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Abstract 

Background  A combination of pioglitazone hydrochloride with teneligliptin hydrobromide hydrate is used to treat 
type-2 diabetes. Several chromatographic techniques have been described in the literature for determination of each 
of these medications separately. But these procedures used organic solvents that could be dangerous for humans 
and animals, not to mention harmful to the environment. It is vital to substitute or reduce the use of these neurotoxic 
and teratogenic solvents in the chromatographic analysis of these anti-diabetic medications to ensure the safety 
of life and safeguard the environment. The chromatographic technique used for sample analysis should have char-
acteristics like robustness, eco-friendliness, cost-effectiveness, and user-friendliness following the recently developed 
idea of white analytical chemistry. Teneligliptin and pioglitazone have not yet been simultaneously estimated using 
a chromatographic method that has been documented in the literature.

Methods  A white analytical chemistry-assisted RP-HPLC method has been developed to fill this gap, using eco-
nomical and eco-friendly solvents. The design of the experiment approach was used during the development 
of the RP-HPLC method to reduce organic waste and guarantee that the procedure complied with all applicable 
regulations. Response surface models were built using the full factorial design approach, and the analytical design 
space was investigated. This method allowed for the identification of an optimal chromatographic condition 
within the method’s operational design region, allowing reliable RP-HPLC analysis of pioglitazone and teneligliptin.

Results  The developed RP-HPLC technique underwent validation and was used effectively to assess these drugs 
in their fixed-dose combinations. Assessments were made of the suggested and published RP-HPLC techniques’ 
validation status, process greenness, cost, and analysis time. For a thorough examination, this review included white 
analytical chemistry-based RGB models and different green analytical chemistry-based tools.

Conclusion  In allowing the simultaneous estimate of teneligliptin and pioglitazone, the devised approach demon-
strated robustness, eco-friendliness, and cost-effectiveness.
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Background
The RP-HPLC technique is often used in the pharma-
ceutical sector for regular analysis and quality control of 
medicinal ingredients and products. The International 
Council for Harmonization (ICH) Q3 (R8) guideline and 
Indian Pharmacopoeia (IP) 2018 both recognize that the 
two most frequently used organic solvents for RP-HPLC 
analysis, acetonitrile and methanol are potentially neu-
rotoxic and teratogenic to people and aquatic animals, 
as well as harmful to the environment. These organic 
solvents are also categorized as ones that should be used 
cautiously owing to their possible dangers in several sol-
vent selection guides provided by the pharmaceutical 
sectors. According to the Globally Harmonized System 
of Classification and Labeling of Chemicals, acetoni-
trile and methanol, two widely used organic solvents in 
RP-HPLC analysis, are categorized as extremely flam-
mable and volatile chemicals and are marked with the 
signal word "Danger." The values of 26.8 and 15.7 are 
their respective dangerous levels. According to the ICH 
Q3 (R8) and Indian Pharmacopoeia 2018 recommenda-
tions, the permissible daily exposure (PDE) levels for 
acetonitrile and methanol are 410 and 3000 ppm, respec-
tively. When analyzing drug samples, washing columns, 
and purging systems, RP-HPLC is known to use a lot of 
solvents and produce a lot of organic waste. The environ-
ment, human health, and aquatic life are all seriously in 
danger from the hazardous solvents like acetonitrile and 
methanol found in the organic waste produced by RP-
HPLC analysis. During the chromatographic analysis of 
drugs substances and products, it is crucial to replace or 
decrease the use of these hazardous solvents in line with 
the principles of white analytical chemistry (WAC). The 
WAC idea not only encourages environmental safety but 
also makes it possible to assess the success of analytical 
procedures in terms of cost, time, and validation power. 
Therefore, it is essential to create WAC-driven RP-HPLC 
techniques for reliable, eco-friendly, time-efficient, and 
cost-effective analysis of drug substances and goods to 
protect the environment, ensure public safety, and pro-
tect aquatic life [1–5].

Using the principles of Analytical Quality Risk Man-
agement (AQRM) and Design of Experiments (DoE), 
Analytical Quality by Design (AQbD) is a systematic 
approach used in the development of analytical methods 
that focuses on achieving robust, accurate, and precise 
analysis of drug substances and products. The develop-
ment of WAC-driven RP-HPLC analysis uses the AQbD 
methodology to reduce the production of organic waste 
during drug sample analysis. Critical Method Perfor-
mance Attributes (CMPAs) and Critical Procedure 
Parameters (CPPs), which are essential for the develop-
ment of analytical methods, may be easily identified 

using AQRM. The DoE is an essential tool for doing 
response surface analysis of key process variables and 
responses and optimizing analytical techniques to ensure 
their robustness, accuracy, and precision while analyzing 
drug samples. The use of the Analytical Quality by Design 
(AQbD) methodology in the establishment of analytical 
techniques will be required for receiving new medication 
approval, according to the upcoming ICH Q14 guideline. 
Therefore, the RP-HPLC technique should be developed 
utilizing the AQbD methodology to assure future regu-
latory compliance with the analytical method. Several 
RP-HPLC techniques have recently been published in the 
literature that uses the AQbD, Green Analytical Chem-
istry (GAC), Quality Risk Management (QRM), and 
Design of Experiments (DoE) tenets. These approaches 
show how these cutting-edge methodologies may be inte-
grated, showing their value in achieving analytical excel-
lence while taking environmental sustainability and risk 
management into account [6–12].

Today’s demanding lifestyles and unhealthful eating 
patterns have made diabetes mellitus an illness that is 
frequently seen. Dipeptidyl Peptidase-4 (DPP-4) inhibi-
tor teneligliptin hydrobromide hydrate (THH) is rec-
ommended for the treatment of type 2 diabetes. On the 
other hand, pioglitazone hydrochloride (PIO) is a thia-
zolidinedione used in individuals with type 2 diabetes 
mellitus to control glycemic levels together with diet and 
exercise. The Central Drugs Standards Control Organiza-
tion (CDSCO) authorized the fixed-dose combination of 
these anti-diabetic medications in 2022, providing a ther-
apy option for people with type 2 diabetes mellitus [13]. 
The chemical structures of pioglitazone hydrochloride 
(PIO) and teneligliptin hydrobromide hydrate (THH) are 
shown in Fig.  1. Numerous RP-HPLC techniques have 
been described for the measurement of THH and PIO 

Fig. 1  Chemical structures of anti-diabetic drugs A teneligliptin 
hydrobromide hydrate (THH) and B pioglitazone hydrochloride (PIO)
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separately [14–23], and several HPTLC techniques have 
also been reported [24–27]. However, hazardous organic 
solvents including acetonitrile, toluene, and methanol are 
often used in these RP-HPLC procedures. These solvents 
are harmful to the environment and provide dangers to 
aquatic and terrestrial life. In comparison, ethanol is a 
less flammable and hazardous substitute that is also bio-
degradable because it is made from natural resources. For 
RP-HPLC analysis of drug samples, ethanol is frequently 
suggested as a more cost-effective, environmentally 
friendly alternative to acetonitrile and methanol (1–5). 
Ethanol is categorized as a class 3 solvent, signifying min-
imal toxicity, with a permitted daily exposure (PDE) limit 
surpassing 5000 ppm, following the ICH Q3C (R8) guide-
line and IP 2018 criteria. With a total analytical risk value 
of just 2.6, ethanol is considered to be a safe organic sol-
vent by the worldwide standardized system of categoriza-
tion and labeling of chemicals, outperforming acetonitrile 
and methanol. There are no published studies that use 
RP-HPLC to simultaneously estimate THH and PIO in 
their fixed-dose combination (FDC). As a result, a WAC-
driven, cost-efficient, quick, and environmentally friendly 
RP-HPLC approach has been developed that uses etha-
nol as the solvent under a single chromatographic con-
dition. Following the ICH Q14 guideline, the RP-HPLC 
method was developed by implementing the AQbD 

methodology. This strategy aims to lessen the production 
of organic waste and guarantee the analytical method’s 
regulatory compliance. Using the risk priority number 
(RPN) ranking and filtering method, an analytical quality 
risk assessment was carried out to identify crucial proce-
dure variables and responses. Using a central composite 
design and the trial version of Minitab  18.0 software, a 
DoE-based response surface modeling (RSM) was car-
ried out to optimize the RP-HPLC technique. AGREE, 
NEMI, ESA, and complex GAPI software were used to 
assess the greenness profile of the proposed RP-HPLC 
method to simultaneously quantify THH and PIO. The 
proposed RP-HPLC analysis of THH and PIO’s validation 
power, greenness profiles, cost, and time efficiency were 
evaluated utilizing the WAC and RGB models’ principles 
(Fig. 2).

Methods
Instruments and softwares
The chromatographic separation of THH and PIO was 
performed using a Shimadzu HPLC 2030 prominence 
i-series model equipped with UV (Ultra Violet) and 
PDA (Photo-Diode Array) detectors, which was pur-
chased from Shimadzu Scientific Instruments (India) 
Private Limited, Bangalore, India. The mobile phase’s 
components were filtered using the Rocker 300 vacuum 

Fig. 2  Minitab 18 software generated Ishikawa diagram showing the list of critical procedure variables and responses for the development 
of RP-HPLC method for estimation of PIO and THH
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filtration assembly, which was bought from PCI Analyt-
ics Private Limited in Mumbai, Maharashtra. A sonicator 
water bath from PCI analytics private limited, Mumbai, 
Maharashtra, was used for drug extraction from FDCs 
and the deaeration of mobile phase components. Sample 
and standard powder were weighed using an electronic 
weighing scale that was purchased from Shimadzu Sci-
entific Instruments (India) Private Limited, Bangalore, 
India. Using Stat-Ease’s Design-Expert 10.0 software 
(trial version), the analytical quality risk assessment and 
design of experiments-based response surface modeling 
were completed. The AGREE calculator, which can be 
found at https://​mostw​iedzy.​pl/​AGREE, was used to 
determine the method’s greenness rating. Last but not 
least, Complex GAPI software from mostwiedzy. pl/com-
plexgapi was used to examine the method’s greenness 
profile.

Reagents and materials
The THH and PIO active pharmaceutical ingredients 
(APIs) gift samples were acquired from reputed drug 
manufacturers in Gujarat, India. It was decided to buy 
ethanol of the analytical reagent (AR) quality from a 
Shree Khedut Sahakari Khand Udhyod Mandali Lim-
ited, Bardoli, Gujarat, India. In our institute laboratory, 
double-distilled water was produced using distillation 
assembly. From Avantor Performance Materials India 
Limited in Thane, Maharashtra, India, we purchased gla-
cial acetic acid, orthophosphoric acid, and triethylamine 
of AR grade. Shimadzu Scientific Instruments (India) 
Private Limited in Bangalore, India, supplied the Shim-
Pack C18 RP (250 mm, 4.6 mm, 5.0 m) column. Both the 
sample syringe filter and the membrane filter were pur-
chased from Pall India Private Limited in Andheri, Mum-
bai, India. The FDCs for THH and PIO were bought at a 
nearby drug store in Surat, Gujarat, India.

Combined working standard solution
A 1.0 mL aliquot was collected from each standard stock 
solution of THH (200  g/mL) and PIO (150  g/mL) to 
generate the combined working standard solution. The 
mobile phase was used as the diluent to dilute these ali-
quots in a 10 mL volumetric flask. The combined work-
ing standard solution had final concentrations of 20 g/mL 
for THH and 15 g/mL for PIO.

Risk priority number ranking and filtering
Following preliminary trials, the risk priority number 
(RPN) ranking and filtering approach was used to ana-
lyze the prospective procedure variables to ascertain 
their impact on method responses. An analytical quality 
risk evaluation of prospective critical process parameters 
(CPPs) was then carried out using Minitab 18  software 

using the specified experimental trials and their accom-
panying responses. The critical procedural variables were 
then examined for main effects, two-way interactions, 
and quadratic effects using a central composite  design 
and Minitab 18  software using a DoE-based response 
surface methodology (RSM). To optimize the desired 
RP-HPLC procedure, the experimental trials and their 
results were subjected to analysis of variances (ANOVA), 
response surface contour plots and multiple regression 
analysis using Minitab 18 software.

Central composite design and optimization
The Analytical Target Profile (ATP) of the targeted 
RP-HPLC technique was achieved by navigating the 
Method’s Operable Design Region (MODR) using the 
DoE-based response surface methodology (RSM) and 
looking at response surface contour plots. To enable 
simultaneous determination of THH and PIO using the 
RP-HPLC method, a single analytical control point based 
on the MODR was used. THH and PIO were separated 
by isocratic chromatography using a Shim-pack C18 col-
umn (250 mm 4.6 mm, 5.0 m) and a mobile phase made 
of ethanol/water (65 + 35, v/v) that had been pH-adjusted 
with orthophosphoric acid to 3.0. The column oven tem-
perature was set at 30˚C, and the chromatographic con-
ditions included a flow rate of 0.8 mL/minute. At 210 nm, 
the chromatographic peaks for THH and PIO were 
detected.

Calibration curve for pioglitazone and teneligliptin
From combined working standard solution of THH and 
PIO, aliquots of 2, 4, 6, 8, and 10 µL were injected into 
RP-HPLC analytical columns to generate the calibration 
curve. The corresponding peak areas were determined, 
and their concentrations of THH and PIO were linked. 
These data points were plotted to generate calibration 
curves, which then allowed for the calculation of the cor-
relation coefficient and the regression line equation. To 
accurately determine the analytes in subsequent samples, 
these calibration curves offer a quantitative link between 
the peak areas and concentrations of THH and PIO.

Validation study of method
The targeted RP-HPLC method’s validation involves 
several steps, including system suitability testing, speci-
ficity, linearity, precision, accuracy, and robustness 
assessments, as well as the selection of the LOD (Limit 
of Detection) and LOQ (Limit of Quantitation). To vali-
date the accuracy and applicability of the method for the 
simultaneous estimate of THH and PIO, these validation 
parameters were assessed. The chromatographic system 
was tested for system appropriateness to make sure it was 
performing within acceptable performance standards. 

https://mostwiedzy.pl/AGREE
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The method’s precision in measuring THH and PIO in 
the presence of any interfering chemicals was evaluated 
by its specificity. The analyte concentrations and accom-
panying detector response were compared using linear-
ity. The method’s repeatability and intermediate precision 
were determined using precision. The degree of accu-
racy indicated how well the results matched the actual 
data. Robustness evaluated a method’s resilience to min-
ute changes in experimental circumstances. The lowest 
detectable and measurable quantities of THH and PIO, 
respectively, were established by the LOD and LOQ.

Analysis of fixed‑dose combinations
The concurrent evaluation of THH and PIO in their 
fixed-dose combinations (FDCs) was effectively accom-
plished using the devised RP-HPLC method, which is 
distinguished by its robustness and greenness. Tablet 
powder corresponding to the unit dose of the medica-
tions was dissolved and diluted in a 100 mL volumetric 
flask using ethanol as the solvent to carry out the analysis 
for each FDC. After 20 min of sonication, Whatman filter 
paper was used to filter the resultant solution. A sample 
from the filtrate after it had been properly diluted with 

mobile phase was injected and subjected to optimal chro-
matographic conditions. The regression line equation 
unique to each drug was used to calculate how much of 
each was present in the FDC.

Results
Analytical quality risk assessment
An analytical quality risk assessment was performed 
on the potential procedure variables to determine how 
they would affect the chosen responses (R1 and R2). 
The risk priority number (RPN) ranking and filtering 
method through the  Plackett–Burman design was used 
to conduct this evaluation. To generate design met-
rics for two levels, all selected essential procedure vari-
ables were depicted in an Ishikawa diagram and entered 
into the Minitab 18 software. The related responses 
were then measured during experimental runs in the 
lab. Using  Minitab 18, a Pareto chart analysis was car-
ried out on the measured responses. Critical procedural 
variables were classified as high-risk CPVs by the Pareto 
chart  analysis if their p-values were less than 0.05 and 
low-risk CPVs if their p-values were more than 0.05. 

Fig. 3  Analytical quality risk assessment using Plackett–Burman design and Minitab 18 software A Pareto analysis showing high-risk CPVs 
for response R1 B Pareto analysis showing high-risk CPVs for response R2



Page 6 of 15Prajapati et al. Future Journal of Pharmaceutical Sciences            (2023) 9:93 

Figure  3 and Table  1 show the outcomes of the Pareto 
chart analysis for the two chosen responses.

Response surface methodology and optimization
Using DoE-based response surface methodology, the 
high-risk critical procedural variables A and B were fur-
ther examined for their substantial main effects, two-
way interactions, and quadratic effects on responses R1 

and R2. A central composite design was implemented 
using the Minitab 18 software to carry out this process. 
The program suggested 13 experimental trials, and these 
experiments were conducted in the laboratory following 
the recommendations listed in Table  2. The measured 
responses from each experimental trial were entered 
into the program to perform an  analysis of variance 
(ANOVA), contour plots of the response surface, and 

Table 1  Analytical quality risk assessment for identification of high-risk CPVs (Critical Procedure Variables) for variation in responses 
(resolution and tailing factor) using RPN (Risk Priority Numbering) ranking and filtering method

Source DF Adjusted SS Adjusted MS F-Value P-Value Risk priority number 
ranking

Risk priority 
number 
filtering

Risk priority ranking and filtering for Response 1 using Plackett–Burman design and Minitab software

Model 5 92.1244 18.4249 357.40 0.000 – –

 Linear 5 92.1244 18.4249 357.40 0.000 – –

  CPV—A 1 90.9151 90.9151 1763.53 0.000 Rank 1 High-risk

  CPV—B 1 0.9804 0.9804 19.02 0.005 Rank 2 High-risk

  CPV—C 1 0.0919 0.0919 1.78 0.230 Rank 3 Low-risk

  CPV—D 1 0.0850 0.0850 1.65 0.246 Rank 4 Low-risk

  CPV—E 1 0.0520 0.0520 1.01 0.354 Rank 5 Low-risk

Error 6 0.3093 0.0516 – – – –

Total 11 92.4337 – – – – –

Risk priority ranking and filtering for Response 2 using Plackett–Burman design and Minitab software

  CPV—A 1 0.000408 0.000408 0.92 0.373 Rank 4 Low-risk

  CPV—B 1 0.297675 0.297675 673.98 0.000 Rank 1 High-risk

  CPV—C 1 0.000675 0.000675 1.53 0.263 Rank 3 Low-risk

  CPV—D 1 0.001875 0.001875 4.25 0.085 Rank 2 Low-risk

  CPV—E 1 0.000008 0.000008 0.02 0.895 Rank 5 Low-risk

Error 6 0.002650 0.000442 – – – –

Total 11 0.303292 – – – – –

Table 2  Design metrics for DoE-based response surface methodology for high-risk CPVs (Critical Procedure Variables) and critical 
responses using central composite design and MINITAB 18 software

Std Order Run Order Point Type Blocks CPV—A CPV—B Response–R1 Response–R2

7 1 − 1 1 60.0000 2.08579 5.55 1.32

11 2 0 1 60.0000 3.50000 5.56 1.11

6 3 − 1 1 74.1421 3.50000 7.85 1.11

9 4 0 1 60.0000 3.50000 5.45 1.12

13 5 0 1 60.0000 3.50000 5.62 1.13

3 6 1 1 50.0000 4.50000 1.35 2.20

5 7 − 1 1 45.8579 3.50000 1.34 1.14

4 8 1 1 70.0000 4.50000 6.54 2.22

8 9 − 1 1 60.0000 4.91421 5.45 2.55

1 10 1 1 50.0000 2.50000 1.32 1.23

2 11 1 1 70.0000 2.50000 6.85 1.25

10 12 0 1 60.0000 3.50000 5.61 1.10

12 13 0 1 60.0000 3.50000 5.50 1.12
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multiple regression analysis based on the DoE. The quad-
ratic models were significant for both replies, according 
to the ANOVA findings for responses R1 and R2, which 
are displayed in Table 3. This suggests a nonlinear graphi-
cal relationship between the critical procedure variables 
and the responses. Both of the critical procedure vari-
ables’ main effects and quadratic effects were discovered 
to be significant for both responses. Figure  4A and B 
shows the examination of response surface plots, which 
revealed quadratic contour lines in the 2D response sur-
face plots for both R1 and R2, further demonstrating the 
quadratic link between the crucial procedure variables 
and the responses. These results lend support to the DoE-
based response surface methodology for improving and 
comprehending the relationships between the important 
procedure factors and the replies R1 and R2.

R-squared, adjusted R-squared, and anticipated 
R-squared values were all over 0.9, according to mul-
tiple regression analysis. The adjusted and predicted 
R-squared values differed by less than 0.2, demonstrating 
the best-fit model for forecasting the intended responses. 
Response surface contour plots have been developed to 
visualize the multidimensional interactions between the 
critical procedure variables (A and B) and the responses 
(R1 and R2). These graphs were superimposed to help 
in navigating Method Operable Design Region (MODR) 

according to  the Analytical Target Profile (ATP) of the 
RP-HPLC method and getting the desired outcomes. Fig-
ure 4C shows the plots of the overlay response surfaces.

Results of method validation study
For each fixed-dose combination (FDC) of THH and 
PIO (n = 3), the chromatograms of the blank, standard, 
and sample solutions were superimposed to assess the 
specificity of the technique. Other than the peaks asso-
ciated with the respective medications in the FDCs of 
THH and PIO, no other peaks were seen. This demon-
strated that the formulations of THH and PIO did not 
contain any additives that would have interfered with 
the targeted chromatographic study of the medications 
of interest. The calibration curve procedure was carried 
out five times for the linearity study, and the linearity was 
evaluated by plotting the mean peak areas (n = 5) against 
the corresponding concentrations of each drug. The peak 
areas of THH and PIO showed linearity over the concen-
tration ranges of the 40–200 µg/mL and 30–150 µg/mL, 
respectively. According to Fig.  5, the correlation coeffi-
cient for the two drugs was higher than 0.999. The repeat-
ability of sample injections (n = 7) had a % RSD (Relative 
Standard Deviation) of 0.75% for THH and 0.83% for 
PIO, respectively. This showed how the technique for 

Table 3  ANOVA (Analysis of variance) for study of main effects, two-way interactions and quadratic effects of high-risk CPVs (Critical 
Procedure Variables) on selected critical responses R1 and R2 using central composite design and MINITAB 18 software

Source Degree of 
freedom

Adjusted SS Adjusted MS F-Value P-Value Level of significance

ANOVA for Response – R1

Model 5 52.3728 10.4746 34.18 0.000 Significant

 Linear 2 48.5472 24.2736 79.21 0.000 Significant

  CPV—A 1 48.4942 48.4942 158.24 0.000 Significant

  CPV—B 1 0.0530 0.0530 0.17 0.690 Non-significant

 Square 2 3.8225 1.9113 6.24 0.028 Significant

  CPV—A*CPV—A 1 3.6088 3.6088 11.78 0.011 Significant

  CPV—B*CPV—B 1 0.4987 0.4987 1.63 0.243 Non-significant

 2-Way Interaction 1 0.0030 0.0030 0.01 0.924 Non-significant

  CPV—A*CPV—B 1 0.0030 0.0030 0.01 0.924 Non-significant

ANOVA for Response – R2

Model 5 3.15345 0.63069 53.55 0.000 Significant

 Linear 2 1.69232 0.84616 71.84 0.000 Significant

  CPV—A 1 0.00000 0.00000 0.00 0.994 Non-significant

  CPV—B 1 1.69232 1.69232 143.69 0.000 Significant

 Square 2 1.46112 0.73056 62.03 0.000 Significant

  CPV—A*CPV—A 1 0.01973 0.01973 1.67 0.237 Non-significant

  CPV—B*CPV—B 1 1.46082 1.46082 124.03 0.000 Significant

 2-Way Interaction 1 0.00000 0.00000 0.00 1.000 Non-significant

  CPV—A*CPV—B 1 0.00000 0.00000 0.00 1.000 Non-significant
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injecting samples was precise and consistent, delivering 
accurate and repeatable findings.

For the repeatability of sample measurement (n = 7), 
the relative standard deviation (RSD) was found to be 
0.45% for THH and 0.38% for PIO, respectively. Regard-
ing intra-day precision (n = 3), the% RSD ranged for THH 
from 0.87 to 0.98% and for PIO from 0.59 to 0.92%. For 
inter-day precision (n = 3), the percentage RSD ranged for 
THH from 0.92 to 1.12% and for PIO from 0.77 to 1.04%. 
These findings show how the devised method for sample 
measurements at various time points is precise as well as 
trustworthy. The ICH Q2 (R1) guideline’s standard addi-
tion method was used to conduct the accuracy study. The 
recovered percentages for the additional THH and PIO 
were found to be between 98 and 102%, showing that 
the method’s estimation was accurate. The limit of quan-
titation (LOQ) was found to be 15 µg/mL for THH and 
9  µg/mL for PIO (n = 3), whereas the limit of detection 

(LOD) for THH and PIO was found to be 5 µg/mL and 
3  µg/mL, respectively. For THH and PIO, respectively, 
these numbers represent the lower limits of detection 
and quantitation. To evaluate the method’s robustness, 
robustness studies (n = 3) were carried out by changing 
the mobile phase, flow rate, column oven temperature, 
and wavelength. The method’s robustness in simultane-
ously estimating THH and PIO was determined to be less 
than 2.0% RSD for these variables. Table 4 gives a com-
plete overview of the method’s performance and validity 
for the simultaneous estimation of THH and PIO. It sum-
marizes the validation parameters (Table 5).

Discussion
There are no published RP-HPLC methods for simul-
taneously estimating THH and PIO in their fixed-dose 
combinations (FDCs). Earlier RP-HPLC techniques used 
hazardous organic solvents like acetonitrile and methanol 

Fig. 4  Response surface modeling using a central composite design and Minitab 18 software A 2D contour plot showing multidimensional 
interactions between high-risk CPVs with response R1 B 2D contour plot showing multidimensional interactions between high-risk CPVs 
with response R2 C Overlaid contour plots showing analytical design space for the development of targeted RP-HPLC method as per analytical 
target profile
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to estimate PIO and THH separately in their prescription 
dose forms. These solvents endanger the environment, 
animal life, and human health. It is essential to elimi-
nate, swap out, or minimize the use of these potentially 
harmful solvents in the RP-HPLC analysis of THH and 
PIO following the principles of green analytical chemis-
try (GAC) and the only recently developed idea of white 
analytical chemistry (WAC).

Ethanol, a more sustainable and environmentally 
friendly organic solvent, was used for sample prepara-
tion and mobile phase composition in the simultaneous 
estimation of PIO and THH to adhere to the principles 
of GAC and WAC. Compared to acetonitrile and meth-
anol, ethanol is less harmful and volatile. It is a natural 
resource-based biodegradable solvent. As a result, the 
organic waste produced by chromatographic analysis 
using ethanol would not endanger aquatic life or humans.

The cost-effective RP-HPLC analysis of PIO and THH 
is further supported by the fact that ethanol is more 
affordable than acetonitrile and methanol. To maintain 
regulatory compliance with the ICH Q14 criteria and 
reduce waste generation during sample analysis, the Ana-
lytical Quality by Design (AQbD) approach was used in 
addition to adhering to the WAC concept. Analytical 
quality risk assessment and Design of Experiments (DoE) 
principles were used in this strategy.

The developed RP-HPLC method for the simultaneous 
measurement of THH and PIO offers a green and sus-
tainable analytical solution that complies with regulatory 
requirements, minimizes waste generation, and lessens 
environmental effects by incorporating GAC, WAC, and 
the AQbD approach.

Fig. 5  Targeted RP-HPLC analysis of anti-diabetic drugs A Chromatogram showing linearity of THH (40–200 µg/mL) and PIO (30–150 µg/mL) B 
Chromatogram showing the peak of THH and PIO at the retention time of 2.71 and 3.75 min, respectively
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Implementation of analytical quality by design approach
The simultaneous determination of PIO and THH using 
a targeted RP-HPLC method was accomplished using the 
Analytical Quality by Design (AQbD) methodology. To 
enable chromatographic separation of the drugs follow-
ing the system suitability testing criteria listed in IP 2018, 
the Analytical Target Profile (ATP) was developed. Its 
goal was to provide a method that was economical, reli-
able, and environmentally friendly. This led to the iden-
tification of critical method variables such as resolutions, 
tailing factors, retention factors, and the number of theo-
retical plates.

The development of the targeted RP-HPLC method 
was discovered to be dependent on the resolution 
between the peaks of THH and PIO (Response R1) and 
the tailing factor for the peak of THH (Response R2). The 
volume ratio of ethanol to water (Critical method vari-
able A), pH of the mobile phase (Critical method variable 
B), flow rate (Critical method variable C), column oven 
temperature (Critical method variable D), and detection 
wavelength (Critical method variable E) for the desired 
responses R1 and R2 were also identified as poten-
tial critical method variables. Figure  2 contains a list of 
potential procedure variables, responses, and the analyti-
cal target profile.

The method development procedure for the RP-HPLC 
technique was optimized to simultaneously estimate PIO 
and THH while taking into account critical variables and 
responses for successful chromatographic separation by 
using the AQbD approach, which guides method devel-
opment by particular analytical aims.

An analytical quality risk assessment was performed 
on the potential procedure variables to determine how 
they would affect the chosen responses (R1 and R2). The 
risk priority number (RPN) ranking and filtering method 
through the  Plackett–Burman design was used to con-
duct this evaluation. Critical procedure variables A and 
B were determined to be high-risk based on the analysis; 
thus, they were further investigated for the RP-HPLC 
method’s optimization using DoE-based response surface 
methodology. This strategy attempted to boost the meth-
od’s overall performance and dependability by enhancing 
the identified critical procedural variables.

Using DoE-based response surface methodology, the 
high-risk critical procedural variables A and B were fur-
ther examined for their substantial main effects, two-
way interactions, and quadratic effects on responses R1 
and R2. A central composite design was implemented 
using the Minitab 18 software to carry out this process. 
The volume ratio of ethanol to water (critical process 

Table 4  Summary of validation parameters for simultaneous estimation of THH and PIO

Validation Parameters THH PIO

Linearity study (n = 5)

Linearity range (µg/mL) 40–200 µg/mL 30–150 µg/mL

Regression line equation 1754 x – 17,654 4232 x -134.56

Correlation coefficient 0.9994 0.9996

Precision study (% RSD)

Repeatability sample injection (n = 7) 0.75 0.83

Repeatability of sample measurement (n = 7) 0.45 0.38

Intra-day variation 0.87–0.98 0.59–0.92

Inter-day variation 0.92–1.12 0.77–1.04

Accuracy study (%) (n = 3)

% recovery 99.32–99.45 98.12–99.32

LOD & LOQ (n = 5)

Limit of detection (LOD) 5 µg/mL 3 µg/mL

Limit of quantitation (LOQ) 15 µg/mL 9 µg/mL

Robustness study (%RSD) (n = 3)

Mobile phase variation 0.73–0.92 0.89–1.03

Wavelength variation 0.65–1.12 0.77–1.05

Flow rate variation 0.62–1.05 0.83–1.03

Column temperature variation 0.81–1.14 0.94–1.21

Specificity study by PDA detector (correlation-coefficient)

Peak start (s) 0.99923 0.99934

Peak apex (a) 0.99928 0.99944

Peak end (m) 0.99956 0.99933
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variable A) should be between 60:40 and 70:30%v/v, and 
the pH of the water (critical procedure variable B) should 
be adjusted to be between 2.5 and 3.5 using glacial ace-
tic acid, it was found through optimization. Finally, 
by employing ethanol/water (65 + 35%) at pH 3.0, the 
final chromatographic separation of THH and PIO was 
accomplished. Figure 5 illustrates the retention times for 
the THH and PIO peaks, which were determined to be 
2.41 and 3.75 min, respectively. Notably, for the chroma-
tographic peaks of THH and PIO, the resolution, tailing 
factors, retention factors, and the number of theoreti-
cal plates all fulfilled IP 2018 criteria for system suit-
ability testing (n = 7). The following mathematical models 
(Eqs.  1 and 2) were used to forecast the responses and 
navigate the method operable design region for the opti-
mization of the RP-HPLC process. These models were 
crucial in helping to improve the process and get the 
desired results.

(1)

Response− R1 =− 38.7+ 1.120CPV− A + 1.96CPV

− B − 0.00720CPV− A ∗ CPV

− A − 0.268CPV− B ∗ CPV

− B− 0.0027CPV− A ∗ CPV−B

Red model‑based assessment for validation efficiency
According to the ICH Q2 (R1) recommendations, the 
Red model-based assessment (R1 to R4) was used to eval-
uate the effectiveness of the validation of published and 
proposed RP-HPLC techniques. When calculating THH 
and PIO separately in their pharmaceutical dose forms, 
the published RP-HPLC methods showed a flawless score 
of 80 out of 100 for all four principles. Due to its wider 
scope and application, the proposed method, which uses 
ethanol as the solvent and the analytical quality by design 
approach, was able to simultaneously estimate THH and 
PIO in their Fixed-Dose Combination (FDC) and earned 
an additional 20 points. As a result, the proposed method 
received an impressive validation assessment score from 
the Red model of 100 out of 100.

(2)

Response− R2 = 7.04 − 0.0639CPV− A − 2.748CPV

− B + 0.000532CPV− A ∗ CPV−A

+ 0.4583CPV− B ∗ CPV− B

+ 0.00000CPV− A ∗ CPV−B

Fig. 6  A Green profile assessment of proposed method for estimation of PIO and THH using AGREE, NEMI and GAPI method B White analytical 
chemistry-based assessment and comparison of developed and published RP-HPLC methods for estimation of PIO and THH using RGB model
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Green model‑based assessment for procedure greenness
The Green model-based assessment was carried out 
to evaluate the environmental impact of the published 
and suggested RP-HPLC methods for the simultane-
ous determination of THH and PIO. The four core GAC 
principles (G1 to G4) were applied in this evaluation, 
which also made use of a variety of GAC tools, includ-
ing the AGREE calculator, NEMI standards, Eco-scale 
assessment (ESA), and the complex GAPI programme. 
The procedure greenness profile of the published RP-
HPLC procedures has been found to require the use of 
hazardous organic solvents (acetonitrile and methanol) 
and produce more than 300 mL of organic waste, sug-
gesting serious environmental risks. As a result, these 
techniques scored 51 out of 100 in the evaluation based 
on the Green model. As opposed to acetonitrile and 

methanol, the suggested RP-HPLC estimation of THH 
and PIO in FDCs used ethanol, a less volatile, biode-
gradable, and environmentally benign solvent. Addi-
tionally, it produced only 100 mL of organic waste, thus 
lessening its impact on the environment. As a result, 
the suggested strategy received an evaluation of 80 out 
of 100 using the Green model. Figure  6 compares the 
complex GAPI software-based pictograms, the AGREE 
calculation, and the NEMI scale evaluation for the pro-
posed and published RP-HPLC analyses of FDCs con-
taining PIO and THH. These visual representations 
provide a thorough picture of how each strategy affects 
the environment.

Table 6  Assessment of published and proposed RP-HPLC methods for estimation of THH and PIO using principles of white analytical 
chemistry, RGB model, NEMI, ESA, AGREE and GAPI tools

THH Teneligliptin hydrobromide hydrate, PIO Pioglitazone hydrochloride, AGREE Analytical GREEnness, GAPI Green analytical procedure index, NEMI National 
environmental method index, WAC score: Poor white (0 to 25), Average white (26 to 50), Acceptable white (51 to 75), Excellent white (76 to 100)

Principles of white analytical 
chemistry

Published RP-HPLC analysis of 
THH

Published RP-HPLC analysis of 
PIO

Proposed RP-HPLC analysis of PIO 
and THH

Red model-based assessment

R1 – Scope and application Applied only for analysis of THH Applied only for analysis of PIO Applied for analysis of PIO and THH 
both

R2 – LOD and LOQ Method was sensitive for estimation 
of THH

Method was sensitive for estima-
tion of PIO

Method was sensitive for estimation 
of PIO and THH both

R3 – Precision Method was precise for estimation 
of THH

Method was precise for estimation 
of PIO

Method was precise for estimation 
of PIO and THH both

R4 – Accuracy Method was accurate for estimation 
of THH

Method was accurate for estimation 
of PIO

Method was accurate for estimation 
of THH and PIO both

Red-model score 80 80 100

Green model-based assessment

AGREE score 0.51 0.51 0.83

NEMI assessment Acetonitrile is hazardous, corrosive 
and toxic organic solvent

Acetonitrile is hazardous, corrosive 
and toxic organic solvent

Ethanol is safe organic solvent 
and less hazardous to the environ-
ment

Eco-scale assessment Total penalty points for method 
were found to be 12

Total penalty points for method 
were found to be 12

Total penalty points for method were 
found to be 6.0

GAPI assessment E-factor was found to be 0.50 E-factor was found to be 0.50 E-factor was found to be 0.33

Green model score 51 51 80

Blue model-based assessment

B1 – Cost efficiency Only THH sample was analyzed Only PIO sample was analyzed Both PIO and THH sample was ana-
lyzed

B2 – Time efficiency THH sample was analyzed with run 
time of 10 min

PIO sample was analyzed with run 
time of 10 min

Both THH and PIO sample was ana-
lyzed with 5.0 min run time

B3 – Requirements Require less than 3 steps for analysis Require less than 3 steps for analysis Require less than 3 steps for analysis

B4 – Operational simplicity Skilled person requires for analysis Skilled person requires for analysis Skilled person requires for analysis

Blue model score 80 80 100

White analytical chemistry (WAC)-based assessment

Average of Red, Green and Blue 
model scores

Average of (80 + 51 + 80) = 70.33 Average of (80 + 51 + 80) = 70.33 Average of (100 + 80 + 100) = 93.33

WAC status Acceptable white Acceptable white Excellent white
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Blue model‑based assessment for cost and time efficiency
The Blue model-based assessment was used to com-
pare the published and proposed approaches for the 
estimation of THH and PIO for cost, time, and user-
friendliness. For each FDC of THH and PIO, distinct 
chromatographic applications as well as pricey organic 
solvents (acetonitrile and methanol) were required per 
the stated procedures. The proposed approach, in con-
trast, used a single chromatographic condition and a 
more cost-effective solvent to estimate both substances 
simultaneously. As a result, the suggested approach 
needed less money, time, and resources. Additionally, 
the reduced chromatographic conditions of the sug-
gested approach were thought to make it more user-
friendly. As a result, the Blue model-based assessment 
gave the proposed method a score of 100 (plus an extra 
20 points) out of 100 for cost efficiency, time efficiency, 
and user-friendliness.

Principles of white analytical chemistry
The colors red, green, and blue are blended to generate 
the color white. Similarly to this, the published and sug-
gested approaches’ WAC (White Analytical Chemistry) 
scores were calculated by averaging the results from the 
Red, Green, and Blue models (see Table 6 for more infor-
mation). In their FDC, the published RP-HPLC tech-
niques simultaneously estimated THH and PIO, earning 
a WAC score of 70.33 out of 100. For the same analysis, 
the proposed RP-HPLC method, in contrast, received a 
remarkable WAC score of 93.33 out of 100. This suggests 
that the suggested procedure performed exceptionally 
well while analyzing the samples. Figure 6 compares the 
WAC scores and RGB models for the proposed and pub-
lished RP-HPLC procedures.

Conclusions
To provide a reliable, eco-friendly, cost-effective, user-
friendly, and quick RP-HPLC method for the simultane-
ous measurement of THH and PIO, White Analytical 
Chemistry  (WAC) and Analytical Quality by Design 
(AQbD) approaches  were coupled. For the specified 
analysis, the devised method used a green organic sol-
vent and a single chromatographic condition, making 
it user- and environmentally friendly. The method is 
also shown to be quicker and more affordable for sam-
ple analysis when compared to the published RP-HPLC 
method in terms of analysis time, resource use, and cost. 
To guarantee the accuracy, precision, sensitivity, robust-
ness, and specificity for the simultaneous estimate of 
THH and PIO, the AQbD technique was introduced 
into the method development process. Surprisingly, the 
approach that was devised produced excellent findings, 

demonstrating its remarkable performance for the anal-
ysis of THH and PIO. Given these characteristics, the 
developed method has a lot of potential as a routine 
analysis and quality control tool for FDCs including PIO 
and THH that is affordable, eco-friendly, user-friendly, 
and quick. Its scope of application encompasses small- 
and large-scale pharmaceutical companies.

Abbreviations
RP-HPLC	� Reversed phase high-performance liquid chromatographic
AGREE	� Analytical Greenness
ESA	� Eco-scale assessment
GAPI	� Green analytical procedure index
NEMI	� National environmental method index
RGB	� Red green blue
PDE	� Permissible daily exposure
WAC​	� White analytical chemistry
IP	� Indian Pharmacopoeia
AQRM	� Analytical Quality Risk Management
DoE	� Design of Experiments
AQbD	� Analytical Quality by Design
CMPAs	� Critical Method Performance Attributes
CPPs	� Critical Procedure Parameters
DPP-4	� Dipeptidyl Peptidase-4
THH	� Teneligliptin hydrobromide hydrate
PIO	� Pioglitazone hydrochloride
RPN	� Risk priority number

Acknowledgements
The Maliba Pharmacy College’s Principal and the Uka Tarsadia University’s 
Provost are thanked by the authors for their enormous help in providing the 
necessary infrastructure and instrumentation equipment to carry out the 
research endeavor. Their contributions were crucial to the accomplishment of 
this investigation.

Author contributions
Dr Pintu Prajapati contributed to drafting, conceptualization, supervision, 
and review. Bageshree Rana contributed to methodology and writing. Veera 
Shakar Pulusu contributed to review and drafting. Shailesh Shah contributed 
to supervision and review support.

Funding
No funding support from any agency.

Availability of data and material
The data will be availed by corresponding author of manuscript on reasonable 
request.

Declarations

Ethics approval and consent to participate
Our research work does not include use of animal and human being. The 
present manuscript has been solely submitted to the Future Journal of 
Pharmaceutical Sciences. The authors have followed all ethical standards for 
publication processing.

Consent for publication
Our research work does not include any human study. The manuscript entitles 
‘Method Operable Design Region for Robust RP-HPLC Analysis of Pioglitazone 
Hydrochloride and Teneligliptin Hydrobromide Hydrate: Incorporating Hybrid 
Principles of White Analytical Chemistry and Design of Experiments’ has been 
solely submitted to Future Journal of Pharmaceutical Sciences.

Competing interests
The authors of the manuscript already declared that they do not have any 
conflicts of interest for the publication of the manuscript.



Page 15 of 15Prajapati et al. Future Journal of Pharmaceutical Sciences            (2023) 9:93 	

Author details
1 Department of Quality Assurance, Maliba Pharmacy College, Maliba Campus, 
Bardoli‑Mahuva Road, Tarsadi, Mahuva, Surat 394 350, India. 2 Department 
of Chemistry and Biochemistry, Ohio University, Anthens, OH 45701, USA. 

Received: 31 July 2023   Accepted: 16 October 2023

References
	1.	 Nowak MP, Weitecha-Posluszny R, Pawliszyn J (2021) White analytical 

chemistry: an approach to reconcile the principles of green analytical 
chemistry and functionality. Trends in Ana Chem 138:116223. https://​doi.​
org/​10.​1016/j.​trac.​2021.​116223

	2.	 International Council for Harmonization Q3C (R6) guideline, Impurities: a 
guideline for residual solvent. 2016: 1–40

	3.	 Indian Pharmacopoeia 2018, Volume I, Residual Solvents, the Indian 
Pharmacopeia Commission, pp 987

	4.	 Byrne FP, Jin S, Paggiola G, Petchey THM, Clark JH, Farmer TJ, Hunt AJ, 
McElroy CR, Sherwood J (2016) Tools and techniques for solvent selec-
tion: green solvent selection guides. Sustain Chem Process 4(7):1–24. 
https://​doi.​org/​10.​1186/​s40508-​016-​0051-z

	5.	 Stojanovic J, Krmar J, Otasevic B, Protic A (2023) Resource management 
in HPLC: unveiling a green face of pharmaceutical analysis. Arhiv Za 
Farmaciju 73(2):146–171. https://​doi.​org/​10.​5937/​arhfa​rm73-​43479

	6.	 Patel A, Shah SA (2021) DoE-based analytical quality risk management 
for enhanced AQbD approach to economical and eco-friendly RP-HPLC 
method for synchronous estimation of multiple FDC products of anti-
hypertensive drugs. J Chrom Sci 60(8):786–799. https://​doi.​org/​10.​1093/​
chrom​sci/​bmab1​23

	7.	 Mistry KY, Shah SA (2022) DoE-based analytical failure modes critical 
effect analysis (AFMCEA) to a multipurpose-RP-HPLC method for the esti-
mation of multiple FDC products of metformin hydrochloride using an 
analytical quality by design approach. J AOAC International 105(4):986–
998. https://​doi.​org/​10.​1093/​jaoac​int/​qsac0​25

	8.	 Patel AS, Shah SA (2023) Simultaneous estimation of telmisartan, chlo-
rthalidone, amlodipine besylate and atorvastatin by RP-HPLC method for 
synchronous assay of multiple FDC products using analytical FMCEA-
based AQbD approach. J Chrom Sci 61(2):160–171. https://​doi.​org/​10.​
1093/​chrom​sci/​bmac0​30

	9.	 Shahi A, Acharya A, Shah SA (2023) Chemometric and design of 
experiments based analytical quality by design and green chemistry 
approaches to the multipurpose high-pressure liquid chromatographic 
method for synchronous estimation of multiple fixed-dose combinations 
of azilsartan medoxomil. J AOAC Int 106(1):250–260. https://​doi.​org/​10.​
1093/​jaoac​int/​qsac0​86

	10.	 Prajapati B, Pulusu V, Shah S (2023) Multivariate analysis and response 
surface modeling to green analytical chemistry-based RP-HPLC-PDA 
method for chromatographic analysis of vildagliptin and remogliflozin 
etabonate. J AOAC Int 106(03):601–612. https://​doi.​org/​10.​1093/​jaoac​int/​
qsad0​13

	11.	 Jariwala H, Prajapati B, Salunkhe M, Pulusu V, Shah S (2023) Application of 
principal component analysis and doe driven green analytical chemistry 
concept to liquid chromatographic method for estimation of co-formu-
lated anti-hypertensive drugs. J AOAC Int. https://​doi.​org/​10.​1093/​jaoac​
int/​qsad0​16r

	12.	 Patel A, Shah SA (2022) DoE-based analytical-FMCEA for enhanced 
AQbD approach to MEER-RP-HPLC method for synchronous estimation 
of fifteen antihypertensive pharmaceutical dosage forms. J AOAC Int 
105(1):34–45. https://​doi.​org/​10.​1093/​jaoac​int/​qsab0​97

	13.	 Drug data bank of teneligliptin hydrobromide hydrate, https://​go.​drugb​
ank.​com/​salts/ DB11950, accessed on date 16th June 2023

	14.	 Drug data bank of pioglitazone hydrochloride, https://​go.​drugb​ank.​com/​
salts/ DB01132, accessed on date 16th June 2023

	15.	 Biswas B, Kumar M, Sharma JB, Saini V, Bhatt S (2020) Method develop-
ment and validation for estimation of teneligliptin in tablet dosage form 
by RP-HPLC. Res J Pharm and Tech 13(4):1774–1778

	16.	 Bichala PK, Kumar KJ, Suthakaran R, Shankar C (2020) Development and 
validation of an analytical method for the estimation of metformin and 

teneligliptin in its bulk and tablet dosage forms by using RP-HPLC. Asian J 
Pharm Ana 10(1):11–14

	17.	 Lokhande DP (2019) Analytical method development and validation of 
teneligliptin by using RP-HPLC with ICH guidelines. Int J Trend Sci Res 
Dev 3:259–263

	18.	 Radhakrishna T, Rao DS, Reddy GO (2002) Determination of pioglitazone 
hydrochloride in bulk and pharmaceutical formulations by HPLC and 
MEKC methods. J Pharma Biomed Ana 29(4):593–607

	19.	 Saber AL (2008) Determination of pioglitazone hydrochloride in tablets 
by high-performance liquid chromatography. Pakistan J Ana & Env Chem 
9(2):4–14

	20.	 Jedlička A, Klimeš J, Grafnetterova T (2004) Reversed-phase HPLC meth-
ods for purity test and assay of pioglitazone hydrochloride in tablets. Die 
Pharmazie-An Int J Pharma Sci 59(3):178–182

	21.	 Sayed S, Thomas A, Kotapali L (2009) RP-HPLC method development for 
determination of pioglitazone hydrochloride from tablets. J Pharm Res 
2(9):1479–1480

	22.	 Srinivasulu D, Sastry BS, Omprakash G (2010) Development and valida-
tion of new RP-HPLC method for determination of pioglitazone HCl in 
pharmaceutical dosage forms. Int J Chem Res 1:18–20

	23.	 Madhukar A, Naresh K, Kumar CN, Sandhya N, Prasanna P (2011) Rapid 
and sensitive RP-HPLC analytical method development and validation of 
pioglitazone hydrochloride. Der Pharm Chem 3:128–132

	24.	 Singh SCDD, Kushnoor A (2011) Development and validation of an HPTLC 
method for estimation of pioglitazone in bulk and tablet dosage form. J 
Pharm Res 4:3919–3921

	25.	 Lodha SR, Patel KD, Patel SA, Patel SG, Bodiwala KB, Shah SA, Kalyankar GG 
(2016) Development and validation of HPTLC method for estimation of 
teneligliptin hydrobromide hydrate in tablet dosage form. J Pharm and 
Applied Sci 3(1):27

	26.	 Chitlange SS, Rawat DG, Gandhi SP (2017) Estimation of anti-diabetic 
teneligliptin in bulk and formulation by densitometric and spectrophoto-
metric methods. Ana Chem Letters 7(4):556–566

	27.	 Patil PM, Jain PS, Surana SJ, Yeole SD (2017) Development and validation 
of high-performance thin-layer chromatography method for estimation 
of teneligliptin in bulk and in pharmaceutical formulation. Acta Chemica 
Pharmaceutica indica 7(3):1–8

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.trac.2021.116223
https://doi.org/10.1016/j.trac.2021.116223
https://doi.org/10.1186/s40508-016-0051-z
https://doi.org/10.5937/arhfarm73-43479
https://doi.org/10.1093/chromsci/bmab123
https://doi.org/10.1093/chromsci/bmab123
https://doi.org/10.1093/jaoacint/qsac025
https://doi.org/10.1093/chromsci/bmac030
https://doi.org/10.1093/chromsci/bmac030
https://doi.org/10.1093/jaoacint/qsac086
https://doi.org/10.1093/jaoacint/qsac086
https://doi.org/10.1093/jaoacint/qsad013
https://doi.org/10.1093/jaoacint/qsad013
https://doi.org/10.1093/jaoacint/qsad016r
https://doi.org/10.1093/jaoacint/qsad016r
https://doi.org/10.1093/jaoacint/qsab097
https://go.drugbank.com/salts/
https://go.drugbank.com/salts/
https://go.drugbank.com/salts/
https://go.drugbank.com/salts/

	Method operable design region for robust RP-HPLC analysis of pioglitazone hydrochloride and teneligliptin hydrobromide hydrate: incorporating hybrid principles of white analytical chemistry and design of experiments
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Instruments and softwares
	Reagents and materials
	Combined working standard solution
	Risk priority number ranking and filtering
	Central composite design and optimization
	Calibration curve for pioglitazone and teneligliptin
	Validation study of method
	Analysis of fixed-dose combinations

	Results
	Analytical quality risk assessment
	Response surface methodology and optimization
	Results of method validation study

	Discussion
	Implementation of analytical quality by design approach
	Red model-based assessment for validation efficiency
	Green model-based assessment for procedure greenness
	Blue model-based assessment for cost and time efficiency
	Principles of white analytical chemistry

	Conclusions
	Acknowledgements
	References


