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ABSTRACT

Background: Pioglitazone, a thiazolidinedione derivative, has been proved to be a widely used agent in the
management of type 2 diabetes mellitus. Good analytical procedures are crucial for the quality control of
pharmaceutical formulations.

Objective: Development and validation of a simple, accurate, precise and robust Reversed-Phase High-Performance
Liquid Chromatography (RP-HPLC) method for quantitative estimation of pioglitazone in bulk and tablet dosage
form by Analytical Quality by Design (AQbD) approach.

Materials and Methods: Central Composite Design (CCD) was used to systematically optimize the
chromatographic conditions. The separation was carried out with an Agilent Zorbax C18 column (250 mm x 4.6
mm, 5 pm) at a flow rate of 1.0 mL/min using a phosphate buffer and acetonitrile (40:60 v/v) as the mobile phase
and a Thermo Ultimate 3000 HPLC system with Chromeleon 7.3 software for detection at 267 nm. The method
developed was validated as per ICH Q2 (R2) guideline.

Results: The optimized method showed good linearity in the range of 80-120% with correlation coefficient (r2)
1.0000. The pioglitazone had a retention time of 2.9 minutes. The method was precise as the mean relative standard
deviation (RSD) was found to be less than 2.0%. Recovery was 99.84% on average in accuracy studies. The limit of
detection (LOD) and limit of quantitation (LOQ) were 0.24 ng/mL and 0.74 pg/mL, respectively. Solution stability
studies showed stability for up to 24 hours at room temperature.

Conclusion: A simple, fast, accurate and precise quantitative RP-HPLC method was successfully developed and
validated for the estimation of pioglitazone by the application of AQbD approach. The method can be used on a
regular basis for quality control analysis in the pharmaceutical industries.
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1. Introduction

1.1. Diabetes Mellitus: A Global Health Challenge
Diabetes mellitus is one of the greatest public health
problems of the 21st century. Today it is estimated
that 463 million people are afflicted by diabetes
globally, which could rise to 700 million by 2045 [1].
Diabetes mellitus is a complex and chronic metabolic
disease with a lifelong medical treatment and
multifactorial risk reduction measures to be
implemented along with glycemic control measures
[2,3].

1.2. Pioglitazone: Pharmacology and Clinical
Significance

Pioglitazone is a thiazolidinedione derivative
antidiabetic agent that has been approved by the FDA
to treat type 2 diabetes mellitus in adults in addition
to diet and exercise [4]. The chemical structure of
pioglitazone is shown in Figure 1. Pioglitazone
activates PPAR-y receptors in different tissues,
including the renal collecting tubules of the kidney.
The PPAR-y/pioglitazone interaction results in
increased insulin sensitivity of peripheral tissues,
increased glucose uptake, and decreased hepatic
glucose production. Epithelial sodium channels in the
luminal end of renal collecting tubules are involved
in reabsorption which may lead to fluid retention and
edema with pioglitazone [5].

T

5-[[4-[2-(5-ethylpyridin-2-yl)ethoxy]phenyl]methyl]-1,

Figure 1. Chemical structure of pioglitazone (5-[[4-
[2-(5-ethylpyridin-2-yl)ethoxy]phenyl]methyl]-1,3-
thiazolidine-2,4-dione)

1.3. Analytical Quality by Design (AQbD)
Approach

Analytical Quality by Design (AQbD) is a systematic
science-based and risk driven approach to analytical
method development that focuses on understanding
the link between the analytical method parameters
and analytical performance [6]. Central Composite
Design (CCD) is a useful method optimization tool to
evaluate important factors in method development.
CCD suggests the most desired and preferred values
of variables that have the best response and sets up

the conditions of the process that are not supposed to
be varied unintentionally [7, 8, 9].

CCD suggests a mathematical model between the
response and critical variables, which can be used for
the forecast of the response with minimum error. By
this design, it is possible to determine the constants
of a quadratic regression model describing the
nonlinear effect of the variables on the analytical
response [10, 11].

1.4. Literature Review and Research Gap
According to literature review, different analytical
methods for determination of pioglitazone alone and
in combination with other drugs have been reported
such as HPLC [12-19]. However, most of these
approaches are not systematic and AQbD based
approach for method development and optimization.
Recently, our research group at Sandip University
has successfully used the AQbD approach along with
CCD and RP-HPLC to develop and validate
analytical methods for other pharmaceutical
compounds. To detect azilsartan in the sample, Datir
et al. developed and validated an RP-HPLC
methodology with the mobile phase made up of
phosphate buffer and methanol (50:50 v/v) at the
detection wavelength of 256 nm [20]. Likewise,
Jagzap et al. developed a QbD-based RP-HPLC
analytical method for febuxostat, an inhibitor of
xanthine oxidase used in the management of gout,
using acetonitrile/phosphate buffer (50:50 v/v) and
315 nm detection [21]. Both studies were
successfully applied to build analytical method that
was robust and reliable by applying the AQbD
approach.

1.5. Objective of the Present Study

The aim of the present study was to develop and
validate simple, accurate, precise and robust RP-
HPLC method for the quantitative estimation of
pioglitazone in bulk drug and pharmaceutical dosage
forms by employing AQbD approach. Central
Composite Design (CCD) was used to optimize the
chromatographic conditions and the obtained method
was validated based on ICH Q2(R2) guidelines [22].
2. Materials and Methods

2.1. Materials

2.1.1. Drug and Reagents

The pioglitazone reference standard was purchased
from Arni Analytical Laboratory, Nashik, India.
Acetonitrile and methanol (HPLC Grade) were
obtained from commercial sources. Using Potassium
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dihydrogen orthophosphate (analytical grade) and
ultrapure water to prepare buffers. Reagents were all
analytical or HPLC grade.

2.1.2. Pharmaceutical Formulation

The commercially available pioglitazone tablets
(claim on the label: 30 mg tablet) was purchased
from the local pharmacy for the method validation
study.

2.2. Instrumentation

The HPLC analysis was done on a Thermo HPLC
system with Ultimate 3000 software and Chromeleon
7.3 software for data acquisition and processing. A
Zorbax C18, 250 mm X 4.6 mm, 5-pum particle-size
column from Agilent was used for separation. Other
equipment included a membrane filter (0.45 um), an
ultrasonicator, pH meter, and an analytical balance
(Mettler Toledo). The Central Composite Design
model was designed and the statistical analysis was
executed using the software package Design-Expert
(version 11.0) from Stat-Ease Inc., Minneapolis, MN,
USA.

2.3. Chromatographic Conditions

The optimized chromatographic conditions are
summarized in Table 1.

Table 1. Optimized chromatographic conditions

Parameter Description

Program Isocratic

Column Agilent Zorbax C18 (250 mm x 4.6
mm, 5 pm)

Mobile phase | Phosphate buffer Acetonitrile
(40:60 v/v)

Wavelength 267 nm

Flow rate 1.0 mL/min

Injection 20 uL

volume

Column Ambient

temperature

2.4. Preparation of Solutions

2.4.1. Preparation of Phosphate Buffer (0.01 M)
An appropriate amount of potassium dihydrogen
orthophosphate (0.01 M) was dissolved in distilled
water. The pH was adjusted if needed and filtered
through 0.45 pm membrane filter. 2.4.2. Preparation
of Mobile Phase

The mobile phase consisted of a buffer solution of
40/60 (v/v) phosphate buffer/acetonitrile. Mobile
phase was filtered through a membrane filter of 0.45
um, then introduced to sonication for 15 minutes to

remove air bubbles, and finally subjected to
chromatographic analysis.

2.4.3. Preparation of Standard Stock Solution

30 mg of pioglitazone was accurately weighed and
transferred to a 100 mL volumetric flask. About 60
mL of acetonitrile was added, and sonicated for 5
minutes to make sure the material was completely
dissolved. A stock solution (300 pg/mL) was
prepared by making up the volume to 100 mL with
acetonitrile.

2.4.4. Preparation of Standard Working Solution
Five millilitres (5 mL) of the stock solution was then
transferred to a 50 mL volumetric flask, and diluted
to volume with acetonitrile to create a working
standard solution of 30 ug/mL.

2.4.5. Preparation of Sample Solution

Ten tablets were weighed and the average weight of
the tablets was calculated. The tablets were crushed
to powder with a mortar and pestle. The powder
equivalent to the average weight of one tablet (about
30 mg of pioglitazone) was quantitatively weighed
and poured into a 100 mL volume flask. About 60
mL of acetonitrile was added, and sonicated for 10
minutes. The volume was made up to 100 mL with
acetonitrile. Whatman filter paper No. 41 was used
for filtering the solution. The 5 mL of filtrate was
transferred to a 50 mL volumetric flask and diluted to
volume with acetonitrile.

2.5. Method Development Strategy

The method development consisted of systematic
trials to establish the mobile phase composition that
gives good separation and peak characteristics. In the
early stages of method development, different buffer
and organic modifiers were tested. The mixture of
phosphate buffer and acetonitrile was found to give a
symmetric and sharp peak, and good resolution. So,
the mobile phase Phosphate buffer/acetonitrile
(40/60, v/v) was chosen. From preliminary
experiments, two important points were found to be
important for optimization: percentage of acetonitrile
in the mobile phase and flow rate. Central Composite
Design was used to optimize these factors.
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2.6. Experimental Design: Central Composite
Design (CCD)

2.6.1. Rationale for CCD

Among the various designs used in response surface
methodology, the Central Composite Design (CCD)
is one of the most widely used designs for being
efficient in minimizing experimental runs required,
and yet it provides an amount of information
regarding the relationship between factors and
responses. A CCD with k factors has 2"k factorial
points, 2k axial points (star points) at a distance o
away from the central point on each variable axis and
at least one point [10, 11] at the center.

2.6.2. Design Setup

Two important factors (acetonitrile percentage and
flow rate) were used to set up the CCD, to determine
the most effective responses. Five levels of each
variable (—a, —1, 0, +1, +a) were used to create 13
randomized runs and 5 center points. Table 2 shows
the independent wvariables, their levels and the
dependent variable (response).

Table 2. Experimental factors and levels used in
Central Composite Design

Factor Name Lo Mediu Hig
w m (0) h
() (+D)
Independen
t Variables
A Acetonitril | 55 60 65
e (%)
B Flow rate | 0.8 1.0 1.2
(mL/min)
Dependent
Variable
R: Retention — — —
time of
pioglitazon
e (min)

2.6.3. Experimental Runs

The CCD matrix was used to run thirteen trial runs
and pioglitazone retention time was observed as the
response. The experimental design and observed
responses are given in Table 3.

Table 3. Central Composite Design showing 13
randomized trial runs

£
s

% Acctonitrile (A) Flow rate (B) (mL/min) Retention time (min)
63 038 2728
52 1.0 3614
67 1.0 2278
35 2 3399
60 0.7 3488
60 1.0 3.088
55 038 3899
63 12 2278
60 0 3068
10 60 1.0 3.034
T 60 12 2731
2 60 0 3016
13 60 1.0 3.006

of o | o || &[] ==

2.7. Method Validation

The developed method was validated as per the
International Conference on Harmonisation (ICH)
guidelines Q2(R2) [22]. The validation parameters
were specificity, system precision, intermediate
precision, accuracy, linearity, limit of detection
(LOD), limit of quantitation (LOQ) and solution
stability.

2.7.1. Specificity

Specificity is the capability of an analytical method
to measure the analyte in the presence of those
components that might reasonably be expected to be
present in the sample such as impurities, degradation
products and matrix components. Specificity of the
method was assessed by comparing the
chromatograms of blank (mobile phase), standard
solution and sample solution to verify that no peaks
occurred at the retention time of pioglitazone.

2.7.2. Precision

The closeness of agreement (degree of scatter)
between a series of measurements obtained from
several samples of a homogeneous sample under
specified conditions is precision. Six replicate
injections were made of the standard solution and the
relative standard deviation (% RSD) of the peak area
and retention time were determined for the system
precision.

Intermediate  Precision  (Reproducibility):  The
repeatability of the method was determined by
analyzing the method on various days with various
analysts with the same equipment and reagents.
Assay results were determined and the %RSD of
results was calculated.

2.7.3. Accuracy (Recovery Studies)
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Accuracy of an analytical method is a degree of
agreement between a value obtained by the method
and a value accepted as a standard true or reference
value. Recovery studies were used to determine
accuracy at three concentrations: 80%, 100% and
120% of the target concentration. The recovery of
pioglitazone standard was calculated by spiking
known amounts of the standard in the sample matrix.

2.7.4. Linearity

Linearity is the property of an analytical procedure
that gives the same test result with each sample
concentration in a range of concentrations. Five
different concentrations of the method (80% to 120%
of the desired concentration [24 ng/mL, 27 pg/mL,
30 pg/mL, 33 pg/mL, and 36 pg/mL]) were analyzed
to check the linearity of the method. Peak area was
plotted against concentration to obtain Calibration
curves and the correlation coefficient (1?) was
computed.

2.7.5. Limit of Detection (LOD) and Limit of
Quantitation (LOQ)

The limit of detection (LOD) is the lowest
concentration of analyte that can be detected but not
necessarily quantitated. The limit of quantitation
(LOQ) is the lowest concentration of analyte that can
be quantitated with acceptable precision and
accuracy. LOD and LOQ were calculated based on
the standard deviation of the response and the slope
of the calibration curve using the following formulas:

LOD = 3.3 X (o/S)
LOQ =10 x (c/S)

where o is the standard deviation of the y-intercept
and S is the slope of the calibration curve.

2.7.6. Solution Stability

Solution stability studies were performed to
determine the stability of pioglitazone in the assay
solution at room temperature. The working standard
solution was maintained in tightly capped volumetric
flasks at room temperature, and the assay was
performed at initial, 8 hours, and 24 hours. The
%RSD of assay results was calculated to assess
solution stability.

3. Results and Discussion

3.1. Method Optimization Using Design of
Experiments

3.1.1. Selection of Detection Wavelength

Spectral examination of pioglitazone in the
wavelength range of 200400 nm showed that the
maximum absorbance (Amax) of pioglitazone occurs

at 267 nm. Therefore, the detection wavelength for
chromatographic analysis was set at 267 nm to
achieve maximum sensitivity.

3.1.2. Selection of Chromatographic Conditions

To accomplish the method development, an Agilent
Zorbax C18 column (250 mm x 4.6 mm, 5 um) was
utilized. The optimum mobile phase composition was
determined to be phosphate buffer and acetonitrile
(40:60 v/v) with a flow rate of 1.0 mL/min. Under
these conditions, pioglitazone eluted at a retention
time of approximately 2.9 minutes with good peak
shape and resolution.

3.1.3. Central Composite Design Analysis

Two variables (concentration of acetonitrile and flow
rate) were selected at five levels, and 13 experiments
were conducted according to the CCD matrix. The
regression model equation derived through the
interaction of factors and responses was a quadratic
model. Analysis of variance (ANOVA) was
performed to validate the statistical significance of
the model, as indicated by the F-value and p-value

(Table 4).
Table 4. Statistical parameters obtained from
ANOVA
Sourc | Sum |d | Mea | F- p- Signific
e of f |n valu | valu | ance
Squa Squ | e e
res are
Mode | 2.70 |2 | 135 | 227. | < Signific
1 71 0.00 | ant
01
A —-|219 11219 |369. | < Signific
Mobil 20 0.00 | ant
e 01
Phase
(%
ACN)
B -]0510 |1 ]051 |86.2 |< Signific
Flow |3 03 1 0.00 | ant
Rate 01
Resid | 0.059 |1 | 0.00 | — — —
ual 2 0|59
Lack | 0.054 | 6 | 0.00 [ 7.51 | 0.03 | Signific
of Fit | 4 91 57 ant
Pure | 0.004 |4 | 0.00 | — — —
Error | 8 12
Cor 2.76 1| — — — —
Total 2
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The Model F-value of 227.71 indicates that the model
is highly significant. There is only a 0.01%
probability that an F-value this large could occur due
to noise. P-values less than 0.0500 indicate that
model terms are significant. In this case, both mobile
phase composition (acetonitrile percentage) and flow
rate are significant model terms.

The Lack of Fit F-value of 7.51 indicates that the
Lack of Fit is significant relative to the pure error.
This suggests that there may be some systematic
variation not accounted for by the model; however,
the overall model remains highly predictive and
useful for optimization purposes.

3.1.4. Effect of Variables on Retention Time

The 2D contour plots and 3D response surface plots
(Figure 2) illustrate the relationship between the
independent variables (acetonitrile percentage and
flow rate) and the dependent variable (retention time
of pioglitazone). The plots clearly indicate that
retention time decreases with increasing flow rate and
increasing mobile phase acetonitrile concentration.
This is consistent with the expected behavior: higher
organic modifier content increases elution strength,
while higher flow rate reduces the time the analyte
spends in the column.

retention time

3:Flow Rate

A Mobile Phase

3D Surface

reenicn e

Figure 2. 2D contour plot and 3D response surface
plot showing the interaction effect of critical factors
(acetonitrile percentage and flow rate) on the
retention time of pioglitazone.

The perturbation plot (Figure 3) shows the effect of
each factor on the response. Both factors exhibit a
negative impact on retention time, with acetonitrile

percentage having a slightly greater effect than flow
rate.

Factor Coding: Actual Perturbation

retention time 4

Actual Factors
A =60 A
B=1 35—

retention time
|

T T T T T
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)
Figure 3. Perturbation plot showing the effect of
factors on retention time of pioglitazone. Both mobile
phase acetonitrile concentration and flow rate show
negative effects on retention time.

3.1.5. Optimization and Design Space

The graphical representation of constraints (Figure 4)
and the overlay plot (Figure 5) were used to identify
the optimal conditions and the design space (sweet
spot) where all desired responses are met
simultaneously. The optimal conditions were
determined to be 60% acetonitrile and a flow rate of
1.0 mL/min, which provided a good balance between
retention time, peak shape, and method robustness.

Facor Coting:Actual
AllResponses

o[
Xi-h

AMobile Phase = 60 BFlow Rate = 1

’ Desiaiy = 1000
Soluton 1 out of 75
218 389

retention time = 3.04823

Figure 4. Graphical illustration of constraints
accepted to determine global desirability and achieve
optimal conditions.
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Overlay Plot

B:Flow Rate
L

A: Mobile P

Figure 5. Overlay plot showing the sweet spot
(design space) where the desired responses are met.
3.1.6. Optimized Chromatogram

The optimized chromatogram of pioglitazone (Figure
6) shows a sharp, symmetrical peak at a retention
time of approximately 2.9 minutes with good

(NLT 90.0% and NMT 110.0%). The results confirm
that the method is precise under different conditions
and demonstrates good reproducibility.

3.2.3. Accuracy

Accuracy was evaluated by recovery studies at three
concentration levels (80%, 100%, and 120%). Known
amounts of pioglitazone standard were spiked into
the sample matrix, and the percentage recovery was
calculated. The results are presented in Table 6.
Table 6. Accuracy results for pioglitazone

baseline resolution and no interfering peaks.

T vaTETsR Ry P samee OV_vTS_T VTSI

30.0

50

3.00 2.50
Time [min]

Figure 6. Optimized chromatogram of pioglitazone
showing retention time of 2.9 minutes.

3.2. Method Validation Results

3.2.1. Specificity

The chromatograms of blank, standard solution, and
sample solution were compared to assess specificity.
No additional or overlapping peaks were observed at
the retention time of pioglitazone (Table 5). This
demonstrates that the method is specific and free
from interference by excipients and other matrix
components.

Table 5. Specificity results for pioglitazone

Sr.N | Lev | Amou | Peak | Amount | %
0. el nt Area | Recover | Recove
Spiked ed (mg) | ry
(mg)
1 80% | 0.0480 | 9.446 | 0.04807 | 100.15
00 3
2 100 | 0.0600 | 11.77 | 0.05994 | 99.91
% 00 9 6
3 120 | 0.0720 | 14.07 | 0.07162 | 99.47
% 00 3 0
Mea 99.84
n
Std. 0.34
Dev.
%RS 0.34
D

Sr. No. | Sample Area (mAU-min)
1 Blank 0.000

2 Standard Solution 11.866

3 Sample Solution 12.191

3.2.2. Precision

System Precision: Six replicate injections of the
standard solution of pioglitazone 30 mg were
analyzed. The assay values showed a mean of
100.30% with %RSD of 0.11%, which is well within
the acceptance criteria (NLT 90.0% and NMT
110.0%, %RSD < 2.0%). This demonstrates that the
method is precise and reproducible.

Intermediate Precision: The assay was performed
on a different day by a different analyst. Three
preparations of pioglitazone 30 mg tablet were
analyzed, yielding a mean assay value of 100.90%

The mean recovery was 99.84% with %RSD of
0.34%, which is within the acceptable range (98.0—
102.0%). This demonstrates that the method is
accurate and can reliably quantify pioglitazone in
pharmaceutical formulations.

3.2.4. Linearity

The linearity of the method was evaluated by
analyzing five different concentrations in the range of
80% to 120% of the target concentration. The
calibration curve was constructed by plotting peak
area against concentration (Figure 7). The results are
presented in Table 7.

Pioglitazone
y = 4.8646x
o 100.0 R*=1
2 500 O ead
,T:'- : =f==Series1
7
g 00 ——Linear (Series1)
S 0 5 10 15 20
Area

Figure 7. Calibration curve for pioglitazone showing
excellent linearity (r* = 1.0000) in the range of 80—
120%.
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Table 7. Linearity results for pioglitazone

may need to be stored for short periods before
analysis.

3.2.7. Summary of Validation Parameters

A comprehensive summary of all validation
parameters is presented in Table 9.

Table 9. Summary of validation results for

Sr. N | Concentrati | Concentrati | Peak Area

0. on (%) on (ug/mkL) (mAU-mi
n)

1 80 24 9.867

2 90 27 11.101

3 100 30 12.334

4 110 33 13.567

5 120 36 14.801

Regression Statistics: - Y-intercept: 0.000 - Slope:
0.2056 - Correlation coefficient (r?): 1.0000

The calibration curve exhibited excellent linearity
with a correlation coefficient (r?) of 1.0000,
demonstrating that the method is linear over the
specified range.

3.2.5. Limit of Detection (LOD) and Limit of
Quantitation (LOQ)

The limit of detection (LOD) and limit of
quantitation (LOQ) were calculated based on the
standard deviation of the response and the slope of
the calibration curve.

. LOD: 0.24 pg/mL

. LOQ: 0.74 pg/mL

These values indicate that the method is sufficiently
sensitive for the quantitative determination of
pioglitazone in pharmaceutical formulations.

3.2.6. Solution Stability

Solution stability studies were performed to assess
the stability of pioglitazone in the assay solution at
room temperature over a period of 24 hours. The
results are presented in Table 8.

Table 8. Solution stability results for pioglitazone

pioglitazone

Parameter Result

Specificity No interference observed in
standard and sample due to
blank

Linearity

Range 80-120% (24-36 ng/mL)

Y-Intercept 0.000

Slope 0.2056

Correlation 1.0000

coefficient (1?)

Accuracy

Mean % Recovery 99.84%

%RSD 0.34%

Precision

System  Precision | 0.11%

(%RSD)

Method  Precision | 100.30%

(% Assay)

Intermediate 100.90%

Precision (% Assay)

Sensitivity

LOD 0.24 pg/mL

LOQ 0.74 pg/mL

Solution Stability Stable up to 24 hours (RSD <

2%)

Sr.No | Time | Peak Area | % % Assay

Point | (mAU-min | Assay | Differenc
) e
1 Initial | 11.143 1003 | —
0

2 8 11.102 99.63 | 0.67
Hour
s

3 24 11.112 99.67 | 0.63
Hour
s

The %RSD was determined to be less than 2.0%,
indicating that the sample solutions of pioglitazone
30 mg are stable up to 24 hours at room temperature.
This is important for routine analysis where samples

3.3. Comparison with Related Methods from the
Research Group

The present method for pioglitazone follows the same
systematic AQbD approach that has been
successfully applied by our research group for other
pharmaceutical compounds. Datir et al. developed an
RP-HPLC method for azilsartan using a similar
CCD-based  optimization  strategy, achieving
excellent validation parameters with a correlation
coefficient of 0.9999 and mean recovery of 100.36%
[20]. Similarly, Jagzap et al. reported a QbD-guided
method for febuxostat with a correlation coefficient
0f 0.9997 and mean recovery of 100.17% [21].

All three methods (pioglitazone, azilsartan, and
febuxostat) employed the same column type (Agilent
Zorbax C18, 250 mm x 4.6 mm, 5 um), similar
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mobile phase compositions (phosphate buffer with
organic modifier in 40:60 or 50:50 ratios), and
comparable flow rates (1.0 mL/min). The retention
times were also similar, ranging from 2.9 to 3.1
minutes, indicating efficient and rapid analysis. This
consistency demonstrates the robustness and
versatility of the AQbD approach for developing
reliable  analytical =~ methods for  diverse
pharmaceutical compounds.

The systematic application of CCD in all three
studies enabled comprehensive understanding of the
method parameters and their interactions, leading to
the identification of optimal conditions and design
spaces. This approach ensures method robustness and
facilitates regulatory acceptance.

4. Conclusion

A simple, rapid, accurate, precise, and robust RP-
HPLC method was successfully developed and
validated for the quantitative estimation of
pioglitazone in bulk drug and pharmaceutical dosage
forms using the Analytical Quality by Design
(AQbD) approach. The chromatographic conditions
were systematically optimized using Central
Composite  Design (CCD), which enabled
comprehensive understanding of the effects of critical
method parameters on retention time and peak
response.

The optimized method employed an Agilent Zorbax
C18 column (250 mm X 4.6 mm, 5 pm) with a
mobile phase consisting of phosphate buffer and
acetonitrile (40:60 v/v) at a flow rate of 1.0 mL/min.
Detection was performed at 267 nm, and the retention
time of pioglitazone was 2.9 minutes.

The developed method was validated according to
ICH Q2(R2) guidelines and demonstrated excellent
performance for all validation parameters. The
method exhibited excellent linearity (r* = 1.0000)
over the range of 80—-120%, high precision (%RSD <
2.0%), good accuracy (mean recovery = 99.84%),
adequate sensitivity (LOD = 0.24 pg/mL, LOQ =
0.74 pg/mL), and satisfactory solution stability (up to
24 hours at room temperature).

The application of multivariate regression analysis
through CCD provided valuable insights into the
main effects and interactions of critical variables on
the retention time of pioglitazone. The identification
of the design space (sweet spot) ensures method
robustness and facilitates quality control operations.

The proposed method is simple, cost-effective, and
suitable for routine quality control analysis of
pioglitazone in pharmaceutical industries. The AQbD
approach employed in this study ensures enhanced
method understanding, improved reliability, and
regulatory compliance. This systematic approach,
which has been successfully applied by our research
group for other pharmaceutical compounds including
azilsartan and febuxostat, demonstrates its versatility
and effectiveness in analytical method development.
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