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specificity and stability-indicating property. The practical 
applicability of the method was confirmed by determin-
ing CLR and AZL in combined dosage form. This reliable 
and validated stability-indicating method for simultane-
ous estimation of CLR and AZL is available for routine 
analysis in the pharmaceutical industry as well as research 
laboratories.

Keywords Azilsartan · Chlorthalidone · Design of 
experiments · Response surface methodology · HPLC

Introduction

Azilsartan medoxomil (AZL) is an angiotensin II receptor 
blocker used in adult patients with essential hypertension. 
Azilsartan medoxomil exhibits antihypertensive effect by 
selectively inhibiting binding of angiotensin II to angio-
tensin type 1 receptor, thereby antagonizing the pressor 
response activity of angiotensin II [1, 2]. In vitro, azilsar-
tan produced greater and more sustained AT(1) receptor 
binding/blockade activity than several comparator angio-
tensin II receptor antagonists. Chlorthalidone (CLR), on 
the other hand, is considered to be a thiazide-like diuretic. 
Chlorthalidone has the longest duration of action but simi-
lar diuretic effect at maximal therapeutic doses. It is often 
used in management of hypertension and edema. Combina-
tion of these two drugs was proved superior to other similar 
classes of drugs and/or drug combinations for controlling 
primary blood pressure [3–7].

Chemically, AZL is (5-methyl-2-oxo-1,3-dioxol-
4-yl)methyl-2-ethoxy-1-{[2 ′-(5-oxo-4,5-dihydro-
1,2,4-oxadiazol-3-yl)biphenyl-4-yl]methyl}-1H- 
benzimidazole-7-carboxylate [8] and CLR is 2-chloro-
5-(1-hydroxy-3-oxo-2,3-dihydro-1H-isoindol-1-yl)

Abstract A stability-indicating reversed-phase high-per-
formance liquid chromatography method using a photo-
diode array detector has been developed for simultaneous 
estimation of chlorthalidone (CLR) and azilsartan medox-
omil (AZL) in combined solid dosage form. The method 
was developed based on statistical design of experiments 
(DoE) followed by optimization using the response sur-
face methodology. Separation was achieved on a double 
end-capped C18 column (150 mm × 4 mm, 5 µm). The 
effects of % acetonitrile (v/v) and buffer salt concentra-
tions on the retention time of the two drugs and on their 
resolution were investigated and optimized. A robust 
design space was created by the overlay contour plot 
method. The optimum chromatographic condition within 
the design space was found to be isocratic mobile phase 
consisting of 10 mM Tris(hydroxymethyl)aminomethane 
buffer (pH 7.7) and acetonitrile at ratio of 60:40 (v/v) 
with flow rate of 1 mL min−1 for 7 min. The retention 
times of CLR and AZL were found to be 2.6 and 4.9 min, 
respectively. The method was validated according to 
International Conference on Harmonization (ICH) and 
Food and Drug Administration (FDA) guidelines, and var-
ious validation parameters were determined. Forced deg-
radation studies were also carried out in acid, base, oxida-
tion, and reduction media with a view to establishing the 
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benzene-1-sulfonamide [9]. The chemical structures are 
presented in Fig. 1.

A number of high-performance liquid chromatography 
(HPLC) methods have been reported for simultaneous esti-
mation of these two drugs in combined dosage form [10–
13], but none of them followed a systemic approach for 
method development. In the presented research, a method 
was developed and optimized using design of experiments 
(DoE) and the optimum condition picked from the design 
space. Thorough validation work was also carried out 
according to ICH, United States Pharmacopeia (USP), and 
FDA guidelines.

Materials and Methods

Materials

Working standards were a kind gift from ACI Pharmaceu-
ticals Limited, Bangladesh. HPLC-grade acetonitrile and 
methanol were obtained from Active Fine Chemicals Ltd., 
Bangladesh.

Diluting Solvent

AZL is reported to be relatively stable in the pH range from 
3 to 5 [14]. Consequently, in the current research, a blend 
of 10 mM acetate buffer solution (pH 4.0) and acetonitrile 
at ratio of 60:40 was used as diluting solvent.

Standard Solution Preparation

Working standards of 25 mg CLR and 40 mg AZL were 
taken in a 100-mL volumetric flask, and 5 mL methanol 
was added to wet the mass, followed by filling to the mark 
with diluting solvent to obtain stock standard solution. 

Suitable serial dilutions were carried out to obtain the nom-
inal concentration (12.5 μg mL−1 CLR and 20 μg mL−1 
AZL) and another five concentrations from 50 to 200% of 
nominal.

Sample Solution Preparation

For assay preparation, 20 tablets (Edarbyclor 40 mg/25 mg) 
were ground, and tablet powder equivalent to 25 mg CLR 
and 40 mg AZL was taken in a 100-mL volumetric flask 
and suitably diluted with mobile phase.

Chromatographic Condition

A double end-capped C18 column (150 mm × 4 mm, 5 µm) 
was used for this study. All analyses were carried out at 
ambient temperature and at the flow rate of 1 mL min−1. 
The injection volume was 20 µL for standard and samples. 
Before injection, each standard and sample was filtered 
through 0.2-µm filter tips. Column eluents were monitored 
using a photodiode array detector (PDA) at 249 nm.

Design for Optimization

Experimental design using the response surface method-
ology (RSM) was applied for optimization of the mobile 
phase of the proposed method. A central composite design 
(CCD) with two factors and a total of 13 runs was selected 
for the optimization study.

The independent variables and their levels were selected 
based on previous knowledge and preliminary screening. 
The dependent variables (responses) were the retention 
time of the two drugs and the resolution between them. The 
design matrix and the obtained responses were subjected to 
multiple regression analysis, and the resulting second-order 
polynomial function was used to correlate the independent 
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Fig. 1  Chemical structure of a azilsartan medoxomil and b chlorthalidone
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variables and the responses. Variables and their limits and 
responses with specific targets are presented in Table 1.

Statistical Analysis

Experimental design and statistical analysis were carried 
out using Design-Expert 10.0.2 (free trial version). The 
significance of each model, terms, and their interactions 
were tested by analysis of variance (ANOVA). Any term or 
model having p value less than 0.05 was considered statisti-
cally significant. Also, F values for each model and term 
were checked to assess the significance of experiments. F 
value of 1 or close to 1 indicates that the null hypothesis 
is true (i.e., that experimental factors have no effect on 
responses), while large F value indicates that the effect of 
factors on responses is significant. The fit of the data by the 
regression line was assessed based on the determination 
coefficient (R2), adjusted determination coefficient (adj. 
R2), and predicted determination coefficient (pred. R2). 
Model adequacy was checked using diagnostic tools such 
as the normal probability plot of residuals and residual ver-
sus predicted plot.

Validation Parameters

The developed method was validated according to ICH, 
USP, and FDA guidelines with respect to specificity, solu-
tion stability, linearity and range, accuracy, precision, sys-
tem suitability, and forced degradation study.

Specificity

The specificity of the LC method was evaluated to ensure 
that there was no interference from degradation products, 
excipients, or other impurities with the drug peaks in the 
chromatogram. Visual inspection as well as peak purity 
indices were used to evaluate the specificity of the drugs in 
the chromatogram.

Solution Stability

The stability of the drug combination in the diluting solvent 
was checked by keeping test solutions in tightly capped 
vials at room temperature and in refrigerator at 5 °C for 

48 h. The solutions were analyzed using the developed 
method at 0, 24, and 48 h. Area changes were compared 
with the initial state.

Linearity and Range

To evaluate the linearity and range of the method, a cali-
bration curve was constructed by plotting peak area against 
various concentrations (50–200% of nominal). The linear 
equation, regression coefficient (r2), intercept, and slope 
were calculated.

Accuracy

The ICH recommends collecting data from a minimum of 
nine determinations over a minimum of three concentration 
levels covering the specified range. In the present study, 
accuracy was determined based on the % recovery at five 
different concentrations.

Precision

Precision is usually assessed at two levels, namely intraday 
(repeatability) and interday (intermediate precision). In the 
current study, intraday precision was assessed at three con-
centration levels using three replicates at each level. Inter-
mediate precision was assessed using two HPLC systems 
on two different days. The % relative standard deviation 
(RSD) of the total variation was calculated.

System Suitability

System suitability is commonly used to ensure the ade-
quacy of a method for a particular analysis. The following 
parameters were verified in the current study: theoretical 
plate count, tailing factor, resolution and reproducibility of 
area, limit of detection (LOD), and limit of quantification 
(LOQ).

Forced Degradation Study

Forced degradation studies are undertaken to degrade a 
sample (e.g., drug product or drug substance) deliber-
ately. These studies are used to evaluate the specificity of 

Table 1  Independent variables, investigated levels, and responses with target optimum

Independent variable Levels of variable Responses Target

High (+) Medium (0) Low (−)

Buffer salt concentration (mM) 20 12.5 5 Retention of AZL
Retention of CLR
Resolution (Rs)

Minimizing the retention time of both drugs 
while maximizing the resolution% Acetonitrile (v/v) in mobile phase 50 40 30
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an analytical method. Forced degradation experiments also 
provide important information on a drug’s degradation 
pathway, in turn helping rational formulation development 
of that drug in different dosage forms. Drug substances or 
drug products are exposed to acid, base, oxidizing agent, 
reducing agent, and water to produce 10–30% degrada-
tion of the drug substance. The degraded samples are then 
analyzed using the method to determine whether there is 
any interference between the drug molecule and related 
compound(s).

Results and Discussion

Method Development

Preliminary Screening

To determine the significant factors and their effects and 
levels, preliminary screening and literature search were car-
ried out. Screening experiments revealed that acetonitrile in 
the mobile phase in the range from 30 and 50% (v/v) could 
separate CLR and AZL with acceptable resolution, whereas 
beyond 50% acetonitrile the peaks merged. On the other 
hand, methanol alone with buffer solution in mobile phase 
resulted in longer retention of the drug molecules. Differ-
ent buffer systems and pH values were investigated. As a 
rule of thumb, the pH of the mobile phase buffer should be 
2 units above or below the pKa value of the drugs [15, 16]. 
The pKa values of AZL and CLR are 6.1 and 9.4, respec-
tively. At pH of 2 units below 6.1 (i.e., ≤4.1), AZL remains 
undissociated, resulting in longer retention and requiring 
larger % acetonitrile to reduce its retention. Therefore, we 
selected pH 7.7, which is almost two units above the pKa 

value of AZL but two units below the pKa value of CLR, 
indicating that both drugs should remain dissociated at 
this pH. As mobile phase buffer, there were two options: 
phosphate buffer and Tris(hydroxymethyl)aminometh-
ane buffer. In the current case, Tris(hydroxymethyl)ami-
nomethane buffer was chosen, due to the fact that the larger 
molecular structure of the Tris salt is less harmful to the 
column when the mobile phase pH is near to or above 8.0 
[17]. Again it was revealed that the Tris buffer concentra-
tion had a profound effect on the retention of AZL. There-
fore, we chose the acetonitrile and Tris buffer concentra-
tions as the two independent variables for optimization. 
Other factors such as temperature, flow rate, etc. were fixed 
based on knowledge and experience. Separation was car-
ried out on a double end-capped C18 column (150 mm × 
4 mm, 5 µm) at ambient temperature. The flow rate was set 
at 1.0 mL min−1 with injection volume of 20 µL. Eluents 
were monitored at 249 nm.

Experiments and Statistical Analysis

A full factorial design with 13 experimental conditions 
was performed, including nine conditions defined by the 
design of experiments with five repetitions at the center 
of the domain. A chromatogram was recorded for each of 
these conditions. The runs and corresponding responses 
are depicted in Table 2. The retention of CLR varied from 
1.90 to 4.05 min, while that of AZL varied from 2.22 to 
15.10 min. These data could therefore clearly be uti-
lized and analyzed to determine the optimum condition to 
achieve the target of the current study.

ANOVA was conducted to test the significance of the 
experimental quadratic models, the results of which are 
presented in Table 3. The significance of each model was 

Table 2  Randomized run 
order, factor combinations, and 
corresponding responses

Std. order Run order Factors Responses

A, ACN (%) B, salt conc. (mM) Rt of CLR (min) Rt of AZL (min) Rs (%)

1 8 30 5 3.87 11.43 17

2 5 50 5 1.9 2.22 1.49

3 7 30 20 4.05 15.1 20.3

4 9 50 20 2.2 2.6 2

5 2 30 12.5 4.0 13.68 18.96

6 3 50 12.5 2.06 2.77 1.53

7 1 40 5 2.55 4.05 7.0

8 10 40 20 2.9 5.9 10

9 11 40 12.5 2.76 5.34 8.1

10 12 40 12.5 2.74 5.33 8

11 13 40 12.5 2.75 5.35 8.1

12 4 40 12.5 2.76 5.35 8

13 6 40 12.5 2.76 5.36 8.5
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assessed based on Fisher’s ratio (F value). The F values for 
the CLR model, AZL model, and Rs model were found to 
be 1765.30, 24,686.77, and 827.48, respectively. The p val-
ues for all three models were found to be less than 0.0001, 
clearly indicating that the models were significant. All the 
other terms were also significant, as is evident from their 
corresponding F and p values. The quality of the obtained 
polynomial regressions was assessed based on the determi-
nation coefficient (R2), adjusted determination coefficient 
(adj. R2), and predicted determination coefficient (pred. 
R2). In all cases, the R2 values were found to be quite close 
to 1, indicating data fit by the regression curve with accu-
racy of more than 99%. The predicted R2 values were in 
reasonable agreement with the adjusted R2 values (i.e., dif-
ference less than 0.2). Adequate precision can be assessed 
based on the signal-to-noise ratio, for which a value greater 
than 4 is desirable [18]. In the current study, high values of 
adequate precision were found, indicating an adequate sig-
nal. Table 4 summarizes the model. The polynomial equa-
tions in coded form for each model were as follows:

 

 

Rt of CLR = +2.75− 0.96× A+ 0.14× B+ 0.03

× AB+ 0.28× A
2
− 0.027× B

2
,

Rt of AZL = +5.35− 5.44× A+ 0.98× B− 0.82

× AB+ 2.87× A
2
− 0.38× B

2
,

Rs = +8.20− 8.54× A+ 1.13× B− 0.70× AB+ 1.91

× A
2
+ 0.16× B

2
.

Here, A is the ACN % v/v (acetonitrile) and B is the salt 
concentration (mM). A and B represent the main effect 
terms, while AB represents their interaction effect.

To check the adequacy of the model, visual inspection 
of the normal probability plot and residual versus pre-
dicted plot was carried out. It was observed that residu-
als were normally distributed along the straight line with 
minor scatter, indicating good fit to the data. The resid-
ual plots showed random distribution of residuals within 
+4 and −4 without any trend, indicating absence of any 
systematic bias or outliers. The graphs are presented in 
Fig. 2.

Design Space and Optimal Separation Condition

The standardized effects of the independent factors and 
their interactions on the responses were visualized using 
three-dimensional response surface graphs and two-
dimensional overlay contour plots (Fig. 3). Using the 
data for the experimental conditions and corresponding 
responses, an overlay contour plot was constructed to 
determine the design space and the optimal composition 
of mobile phase. In this case, the target was to minimize 
the retention time of both drugs while simultaneously 
maximizing the resolution. More precisely, the target was 
to achieve minimum and maximum responses of 2.5 ≤ Rt 
of CLR ≥3.5, 4 ≤ Rt of AZL ≥6, and Rs ≥ 5. The desir-
ability of different conditions within the design space 
was considered, choosing the most favorable. Mobile 
phase with around 40% (v/v) acetonitrile and buffer con-
centration of around 10 mM met the entire target with 

Table 3  ANOVA for response surface quadratic models

Source Degrees of freedom (df) F value p value, prob > F

Rt of CLR Rt of AZL Rs Rt of CLR Rt of AZL Rs Rt of CLR Rt of AZL Rs

Model 5 5 5 1765.30 24,686.77 827.48 <0.0001 <0.0001 <0.0001

A, ACN 1 1 1 8298.49 104,100 3936.82 <0.0001 <0.0001 <0.0001

B, salt conc. 1 1 1 172.31 3405.75 69.54 <0.0001 <0.0001 <0.0001

AB 1 1 1 5.40 1588.52 17.51 0.0531 <0.0001 <0.0041

A2 1 1 1 320.18 13,364.3 10.06 <0.0001 <0.0001 <0.0001

B2 1 1 1 3.04 232.85 0.074 0.1249 <0.0001 <0.0001

Table 4  Regression summary 
of models

Model R2 Adj. R2 Pred. R2 Adeq. precision Std. dev. CV (%)

Model for CLR 0.9992 0.9986 0.9924 125.26 0.026 0.90

Model for AZL 0.9999 0.9999 0.9994 457.922 0.041 0.64

Model for Rs 0.9983 0.9971 0.9869 85.431 0.330 3.64
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desirability value of 1.00. Finally, the optimum isocratic 
mobile phase was chosen as a blend of acetonitrile 40% 
(v/v) and 10 mM Tris(hydroxymethyl)aminomethane 
buffer 60% (v/v).

Method Validation

Specificity

According to visual inspection of the standard chromato-
gram, assay sample chromatogram, and forced degradation 
sample chromatogram, no interference by any other peak of 
impurities or excipients was found. Moreover, peak purity 
indices in all cases were checked and found to be above 
0.9998, indicating specificity of the method for the drug 
molecules. Figure 4a shows the chromatograms of stand-
ard mixture and sample mixture. Figure 4b shows the peak 
purity detected by the PDA detector.

Solution Stability

To check stability in this solvent, vials containing working 
standard at nominal concentration were kept at room tem-
perature and in refrigerator, and tested at 0, 24, and 48 h. 
Then, the peak areas were compared with that at 0 h. No 
significant change in area was observed. The % RSD was 
found to be below 2.0%, indicating stability of the drugs in 
the diluting solvent.

Linearity, Working Range, and Accuracy

In the current validation procedure, the nominal standard 
concentration was 12.5 µg mL−1 CLR and 20 µg mL−1 
AZL. We prepared 50, 80, 120, and 200% of the nominal 
standard solution and plotted the peak areas against the cor-
responding concentration. The determination coefficient 
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(r2) was found to be above 0.999 for both drugs, indicating 
acceptable fit of the data by the regression line. The work-
ing range was derived from the linearity and found to be 
6.25–25 µg mL−1 for CLR and 10–40 µg mL−1 for AZL. 
The regression equations were as follows:

 

Percent recoveries were well within the limit 
(100 ± 2%), indicating accuracy of the method for 

CLR: y = 2936x + 1317, r2 > 0.999

AZL: y = 9186x + 427.17, r2 > 0.999

simultaneous estimation of the drugs. The results are pre-
sented in Table 5.

Precision

In the present study, three different solutions were pre-
pared with known added amounts of drugs (50, 100, and 
200% of nominal concentration) and injected in tripli-
cate. Percent recoveries (concentrations) were calcu-
lated by regression equation. The results of the precision 
study are presented in Table 6. The low % RSD of the 

Fig. 4  a Chromatogram of standard mixture and sample mixture; b peak purity of CLR and AZL
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total variation clearly indicates that the method is precise 
within the desired recovery range.

System Suitability

All the system suitability parameters met the desired 
level. The results are presented in Table 7.

Forced Degradation Study

In the current work, forced degradation studies were car-
ried out in 0.1 N HCl solution, 0.1 N NaOH solution, 10% 
H2O2 solution, and 10% sodium metabisulfite solution. 
Samples were kept in the dark for 24 h, then analyzed using 
the newly developed method. Peak area was compared with 
that of freshly prepared standard solution. It was observed 
that AZL was significantly sensitive to all conditions except 
acidic media; It showed complete degradation in basic envi-
ronment and in reduction condition. AZL was also highly 
sensitive to acidic media. CLR, on the other hand, showed 
reasonable stability in all conditions, showing the greatest 
degradation in acidic media. This information can be uti-
lized for development of AZL and CLR combined tablet 
formulations. As AZL showed significant degradation pro-
pensity in acidic and basic media but was reasonably stable 
in diluting solvent (pH 4.0), buffering agent can be incor-
porated into tablet granules to maintain pH of around 4.0. 
The results are presented in Table 8. Degradation chromato-
grams are shown in Fig. 5.

Table 5  Summary of accuracy 
results

% of nominal Mean peak area (n = 3) % RSD of area % Recovery

CLR AZL CLR AZL CLR AZL

50 147,070 459,443 0.311 0.572 99.20 99.94

80 238,527 735,980 0.477 0.498 100.99 100.09

100 294,155 918,850 0.616 0.602 99.74 99.98

120 353,098 1,102,680 0.609 0.690 99.85 99.99

200 588,582 1,837,708 0.530 0.950 100.01 100.00

Mean recovery
% RSD of recovery

99.96
0.6524

100.00
0.0552

Table 6  Summary of precision Run order CLR AZL

50% 100% 200% 50% 100% 200%

HPLC-1, day 1 99.88 99.99 100.00 99.98 99.98 100.00

HPLC-1, day 2 99.94 99.98 100.10 99.07 99.91 100.04

HPLC-2, day 1 99.99 100.15 100.60 99.74 99.99 100.01

HPLC-2, day 2 100.10 100.05 99.99 99.93 100.01 99.99

% RSD of total variation 0.093 0.078 0.289 0.421 0.044 0.022

Table 7  System suitability study

a N = 6
b Based on visual detection

Parameter CLR AZL Limit

% RSD of areaa 0.540 0.324 % RSD ≤2%

% RSD of reten-
tiona

0.03 0.01 % RSD ≤2%

Tailing factor (Tf) 1.15 1.07 USP Tf ≤ 2.0

Resolution (Rs) – 7.55 Rs ≥ 2.0

LODb 0.012 μg mL−1 0.023 μg mL−1 S/N = 3:1

LOQb 0.040 μg mL−1 0.077 μg mL−1 S/N = 10:1

Table 8  Results of forced degradation study

Drug Area for fresh solution Area for acid sample Area for base sample Area for oxidation 
sample

Area for reduction 
sample

CLR 281,479 240,816 264,434 257,386 280,644

AZL 906,417 743,334 0 223,950 0

% Loss of CLR (%) 14.4 6.1 8.5 0.29

% Loss of AZL (%) 17.9 100 75.3 91.32
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Practical Applicability of Method

Edarbyclor 40/12.5 and Edarbyclor 40/25 were collected 
and assayed using the method. Recoveries were found to 
be within 100 ± 2% for both CLR and AZL.

Conclusions

Development of rapid, reliable, and easy-to-use analyti-
cal methods is a prime concern in the pharmaceutical 
industry to ensure the quality of tablet dosage forms in 
terms of assay, content uniformity, and stability during 
formulation and for quality control. In this work, a rapid, 
simple, and stability-indicating method was developed 
for simultaneous estimation of CLR and AZL in solid 
dosage form. Design of experiments was successfully 
applied in the development of this method, and a robust 
design space determined. The method was validated 
based on the validation guidelines for analytical methods 
outlined by the ICH, FDA, and USP. Forced degradation 
studies were carried out under various conditions, provid-
ing important information for development of combined 
solid dosage forms of these two drugs. Hence, the results 
of this study will be very useful to researchers as well as 
industrial personnel.
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