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Abstract
A RP-LC method was developed and validated for simulta-
neous determination of the active components, azilsartan
medoxomil (AZL) and chlorthalidone (CLT), in their novel
antihypertensive combined recipe. The chromatographic sep-
aration was achieved on an Eclipse XDB-C18 (4.6×150 mm,
5 μm) column using a mobile phase consisting of methanol/
potassium hydrogen phosphate buffer (pH 8, 0.05 M) (40:60,
v/v) in isocratic mode. The flow rate was maintained at
0.8 mL min−1 at ambient temperature. Detection was carried
out at 210 nm. The method was validated according to the
ICH guidelines. Linearity, accuracy, and precision were satis-
factory over the concentration range of 5.0–50.0 and 2.5–
25.0 μg mL−1 for AZL and CLT, respectively (r2=0.9999).
LODs for AZL and CLTwere 0.90 and 0.32 μg mL−1, where-
as LOQs were 2.72 and 0.98 μg mL−1, respectively. Both
drugs were subjected to forced degradation studies under
hydrolysis (neutral, acidic, and alkaline), oxidative, and pho-
tolytic extensive stress conditions. The proposed method is
stability indicating by the resolution of the investigated drugs
from their degradation products. Moreover, the kinetics of the
acidic degradation of AZL as well as the kinetics of the
alkaline degradation of CLT were investigated. Arrhenius
plots were constructed and the apparent first-order rate con-
stants, half-life times, shelf-life times, and the activation

energies of the degradation processes were calculated. The
method was successfully applied for the determination of the
studied drugs simultaneously in their coformulated tablet. The
developed method is specific and stability indicating for the
quality control and routine analysis of the cited medications in
their pharmaceutical preparations.
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Introduction

Azilsartan medoxomil (AZL) is chemically designated as
((5-methyl-2-oxo-1,3-dioxol-4yl) methyl 2-ethoxy-
1-((2′-(5-oxo-4,5-dihydro-1,2,4-oxadiazol-3-yl) biphenyl-
4-yl) methyl)-1H-benzimidazole-7-carboxylate) (Fig. 1a).
Azilsartan, the active metabolite of AZL, is a novel
nonpeptide angiotensin II type 1 (AT1) receptor blocker
(ARB) that was recently approved for treatment of hyper-
tension [1]. It has a superior ability to control systolic
blood pressure relative to other widely used ARBs. Great-
er antihypertensive effects of AZL might be due in part to
its unusually potent and persistent ability to inhibit bind-
ing of angiotensin II to AT1 receptors [2]. Preclinical
studies have indicated that AZL may also benefit cellular
mechanisms of cardiometabolic disease and insulin-
sensitizing activity [3]. Because AZL is a new product
and was recently introduced into the market, it is not yet
official in any of the pharmacopeias. There is only one
reported method [4] for determination of AZL only and it
was applied to its analysis in plasma. Chlorthalidone
(CLT) (2-chloro-5-(1-hydroxy-3-oxoiso-indolin-1-
yl)benzenesulfonamide), (Fig. 1b), is an orally taken
thiazide-like diuretic for controlling hypertension and
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edema, including that associated with heart failure [5].
CLT has been determined in different matrices either alone
or in combination with other medications using liquid
chromatography (LC) [6, 7], liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [8], high-
performance thin layer chromatography (HPTLC) [9,
10], chemiluminometry [11], spectrophotometry [12],
and capillary electrophoresis (CE) [13] techniques. Binary
combination therapies of AZL and CLT proved to induce
significant reductions in systolic and diastolic blood pres-
sure in patients with mild to severe hypertension [14].
Regarding simultaneous determination of CLT and AZL,
there is only one reported RP-LC method and it was
performed on a symmetry C18 column with a mobile
phase consisting of methanol/water/acetonitrile/0.1 % o-
phosphoric acid (30:35:15:5, v/v/v/v) at λ of 251 nm [15].
To the best of our knowledge, the present study is the first
reported stability-indicating LC method for the determina-
tion of AZL and CLT in tablets. The parent drug stability
test guideline Q1A (R2) issued by the International Con-
ference of Harmonization (ICH) [16] suggests that stress
studies should be carried out on a drug to establish its
inherent stability characteristics. Accordingly, the aim of
the present study was to establish the inherent stability of
AZL and CLT through stress studies under a variety of
ICH recommended test conditions and to develop the first
stability-indicating assay method for their determination in
their commercially available tablets. In the present work,
AZL and CLT were subjected to forced degradation stud-
ies under an extensive stress testing. These studies includ-
ed the effects of hydrolysis (neutral, acidic, and alkaline),
oxidation, and photolysis. The currently developed LC
method effectively separated the two investigated drugs
from their degradation products (DPs). Furthermore, the
proposed LC method was applied to study the degradation
kinetics of AZL and CLT under acidic and alkaline deg-
radation stress conditions, respectively. Arrhenius plots
were constructed and the apparent first-order rate con-
stants, half-life times, shelf-life times, and the activation
energies of the degradation processes were calculated. The
described method demonstrates its novelty and pros by

combining several advantages in one method—the limit
of detections for AZL and CLT were as low as 0.9 and
0.3 μg mL−1, respectively. The method was able to simul-
taneously determine the two drugs in their pharmaceutical
preparation. Moreover, the present work was designed to
detect and analyze AZL and CLT in presence of their
potential DPs using a stability-indicating accurate, afford-
able, and simple procedure. Another added advantage of
the current method resides in its ability to study the kinet-
ics of degradation processes of AZL and CLT which were
obtained by subjecting them to acidic and alkaline stress
conditions, respectively.

Experimental

Instruments

Separations were performed using an Agilent high-
performance liquid chromatography (HPLC) system 1,200
chromatograph (USA) equipped with a quaternary pump
G1311A and a Rheodyne injector valve with a 20 μL loop
and a G1315D MWD detector. Mobile phases were degassed
using a G1322A solvent degasser. Agilent Chemstation for
LC systems [Rev.B.03.01-SR1 (317)] PC program was used
for instrument control, data analysis, and acquisition. A
SympHonly (SB20) pH-meter (Thermo Orion, MA, USA)
was used for pH adjustment. Nanopure water was prepared
using a Barnstead Nanopure Diamond Analytical ultrapure
water system (Fischer Scientific, NJ, USA). Fisher Biotech
UV fluorescent lamp, model FBUVLS-80 dual wavelength
(254/366), was used in the photostability studies (Fisher Sci-
entific, PA, USA). The LC-MS studies was performed using
an Agilent 1,200 ultrahigh-pressure liquid chromatography
system (USA) consisting of a binary pump (G1312A) with a
degasser, autosampler (G1329A), and a DAD (Agilent 1100,
G1315B) using a mobile phase composed of water and meth-
anol (20:80, v/v) coupled to a 3200 Q TRAP mass spectrom-
eter (AB Sciex; CA, USA) fitted with a TurboV ion source
operating in negative and positive electrospray ionization
(ESI) mode. The data were acquired and processed using

Fig. 1 The structural formulae of
the studied drugs; a azilsartan
medoxomil (AZL) and b
chlorthalidone (CLT)
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Analyst® 1.6.1 Software (AB Sciex; Ontario, Canada). MS
source parameters were set at desolvation temperature (TEM)
(200 °C; high voltage, −4,500 V (ESI −), 4,500 V (ESI +)),
curtain (CUR) and nebuliser (GS1 and GS2) gases (nitrogen
20, 40, and 50 psi, respectively), and nitrogen collision gas
pressure (5 mTorr).

Materials and reagents

All the chemicals used were of analytical reagent grade,
and the solvents were of HPLC grade. AZL (certified to
contain 98 %) was supplied by D-L Chiral Chemicals,
LLC., NJ, 08540, USA. CLT (certified to contain 98 %)
was supplied by Ark Pharm. Inc., IL, 60048, USA.
Edarbcyclor® 40–25 mg tablets, batch #NDC 64764-
0994-30 (Takeda Pharmaceutical Company Limited, To-
kyo, Japan), each labeled to contain 42.68 mg of
azilsartan kamedoxomil (equivalent to 40 mg AZL)
and 25 mg CLT, were purchased from commercial
sources in the local market. Sodium hydroxide, potassi-
um hydroxide, acetic acid and dipotassium hydrogen
orthophosphate were obtained from J.T. Baker, NJ,
USA. Orthophosphoric acid (85 %), hydrochloric acid,
and ammonium acetate (Fisher Scientific, NJ, USA)
were also used. Methanol and hydrogen peroxide
(30 % w/v) (Sigma-Aldrich, MO, USA) were used as
well.

Chromatographic conditions

A mixture of methanol/dipotassium hydrogen phosphate
buffer (PBS) (pH 8±0.1, 0.05 M) (40:60, v/v) was pre-
pared. Flow rate was maintained at 0.8 mL min−1. All
analyses were performed at ambient temperature. The
system was equilibrated and saturated with the mobile
phase for 30 min before the injection of the solutions.
Quantification was achieved with UV detection at
210 nm based on peak area. Twenty microliters of the
solutions were injected with a 50-μl Agilent analytical
syringe in triplicates.

Standard solutions

Ten milligram of each of AZL and CLT were accurately
weighed and transferred in to 10 mL volumetric flasks sepa-
rately. Then, they were dissolved and made up to volume with
methanol to give final concentrations of 1,000 μg mL−1 for
each. The solutions were stable for at least 14 days without
alteration when kept in the refrigerator at 4 °C and protected
from light.

Procedures

Construction of the calibration graphs

Accurate aliquots from the standard solutions were transferred
separately into a series of 10mLFisherbrand disposable tubes.
Then, the volumes were completed with the mobile phase so
that the final concentrations were in the range of 5.0–50.0 and
2.5–25.0 μg mL−1 for AZL and CLT, respectively. Aliquots of
20 μL were injected (triplicate) and eluted with the mobile
phase under the optimum chromatographic conditions using
UV detection at 210 nm. The average peak area versus the
final concentration of the drug in μg mL−1 was plotted.
Alternatively, the corresponding regression equations were
derived.

Preparation of the laboratory-prepared mixtures

Accurate aliquots of AZL and CLT standard solutions were
transferred into a series of 10 mL Fisherbrand disposable tubes
keeping the medicinally recommended ratio of 1.6:1 for AZL/
CLT mixture to give the final concentrations of 8, 16, and
24 μg mL−1 for AZL and 5, 10, and 15 μg mL−1 for CLT. The
above procedure described under “Construction of the calibra-
tion graphs” sectionwas then applied. The recovery percentage
was calculated using the corresponding regression equation.

Analysis of the studied drugs in their pharmaceutical
preparation

Ten tablets of Edarbcyclor® 40–25 mg were weighed, finely
pulverized, and thoroughly mixed. After calculating the aver-
age tablet weight, amounts of powder equivalent to 40 and
25 mg of AZL and CLT, respectively, were accurately weighed
and transferred into a 25-mLmeasuring flask. Twentymilliliters
of methanol were added and the solution was sonicated for
30 min then completed to volume with the same solvent. The
solution was filtered through a Whatman filter paper and then
filtered again using 0.2 μm a Whatman inorganic membrane
filter. For analyses, different aliquots from the prepared sample
solutions were chromatographed using the same procedure
described under “Construction of the calibration graphs” sec-
tion. The recovery percentage was calculated by referring to the
corresponding regression equation.

Procedures for extensive stress stability studies

Stress degradation by hydrolysis under acidic and alkaline
conditions Aliquots of AZL and CLT standard solutions
equivalent to 500 and 400 μg, respectively, were transferred
separately into Fischerbrand disposable tubes, treated with
2 mL of 0.1 M NaOH or 0.1 M HCl, and heated at 80 and
100 °C for 1 h, respectively. After the specified time, the
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contents of each tube were cooled and neutralized to pH 7.0
with 0.1 M HCl or 0.1 M NaOH, respectively. The solutions
were then transferred into 10 mL volumetric flasks. Five milli-
liters of methanol were added to each flask and completed to the
volume with nanopure water. Two milliliters of the resulting
solutions were then transferred into Fischerbrand disposable
tubes and diluted to 4 mL with the mobile phase (final concen-
trations were 25 and 20μgmL−1 as equivalent to AZL andCLT,
respectively, before degradation) and filtered before injection
into the column. The above procedure described under “Con-
struction of the calibration graphs” section was then applied.

Procedure for oxidat ive- and wet heat- induced
degradations Aliquots of AZL and CLT standard solutions
equivalent to 500 and 400 μg, respectively, were transferred
separately into Fischerbrand disposable tubes; 2 mL aliquots
of 6 % H2O2 or nanopure water were added and heated at 80
and 100 °C for 1 h for AZL and CLT, respectively. After the
specified time, the resulting solution was cooled and trans-
ferred into 10 mL volumetric flasks. Five milliliters of meth-
anol were added to each flask and completed to the volume
with nanopure water. Two milliliters of the resulting solutions
were then transferred into Fischerbrand disposable tubes and
diluted to 4mLwith the mobile phase (final concentrations were
25 and 20 μg mL−1 as equivalent to AZL and CLT, respectively,
before degradation) and filtered before injection into the column.
The above procedure described under “Construction of the
calibration graphs” section was then applied.

Procedure for photolytic degradation The photodegradation
study was performed by subjecting 4 mL from each of AZL
(100 μg mL−1) and CLT (80 μg mL−1), prepared in methanol,

and placed in 1 cm stoppered quartz cells to direct UV radiation
(UV lamp set at 254 nm) at room temperature for 24 h at a
distance of 10 cm. Protected samples, wrapped in aluminum foil
in order to protect them from light, were submitted to identical
conditions and used as control. One milliliter of the resulting
solutions were then transferred into Fischerbrand disposable
tubes and diluted to 4 mL with the mobile phase (final concen-
trations 25 and 20 μg mL−1 as equivalent to AZL and CLT,
respectively, before degradation) and filtered before injection
into the column. The above procedure described
under “Construction of the calibration graphs” section was then
applied.

Kinetic investigation

Study of the acidic-induced degradation of AZL at different
temperatures Aliquots of AZL standard solution (equivalent
to 500 μg) were transferred into Fischerbrand disposable
tubes. Two milliliters of 0.1 M HCl were added for each tube.
The tubes were heated at different temperatures (50, 60, 70,
and 80 °C) for different time intervals (15–60 min). At the
specified time interval, the contents of each tube were cooled
and neutralized to pH 7.0 with 2mL 0.1 M NaOH. The
solutions were then transferred into 10 mL volumetric flasks.
Five milliliters methanol were added to each flask and com-
pleted to the volume with nanopure water. Two milliliters of
the resulting solutions were then transferred into Fischerbrand
disposable tubes and diluted to 4 mL with the mobile phase
(final concentration was 25 μg mL−1 as equivalent to AZL
before degradation) and filtered before injection into the col-
umn. The above procedure described under “Construction of
the calibration graphs” section was then applied. The

Fig. 2 Typical LC chromatogram for Edarbcyclor® tablets—24 μg mL−1 AZL (6.9 min) and 15 μg mL−1 of CLT (5.5 min) under the descried
chromatographic conditions
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concentration of the remaining drug was calculated for each
temperature and time interval. Data were further processed
and degradation constants were calculated for each tempera-
ture to construct the Arrhenius plot. An Arrhenius plot was
constructed and the apparent first-order rate constants, half-
life times, shelf-life times, and the activation energy of the
degradation process were then calculated. All solutions were
filtered through 0.2 μm membrane filters and degassed for
5 min before injection to the LC system.

Study of the alkaline-induced degradation of CLT at different
temperatures Aliquots of CLT stock solutions (equivalent to
400 μg) were transferred into Fischerbrand disposable tubes.
Two milliliters of 0.1 M NaOHwere added for each tube. The
tubes were heated at different temperatures (70, 80, 90, and
100 °C) for different time intervals (30–120 min). At the
specified time interval, the contents of each tube were cooled

and neutralized to pH 7.0 with 2 mL 0.1 M HCl. The solutions
were then transferred into 10-mL volumetric flasks. Five mil-
liliters of methanol were added to each flask and completed to
the volumewith nanopure water. Twomilliliters of the resulting
solutions were then transferred into Fischerbrand disposable
tubes and diluted to 4 mL with the mobile phase (final concen-
tration was 20 μg mL−1 as equivalent to CLT before degrada-
tion) and filtered before injection into the column. The above
procedure described under “Construction of the calibration
graphs” section was then applied. The concentration of the
remaining drug was calculated for each temperature and time
interval. Data were further processed, and degradation
constants were calculated for each temperature to construct
the Arrhenius plot. An Arrhenius plot was constructed and
the apparent first-order rate constants, half-life times,
shelf-life times, and the activation energy of the degradation
process were then calculated. All solutions were filtered

Fig. 3 LC chromatograms of 25 μg mL−1 AZL under different stress degradation conditions—a control, b alkaline (0.1 NNaOH), c acidic (0.1 N HCl),
d oxidative (6 % H2O2, w/v), e thermal (wet heat), and f photolytic (254 nm) using the described degradation and chromatographic conditions
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through 0.2 μm membrane filters and degassed for 5 min
before injection to the LC system.

Results and discussion

The proposed method permitted the separation and quan-
titation of the studied drugs in a short time (<9 min).
Furthermore, the suggested procedure was applied for
quality control of the commercial dosage form (Fig. 2).
The proposed LC method allows the separation of AZL
and CLT from all possible degradation products.
Figure 3b–f as well as Fig. 4b–f show good resolution
of AZL and CLT, respectively, from each of its alkaline,
acidic, oxidative, thermal (wet heat), and photolytic deg-
radation products. The stability studies for the acidic deg-
radation kinetics of AZL as well as the alkaline degrada-
tion kinetics of CLT were successfully conducted.

Optimization of experimental conditions

Several trials were carried out to achieve the best chromato-
graphic conditions for the simultaneous determination of AZL
and CLT as well as their separation from their degradation
products. Three columns were tested for performance
investigation, including Ultrasphere ODS column
(4.6 mm×250 mm, 5 μm particle size; Beckman, Fuller-
ton, CA, USA), Eclipse XDB-C18 column (4.6×150 mm,
5 μm; Agilent, East Windsor, NJ, USA), and Spherex 10
phenyl column (250 mm×2.0 mm i.d.; Phenomenex, CA,
USA). The experimental studies revealed that the second
column was the most suitable one since it produced sym-
metrical peaks with high resolution and within a reason-
able analytical run time. AZL is practically insoluble in
water, freely soluble in methanol, dimethylsulfoxide, sol-
uble in acetic acid, slightly soluble in acetone, and aceto-
nitrile, and sparingly soluble in tetrahydrofuran and 1-

Fig. 4 LC chromatograms of 20 μg mL−1 CLT under different stress degradation conditions—a control, b alkaline (0.1 N NaOH), c acidic (0.1 N HCl),
d oxidative (6 % H2O2, w/v), e thermal (wet heat), and f photolytic (254 nm) using the described degradation and chromatographic conditions
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octanol [4]. Methanol and acetonitrile were examined as
the organic modifiers, and acetonitrile was found to cause
splitting for the peak of AZL due to its poor solubility in
that solvent so methanol was chosen as the organic mod-
ifier in this study. Water, 1 % acetic acid, ammonium
acetate buffer (pH 5.5; 0.05 M), and PBS (pH 8;
0.05 M) were tested as the aqueous component in the
mobile phase. The use of buffer is necessary in this
method in order to enhance the ionization of the analytes,
obtain proper separation, and increase the sharpness of
peaks. Both ammonium acetate buffer and PBS are able to
achieve proper separation. PBS was selected as it was
able to produce sharper and more symmetric peaks than
ammonium acetate buffer. Then, the effect of pH on the
separation of the analytes was studied. The higher the pH
of the used buffer, the lower the retention time with sharp
and symmetric peak for AZL so pH 8 was selected as it
achieved satisfactory separation at a reasonable run time
(<9 min) and with satisfactory resolution between all of
the analytes (Fig. 2). The ratio of aqueous to organic
component in the mobile phase system was also studied
and a ratio of (60:40, v/v) was selected. Increasing the
ratio of the aqueous component will produce significant
delay and broadening of peaks; meanwhile, increasing the
ratio of the organic component will cause overlap between
the studied analytes. Different flow rates were studied as
it affects both resolution and shape of peaks, and flow rate
of 0.8 mL min−1 was selected. Proper choice of the
detection wavelength is crucial for sensitivity of the meth-
od. Quantitation was achieved with UV-detection at 210 nm
based on good peak area for each of the analyzed drugs.
System suitability tests were used to verify that the conditions
of the chromatographic system were adequate for the separa-
tion and hence for the analysis [17] (Table 1).

Method validation

The validity of the proposed LC method was assessed accord-
ing to ICH guidelines in terms of linearity, range, limit of
detection, limit of quantification, accuracy, precision, robust-
ness, specificity, and stability [17].

Linearity and range

Under the above described experimental conditions, linear
relationships were established by plotting the peak area versus
the corresponding concentration in μg mL−1. The graphs were
found to be rectilinear over the concentration ranges cited in
Table 2. Statistical analysis of the data gave high value of the
correlation coefficient (r) of the regression equation; small
values of the standard deviation of residuals (Sy/x), intercept
(Sa), and slope (Sb); and small value of the percentage relative
standard deviation and the percentage relative error (Table 2).
These data indicated the linearity of the calibration graphs.

Limit of quantification and limit of detection

Limits of quantification (LOQs) and limits of detection
(LODs) were calculated according to ICH Q2 (R1) recom-
mendations using the following equation [17]: LOQ=10 Sa/b
and LOD=3.3 Sa/b, where Sa=standard deviation of the in-
tercept and b=slope of the calibration curve. Results are given
in Table 2.

Accuracy and precision

The satisfactory recovery results for the assay of AZL and
CLT in their laboratory-prepared mixtures indicate the accu-
racy of the method (Table 3). Repeatability (intraday) and
intermediate precision (interday) were assessed using three
concentrations and three replicates of each concentration.
The relative standard deviations were found to be very small
indicating reasonable repeatability and intermediate precision
of the proposed method (Table 4).

Table 1 System suit-
ability data for the RP-
LC method

N number of theoretical
plates, K′ capacity factor,
R resolution factor, T
tailing factor, α relative
retention time

Item AZL CLT

N 4,422 4,185

K′ 1.22 0.76

T 1.19 1.22

R 3.88

α 1.26

Table 2 Characteristics and results of the proposed RP-LC method

Item AZL CLT

Limit of detection, LOD (μg mL−1) 0.90 0.32

Limit of quantitation, LOQ (μg mL−1) 2.72 0.98

Intercept (a) −189.71 −72.54
Slope (b) 175.78 193.75

Correlation coefficient (r) 0.9999 0.9999

S.D. of residuals (Sy/x) 61.09 24.24

S.D. of intercept (Sa) 47.84 18.99

S.D. of slope (Sb) 1.71 1.36

% Error 1.02 0.83

% RSD 2.27 1.86

Linearity range (μg mL−1) 5.00–50.00 2.50–25.00

Mean %recovery±S.D. 100.83±2.29 99.48±1.85
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Stability of standard solutions and mobile phase

Stability of the standard solutions of AZL and CLT, stored at
4 °C, were evaluated at various time points over 1 month. The
concentrations of freshly prepared solutions and those aged
for 1 month were calculated by the proposed method, and the
difference between them was found to be nonsignificant (%
RSD <2 %). Similarly, the stability of the mobile phase was
checked for 2 weeks. The results obtained in both cases
proved that the samples solutions and mobile phase used
during the assay were stable for the specified durations, when
kept in the refrigerator at 4 °C.

Robustness of the method

Minor deliberate changes in different experimental parameters
such as flow rate (±0.1 mL min−1), pH (±0.1), and ratio of
mobile phase components (±2 %) did not significantly affect
resolution of the analyzed compounds indicating that the
proposed method is robust (Table 5).

Specificity

The specificity is the ability of the analytical method to assess
unequivocally the analyte in the presence of components
which may be expected to be present. The specificity of the
method was investigated by observing any interference en-
countered from common tablet excipients, and it was con-
firmed that the signals measured was caused only by the
analytes. The inactive ingredients in Edarbcylor® are manni-
tol, microcrystalline cellulose, fumaric acid, sodium hydrox-
ide, hydroxypropyl cellulose, crospovidone, magnesium stea-
rate, hypromellose 2910, talc, titanium dioxide, ferric oxide
red, polyethylene glycol 8,000, and printing ink gray F1. It
was found that the excipients did not interfere with the results
of the proposed method. As shown in Fig. 2, the chromato-
grams of the combined formulations did not show any addi-
tional peaks when compared with the chromatograms of the
laboratory-prepared mixtures which confirm the specificity of
the developed method. Specificity of the method was also
confirmed by its ability to measure AZL and CLT in the

Table 3 Assay results for the determination of the studied drugs in their laboratory-prepared mixtures and dosage forms

Ratio Compound Laboratory-prepared mixtures Dosage form

Amount taken
(μg mL−1)

Amount found
(μg mL−1)

%
Found

Amount taken
(μg mL−1)

Amount found
(μg mL−1)

%
Found

(AZL:CLT)
(1.6:1.0)

AZL 8.00 8.10 101.25 8.00 8.22 102.75

16.00 15.98 99.88 16.00 16.19 101.19

24.00 23.93 99.71 24.00 24.10 100.42

Mean
recovery%

100.28 101.45

±%RSD 0.84 1.17

CLT 5.00 5.04 100.80 5.00 5.06 101.20

10.00 10.03 100.30 10.00 9.99 99.90

15.00 14.60 97.33 15.00 15.28 101.87

Mean recovery
%

99.48 100.99

±%RSD 1.88 0.99

Each result is the average of three separate determinations

Table 4 Accuracy and precision data for the RP-LC method

AZL CLT

Conc. of AZL (μg mL−1) Intraday assay Interday assay Conc. of CLT (μg mL−1) Intraday assay Interday assay
Recovery %±%RSDa Recovery %±%RSDa

12.50 100.48±0.96 101.50±1.25 7.50 100.65±0.75 101.59±0.88

25.00 98.87±1.22 100.17±1.25 12.50 98.67±1.08 99.61±1.75

40.00 100.32±0.94 101.55±1.05 20.00 98.12±0.61 99.03±0.96

Mean recovery %±%RSD 99.89±0.89 101.07±0.77 Mean recovery%±%RSD 99.15±1.34 100.08±1.34

aMean and relative standard deviation of three determinations
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presence of all of their degradation products, as revealed by
the results of the stability study (Figs. 3b–f and 4b–e).

Application of the proposed method for quality control
of AZL and CLT in their combined commercial dosage form

The proposed method was applied to determine AZL and
CLT in their commercially available tablets. Satisfactory
recoveries were obtained, and the results are given in
Table 3.

Forced degradation studies

AZL and CLT were subjected to forced decomposition by
alkali, acidic, wet heat, light, and oxidation as suggested in
the ICH Q1A (R2) and (Q1B) guideline [16] (Electronic
supplementary material (ESM) Fig. S1).

Alkaline-induced degradation

AZL showed high stability to alkaline degradation. Only
3.1 % degradation was observed as evidenced by the decrease
in the parent drug peak area upon the addition of 2 mL 0.1 M
NaOH to the drug and boiling at 80 °C for 1 h (Fig. 3b). On the
contrary, CLTwas found to undergo alkaline degradation very
readily after addition of 2 mL 0.1 M NaOH to the drug and
boiling at 100 °C for 1 h. A 69.0 % degradation was observed
as evidenced by the decrease in the parent drug peak area, and
the appearance of two major DPs with peaks at 3.8 and
4.9 min (Fig. 4b).

Acid-induced degradation

AZLwas found to undergo acid degradation very readily upon
the addition of 2 mL 0.1 M HCl to the drug and boiling at
80 °C for 1 h. A 94.7 % degradation was observed as evi-
denced by the decrease in the peak area of the parent drug and
the appearance of one major DP peak at 2.7 min (Fig. 3c). On
the contrary, CLT was found to show high stability to acidic
degradation upon the addition of 2 mL 0.1 M HCl to the drug
and boiling at 100 °C for 1 h. Only 3.6 % degradation was
observed as evidenced by the decrease in the parent drug peak
area (Fig. 4c).

Hydrogen peroxide and thermal (wet heat)-induced
degradation

Oxidative and thermal (wet heat) degradation of AZL and CLT
were also studied. AZL was found to show certain stability to
oxidative and thermal (wet heat) degradation upon the addition
of 2 mL of 6 % H2O2 or water, respectively, to the drug and
boiling at 80 °C for 1 h. Only 19.2 and 2.6 % degradation,
respectively, were observed as evidenced by the decrease in the
parent drug peak area (Fig. 3d, e). Also, CLT showed certain
stability to oxidative and thermal (wet heat) degradation upon
the addition of 2 mL of 6 % H2O2 or water, respectively, to the
drug and boiling at 100 °C for 1 h. Only 7.7 and 0.7 %
degradation respectively, were observed as evidenced by the
decrease in the parent drug peak area (Fig. 4d, e).

Photolytic degradation

The effect of UV light on the stability of AZL and CLT were
studied. It was found that 99.1 and 96.1 % degradation

Scheme 1 The proposed
structure for the acid-induced
degradation product of AZL

Table 5 Results of the robustness study

Parameter Drug Standard method Flow rate (mL min−1) pH Mobile phase composition

0.7 0.9 7.9 8.1 PBS/methanol (62:38) PBS/methanol (58:42)

Retention time (min) AZL 7.0 8.1 6.4 7.3 6.8 5.7 8.8

CLT 5.6 6.4 5.0 5.7 5.5 4.8 6.5

Resolution CLT/AZL 3.7 3.8 3.7 3.9 3.7 2.7 4.9

RP-LC method for determination of azilsartan medoxomil and chlorthalidone 6709



were observed after exposure of the drug to 254 nm light
for 1 day at room temperature, respectively (Figs. 3f
and 4f).

Identification of the potential acid degradation product
for AZL

As shown in Scheme 1 and in the ESM Fig. S2, the LC-
MS total ion chromatograms (negative mode) for the
intact AZL and its acidic-induced degradation after 1 h
boiling at 80 °C, a predominant DP was found to be
present with a molecular ion at m/z 539. It is postulated
that the drug degraded through cleavage of the ether
linkage attached to the benzodiazole moiety. This DP
showed a fragment at m/z 427 due to cleavage of the ester
bond. Then, further fragmentation occurred through open-
ing of the oxadiazole ring and losing CO2 molecule to
give a fragment at m/z 383. This anticipation was sup-
ported by the disappearance of the peaks at δ=1.3 and 4.6
of the ethyl group in the proton nuclear magnetic reso-
nance (1H NMR) spectrum (400 MHz, DMSO) of AZL
DP and by the appearance of new peaks at δ=5.5 and 11.4
of the resonating iminol group in the benzdiazole ring
(ESM Fig. S3).

Identification of the potential alkaline degradation product
for CLT

Figure S4 in the ESM shows the LC-MS total ion
chromatogram (negative mode) for the intact CLT and

its alkaline degradation after 1 h boiling at 100 °C. This
chromatogram revealed some distinguishable molecular
ion peaks at m/z 375, 339, 356, 294, and 258 from that
of the ion chromatogram of the intact drug. Also, it

Fig. 5 Effect of different heating times with 0.1 M HCL and 0.1 M
NaOH on the rate of degradation of a AZL (25 μg mL−1) and b CLT
(20 μg mL−1), respectively

Scheme 2 The proposed structures for the alkaline-induced degradation products of CLT
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showed many peaks for dimer adducts. As demonstrated in
Scheme 2, there are two anticipated pathways for the alkaline-
induced degradation of CLT. The first one is through hydro-
lytic cleavage of the amide bond in the isoindole ring with a
molecular ion atm/z 356 followed by removal of the ammonia
group to form a stable benzophenone derivative with m/z at
339. Further fragmentation of that DP was proposed to be via
decarboxylation to give a fragment at m/z 294. The second
pathway is through direct opening of the isoindole ring to
form amido benzophenone derivative at m/z 339. Further
fragmentation of that DP was through removal of
sulphonamide moiety to form a fragment at m/z 258. The
second anticipated pathway was supported by the disappear-
ance of the peaks at δ=8.1 and 9.4 of the hydroxyl and the
secondary amino groups in the 1H NMR spectrum (400MHz,
DMSO) of CLT DP and by the appearance of a new peak at
δ=6.1 of the amide group (ESM Fig. S5).

Degradation kinetics for AZL and CLT

The experimental investigation of the possible breakdown
of the drugs is usually studied to produce more stable
preparations and to assist the pharmacists and physicians
regarding the proper storage and handling of the medicinal
agents. Degradation reaction rates are affected by temper-
ature, as suggested by the Arrhenius equation [18]:

Log K ¼ Log A−
Ea

2:303

1

RT

Where K=specific reaction rate at temperature T, A=Ar-
rhenius factor (collision factor) constant, Ea=energy of acti-
vation (the minimum kinetic energy a molecule must possess
in order to undergo reaction),R=gas constant, and T=absolute
temperature in Kelvin.

In this study, the constant A and Ea were evaluated by
determining K for the acid degradation of 25 μg mL−1 of

AZL in 0.1 M HCl at different temperatures (50, 60, 70, and
80 °C) as well as for the alkaline degradation of 20μgmL−1 of
CLT in 0.1 M NaOH at different temperatures (70, 80, 90, and
100 °C). As shown in Fig. 5, the degradation was found to be
temperature dependent.

The apparent first-order degradation rate constant, half-life
time (t1/2), shelf-life (t90), and the activation energy Ea were
calculated (Table 6). By plotting log Kobs values versus 1/T,
Arrhenius plot was obtained (Fig. 6) and the resulting lines
were extrapolated at room temperature to obtainKo

25 , which is
used as a measure of the stability of the drug under ordinary
shelf conditions. Arrhenius equations [18] were found to be:
(Log K=11.482+4.5441×103/T) for AZL as well as (Log K=
10.235+4.4562×103/T) for CLT. Where K is the specific
reaction rate and T is the absolute temperature.

Conclusion

The present study represents the first report describing a
stability-indicating LC method for determination of AZL
and CLT in their commercially available tablets. The pro-
posed method has the advantages of being simple,

Table 6 Kinetics data of AZL
and CLT degradation Drug Temperature (°C) K×10−4 (min−1) t1/2 (min) t90 (min) Ea (k cal mol−1)

AZL in 0.1 N HCl 50 27.64 250.8
60 89.82 77.2

70 158.91 43.6

80 476.72 14.5

Value at 25 °C 1.96 – 537.8 35.34

CLT in 0.1 N NaOH 70 16.12 429.9
80 55.27 125.4

90 115.15 60.2

100 177.33 39.1

Value at 25 °C 0.22 – 4,834.9 20.39

Fig. 6 Arrhenius plots for AZL (25 μg mL−1) and CLT (20 μg mL−1)
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specific, accurate, and selective, so that it was applied to
analysis of the studied drugs in its pharmaceutical dosage
forms. Moreover, the suggested method permits separation
of the studied drugs from their alkaline, acidic, oxidative,
thermal (wet heat), or photolytic degradation products
within a reasonable time. Furthermore, the proposed meth-
od was successfully applied to study the kinetics of the
acidic degradation processes in the case of AZL as well as
the kinetics of the alkaline degradation processes in the
case of CLT, and to derive the first-order degradation rate
constant, half-life time (t1/2), shelf life (t90), and the acti-
vation energy (Ea) of the investigated drugs.
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