLC method. The measurement uncertainty budgets were estimated using the Guide to
the Expression of Uncertainty in Measurement (GUM) and the EURACHEM Guide. Amount of sample
mass (Uwms), mass of standard compounds (Usm), volume (Uv), purity of the standards (Up), calibration
curve (Uc), stock solution preparation (Usprep), and repeatability (Um) were selected as parameters for the
estimation of uncertainty budget of the applied method for both measurand. Table 16 shows the outcomes
of individual uncertainty according to the literature, EURACHEM and GUM guides [55-60].
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Table 16. Uncertainty for applied HPLC method

Name of Drug
Source of Uncertainty

Torsemide Spironolactone

Uwms 0.00067 0.00067

Usm 0.00066 0.00066

Uy 0.01897 0.01897

Up 0.00315 0.00257

Uc 0.001521 0.005455

Usprep 0.00318 0.00321

URep 0.036 0.047

Ucombined 0.24 mg/6.00 mg  1.53 mg/30. 00mg
U(expanded) 0.49 mg/6.00 mg  3.06 mg/ 30.00 mg

Table 16 shows that the uncertainty associated with sample and standard preparation among those
volume measurements and the purity of TOR and SPI samples contributes the least to the overall
uncertainty. The combined uncertainty is heavily influenced by the calibration procedure, stock solution
preparation, and method repeatability. In the method, the uncertainty associated with the repeatability of
measurement is typically the dominant part of the uncertainty budget.

4. Conclusions

A reverse-phase high-performance liquid chromatography (RP-HPLC) method was developed to
determine the levels of Torsemide and Spironolactone, as well as to study their forced degradation. This
was achieved by employing analytical Quality by Design (QbD) principles. The optimization of
chromatographic conditions for the development of the analytical method was carried out using a 2* full
factorial experimental design. The analysis of variance (ANOVA) was employed to investigate the
statistical significance of the independent variables. Additionally, the outcomes were visualized through
perturbation plots. The design of experiments offers valuable tools for optimizing variable parameters in
the development of HPLC methods. The optimal chromatographic conditions were determined using
Design of Experiments (DoE), with the following parameters: the pH of the mobile phase was set at 4.0,
the composition of the mobile phase was 60% acetonitrile and 40% ammonium acetate buffer, the flow
rate was maintained at 1 mL/min, and the temperature was set at 30°C. The method developed under
optimal conditions was validated in accordance with the International Council for Harmonization of
Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines. The specificity of the RP-
HPLC method for the determination of TOR and SPI was demonstrated, as it was observed that no
excipients or impurities caused any interference. The method under consideration was found to exhibit
high levels of precision, accuracy, and robustness. The forced degradation study demonstrates the efficacy
of the developed method in efficiently detecting degradants. The application of the AQbD (Analytical
Quality by Design) approach during the process of method development has been determined to be an
effective means of enhancing both the efficiency and quality of analytical method development. From the
analysis of uncertainty budgets, we can draw the conclusion that sample and standard preparation
contained just weights, measures of volume, and purities, so the uncertainty associated with them was
minimal. A significant portion of the overall uncertainty in a technique under study is attributable to its
repeatability component. In conclusion, the method developed in this study effectively determines the
concentration of TOR and SPI in pharmaceutical dosage forms.
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