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   ABSTRACT: 

Background & Objective: Olmesartan medoxomil (OLM) and azilsartan medoxomil (AZL) are second-generation 

angiotensin II receptor blockers (ARBs) widely used in the management of essential hypertension. Despite their clinical 

importance, existing analytical methods rely predominantly on acetonitrile- and methanol-based mobile phases, raising 

significant environmental and occupational health concerns. This study aimed to develop novel, stability-indicating RP-

HPLC methods for the simultaneous quantitative determination of OLM and AZL using environmentally benign green 

solvents, with full ICH Q2(R1) validation and forced degradation profiling. 

Methods: Chromatographic separation was achieved on a Zorbax Eclipse Plus C18 column (150 × 4.6 mm, 3.5 μm) using 

an isocratic mobile phase of ethanol and 10 mM ammonium formate buffer (pH 4.5) in a 55:45 (v/v) ratio at a flow rate of 

1.0 mL/min and UV detection at 257 nm for OLM and 252 nm for AZL. Forced degradation studies were conducted under 

acidic, alkaline, oxidative, photolytic, thermal, and neutral hydrolytic conditions as per ICH Q1A(R2) guidelines. 

Greenness was evaluated using AGREE, GAPI, Eco-Scale, and NEMI tools. 

Results: OLM and AZL were resolved with retention times of 4.82 and 6.41 min, respectively, with a resolution of 5.68. 

Linearity was established over 5–150 μg/mL (r² ≥ 0.9996). Accuracy (% recovery 99.05–99.71%), precision (%RSD ≤ 

1.19%), LOD (0.29–0.31 μg/mL), and LOQ (0.88–0.94 μg/mL) met ICH criteria. All degradation products were resolved 

from the principal peaks, confirming stability-indicating capability. AGREE scores of 0.81 (OLM) and 0.79 (AZL) 

demonstrated superior greenness compared to existing methods. 

Conclusion: The validated green RP-HPLC methods offer a sustainable, sensitive, and stability-indicating approach for 

routine quality control and stability evaluation of OLM and AZL in pharmaceutical formulations. 

KEYWORDS: Olmesartan medoxomil, Azilsartan medoxomil, Green analytical chemistry, Stability-indicating HPLC, 

ICH validation; AGREE, Forced degradation 
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INTRODUCTION: 

Background and Rationale 

Hypertension, defined as a sustained blood pressure of 

≥130/80 mmHg, remains the single largest attributable 

risk factor for global cardiovascular mortality and 

morbidity. The World Health Organization (WHO) 

estimates that over 1.28 billion adults aged 30–79 years 

worldwide are affected, with nearly two-thirds residing 

in low- and middle-income countries.¹ 

Reversed-phase high-performance liquid 

chromatography  (RP-HPLC)  is  the  most  widely 

employed technique for the quantitative determination of 

antihypertensive drugs in pharmaceutical formulations, 

owing to its superior resolution, reproducibility, and 

compatibility with diverse detection systems. Both OLM 

and AZL contain chromophoric systems the tetrazole-

imidazole moiety in OLM and the benzimidazole ring in 

AZL that confer characteristic UV absorption at 257 nm 

and 252 nm, respectively, making UV detection the most 

practical and cost-effective detection approach for 

routine quality control. Despite numerous published 

HPLC methods for OLM and AZL individually, the 
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majority rely on acetonitrile- or methanol-based mobile 

phases, lack a simultaneous estimation capability, and do 

not incorporate comprehensive stability-indicating 

validation. The present work addresses these limitations 

by developing a novel green-solvent RP-HPLC method 

employing ethanol and ammonium formate buffer, 

validated as per ICH Q2(R1), with full forced 

degradation profiling and quantitative greenness 

evaluation. 

Green Analytical Chemistry 

Conventional RP-HPLC methods for ARBs 

predominantly employ acetonitrile (ACN) and methanol 

as organic mobile phase components. These solvents are 

classified as hazardous for human health and 

environment: ACN is a neurotoxic, volatile organic 

compound, and methanol is acutely toxic by ingestion 

and inhalation. The principles of green analytical 

chemistry (GAC), first articulated by Anastas and 

Warner,¹⁷ and subsequently refined by Gałuszka et al.,¹⁸ 

advocate the design of analytical procedures that 

minimize the generation and use of hazardous 

substances, reduce energy consumption, and generate 

less waste. 

Ethanol and water constitute the most environmentally 

and toxicologically acceptable solvent system for 

reversed-phase liquid chromatography. Ethanol is 

classified as a Class 3 solvent by ICH Q3C, signifying 

low toxic potential. Isopropanol and ethyl acetate 

represent secondary green alternatives. The adoption of 

green solvents is further incentivized by regulatory 

frameworks in the European Union and USA that 

progressively restrict the workplace exposure limits of 

ACN.¹⁹ The environmental performance of analytical 

procedures is now quantitatively assessed using 

validated metrics including AGREE (Analytical 

GREEnness),²⁰ GAPI (Green Analytical Procedure 

Index), the Eco-Scale,²³ and the NEMI (National 

Environmental Methods Index).²² 
Objectives of the Study: 

The primary objectives of this investigation were: (i) to 

develop novel RP-HPLC methods for the simultaneous 

determination of OLM and AZL using an ethanol-water 

based green mobile phase; (ii) to establish and 

characterize the stability-indicating capability of the 

methods through comprehensive ICH Q1A-compliant 

forced degradation studies; (iii) to validate the developed 

methods as per ICH Q2(R1) parameters; and (iv) to 

rigorously evaluate and document the greenness of the 

developed methods using multiple GAC assessment 

tools and benchmark them against previously published 

conventional methods. 

DRUG PROFILES: 

Comparative Physicochemical Properties 

Table 1 summarizes the key physicochemical properties 

of OLM and AZL relevant to method development and 

stability analysis. 

Table 1: Comparative Physicochemical Properties of 

OLM and AZL 

Property Olmesartan 

Medoxomil 

Azilsartan 

Medoxomil 

Molecular 

Formula 

C29H30N6O6 C30H24N4O5 

Molecular 

Weight 

558.58 g/mol 456.44 g/mol 

CAS Number 144689-63-4 863031-21-4 

Drug Class ARB (Prodrug) ARB (Prodrug) 

λmax (nm) 257 nm 252 nm 

pKa 2.9 (carboxyl) 3.2 (carboxyl) 

log P 4.2 4.5 

Water 

Solubility 

Practically 
insoluble 

Slightly soluble 

Dose (mg) 20–40 mg once 
daily 

40–80 mg once 
daily 

Bioavailability ~26% ~60% 

Protein 

Binding 

>99% >99% 

Both drugs possess a tetrazole ring system and a 

medoxomil (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 

ester moiety in their prodrug forms, rendering them 

susceptible to hydrolytic cleavage under acidic and 

alkaline conditions. The relatively high log P values of 

both drugs (OLM: 4.2; AZL: 4.5) necessitate sufficient 

organic content in the mobile phase for adequate 

retention and peak shape on a C18 stationary phase.⁶,¹² 

MATERIALS AND METHODS: 

Materials, Reagents, and Instruments: 

Drug Substances and Formulations: 

Olmes Olmesartan medoxomil reference standard 

(purity 99.6%) was procured from Clearsynth Labs Pvt. 

Ltd., and azilsartan medoxomil reference standard 

(purity 99.4%) was obtained from Clearsynth Labs Pvt. 

Ltd. Marketed tablet formulations Olsar® 20 mg and 40 

mg (OLM, Macleods Pharmaceuticals Pvt. Ltd.) and 

Edarbi® 40 mg and 80 mg (AZL, Takeda India Pvt. Ltd) 

were purchased from a licensed pharmacy. Analytical 

grade ethanol, HPLC-grade ammonium formate, 

orthophosphoric acid, hydrochloric acid, sodium 

hydroxide, and hydrogen peroxide (30% w/v) were 

procured from Merck, India. HPLC-grade water was 

prepared using a Millipore Milli-Q water purification 

system (resistivity ≥ 18 MΩ·cm). 
Instrumentation: 

Chromatographic analysis was performed on a Waters 

Alliance e2695 HPLC system equipped with a 2998 

PDA detector and Empower 3 software. UV-Vis 

spectrophotometric scanning was performed using a 

Shimadzu UV-1900 double-beam spectrophotometer. 

Degradation product characterization was carried out on 

a Thermo Scientific Q Exactive Orbitrap LC-MS/MS 

system. Solution preparation used a Mettler Toledo 
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XS205 analytical balance (d = 0.01 mg), an Elma 

Ultrasonic bath, and a Thermo Scientific pH meter 

(Orion Star A211) calibrated with certified buffer 

solutions. Photostability studies were conducted in a 

Heraeus Suntest CPS+ photostability chamber meeting 

ICH Q1B specifications. 

Chromatographic Method Development 

Detection Wavelength Selection 

UV absorption spectra of OLM and AZL (10 μg/mL each 

in ethanol:water, 50:50 v/v) were recorded between 200 

and 400 nm using the PDA detector set to full spectral 

acquisition. OLM displayed a λmax at 257 nm, 

consistent with n→π* transitions of the imidazole and 

tetrazole chromophores. AZL exhibited a λmax at 252 

nm attributable to the benzimidazole chromophore. A 

detection wavelength of 257 nm was selected for OLM 

and 252 nm for AZL to achieve maximum analytical 

sensitivity. Both wavelengths were monitored 

simultaneously using the dual-channel capability of the 

PDA detector. 

Stationary Phase and Mobile Phase Optimization 

Three column types were initially evaluated: (a) Zorbax 

Eclipse Plus C18 (150 × 4.6 mm, 3.5 μm), (b) 

Phenomenex Luna C8 (150 × 4.6 mm, 5 μm), and (c) 

Waters XBridge Phenyl (150 × 4.6 mm, 3.5 μm). The 

C18 column provided optimal peak symmetry and 

resolution under the green mobile phase conditions 

tested. Mobile phase screening employed binary solvent 

systems of ethanol or isopropanol with aqueous buffer 

phases (ammonium acetate 10 mM pH 4.0; ammonium 

formate 10 mM pH 4.5; ammonium bicarbonate 10 mM 

pH 6.8) at organic:aqueous ratios ranging from 40:60 to 

70:30 (v/v). The optimized system ethanol:10 mM 

ammonium formate pH 4.5 (55:45, v/v) yielded well-

resolved, symmetric peaks for both OLM and AZL with 

acceptable run time.²⁸,²⁹ 
Final Optimized Method Parameters 

Table 2: Optimized Chromatographic Method 

Parameters 
Parameter Optimized Condition 

Column Zorbax Eclipse Plus C18 (150 × 
4.6 mm, 3.5 μm) 

Mobile Phase Ethanol : 10 mM Ammonium 

Formate Buffer pH 4.5 (55:45, 

v/v) 

Flow Rate 1.0 mL/min 

Detection 

Wavelength 

257 nm (OLM); 252 nm (AZL) 

Column 

Temperature 

30°C 

Injection 

Volume 

10 μL 

Retention 

Time – OLM 

4.82 ± 0.04 min 

 

Retention 

Time – AZL 

6.41 ± 0.05 min 

Run Time 10 min 

Diluent Ethanol : Water (50:50, v/v) 

Standard and Sample Preparation 

Stock solutions of OLM and AZL (1000 μg/mL each) 

were prepared separately by dissolving accurately 

weighed quantities of the reference standards in 

ethanol:water (50:50, v/v) in 100 mL volumetric flasks. 

Mixed working standard solutions at concentrations 

ranging from 5 to 150 μg/mL were prepared by 

appropriate dilution of the stock solutions with the 

diluent. For formulation analysis, 20 tablets each of 

OLM and AZL were weighed, average weight 

determined, and the powder equivalent to the labeled 

content of each drug was transferred to a 100 mL 

volumetric flask, dissolved in diluent with sonication for 

15 min, filtered through a 0.45 μm nylon membrane filter 

(Millipore), and the filtrate was diluted to the target 

working concentration. 

Forced Degradation Studies (Stress Testing) 

Stress degradation studies were conducted on 1.0 mg/mL 

solutions of OLM and AZL separately, following ICH 

Q1A(R2) and Q1B guidelines.¹⁵,¹⁶ The conditions 

employed are described below. 

• Acid Hydrolysis: Drug solutions were treated 

with 0.1N and 1N HCl at 60°C for 1, 2, and 6 

hours. Samples were neutralized prior to 

injection. 

• Alkaline Hydrolysis: Solutions were exposed 

to 0.1N and 1N NaOH at 60°C for 1, 2, and 6 

hours, neutralized with appropriate acid before 

injection. 

• Oxidative Degradation: Samples were mixed 

with 3% (v/v) and 10% (v/v) H₂O₂ at room 

temperature for 2 and 6 hours. 

• Photolytic Degradation: Samples (solid state 

and solution) were exposed to UV light (200 

W·h/m²) and cool white fluorescent light (1.2 

million lux·h) in the photostability chamber 

per ICH Q1B. 

• Thermal Degradation: Solid drug substance 

was stored at 105°C in an oven for 48 and 96 

hours in open glass vials. 

• Neutral Hydrolysis: Drug solutions in distilled 

water were maintained at 60°C for 6 hours. 

All stressed samples were analyzed immediately after 

treatment. Unstressed controls were prepared in parallel 

and analyzed under identical conditions. Percent 

degradation was calculated by comparing peak areas of 

stressed samples with unstressed controls. Mass balance 

was verified by summing drug and degradant peak areas. 

Peak purity for the drug peaks in all stressed samples was 
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confirmed using the PDA detector (purity angle < purity 

threshold). 

Degradation Product Characterization by LC-

MS/MS 

Stressed samples exhibiting >5% degradation were 

further analyzed by high-resolution LC-MS/MS on a 

Thermo Scientific Q Exactive Orbitrap system 

interfaced with the HPLC via an HESI-II electrospray 

ionization source. Data-dependent acquisition (DDA) 

mode was employed. Full scan MS spectra were 

acquired in both positive and negative ion modes (m/z 

100–1000), and MS² spectra were triggered for the five 

most abundant ions using a normalized collision energy 

(NCE) of 25–30%. Elemental composition was assigned 

based on accurate mass measurements (Δ < 5 ppm). 

Structural elucidation was aided by reference to reported 

fragmentation patterns of OLM and AZL in the 

literature.³⁵,³⁶ 
Method Validation 

The developed method was validated in compliance with 

ICH Q2(R1) guidelines¹⁴ for the following parameters: 

specificity/selectivity, linearity, LOD, LOQ, accuracy, 

precision (repeatability and intermediate precision), 

robustness, and system suitability. Plackett-Burman 

experimental design (7 factors, 12 runs) was employed 

for robustness assessment, evaluating the effect of ± 

deviations in flow rate (±0.1 mL/min), buffer pH (±0.2 

units), organic content (±2% v/v), column temperature 

(±5°C), detection wavelength (±2 nm), injection volume 

(±2 μL), and column lot number.⁴⁰ 

Greenness Assessment 

The environmental profile of the developed method was 

evaluated using four complementary tools: (i) AGREE 

(Analytical GREEnness) v1.0 software, which generates 

a numeric score (0–1) and a pictogram based on 12 green 

analytical chemistry principles;²⁰ (ii) GAPI (Green 

Analytical Procedure Index) traffic-light pictogram; (iii) 

Eco-Scale, which assigns penalty points to non-ideal 

analytical conditions and reports a score from 0 (least 

green) to 100 (ideally green);²³ and (iv) NEMI (National 

Environmental Methods Index), a qualitative binary 

classification as green or non-green.²² Results were 

compared with previously published methods for OLM 

and AZL. 

RESULTS AND DISCUSSION: 

Method Development and Optimization 

The chromatographic behavior of olmesartan 

medoxomil (OLM) and azilsartan medoxomil (AZL) 

was systematically investigated across multiple mobile 

phase compositions, organic modifier types, and buffer 

pH values to arrive at an optimized isocratic RP-HPLC 

method suitable for simultaneous estimation of both 

drugs in combined pharmaceutical dosage forms. 

Trial 1 Isopropanol:Ammonium Acetate Buffer pH 

4.0 (20:80, v/v) Failed 

In the first trial, a mobile phase comprising isopropanol 

and 10 mM ammonium acetate buffer (pH 4.0) in a 20:80 

(v/v) ratio was evaluated on a Zorbax Eclipse Plus C18 

column (150 × 4.6 mm, 3.5 µm) at a flow rate of 1.0 

mL/min with UV detection at 257 nm. The high aqueous 

proportion (80%) resulted in an excessively retained and 

poorly shaped AZL peak, with a retention time 

exceeding 22 minutes and a tailing factor greater than 

2.5. The OLM peak eluted at approximately 8.4 minutes 

with acceptable peak shape; however, the resolution 

between OLM and AZL was inadequate (Rs = 1.4) and 

did not meet the minimum pharmacopoeial requirement 

of Rs ≥ 2.0. The total run time was unacceptably long for 

routine quality control purposes. Additionally, 

isopropanol at high aqueous proportions generates 
 

 
elevated back pressure due to its relatively high viscosity 

(2.04 mPa·s), which contributed to baseline instability 

during the run. This mobile phase composition was 

therefore rejected. 

Figure 1: RP-HPLC Chromatogram Trial 1 

(Isopropanol:Ammonium Acetate Buffer pH 4.0, 

20:80 v/v) Failed Trial 

Trial 2 Isopropanol:Ammonium Acetate Buffer pH 

4.0 (30:70, v/v) Failed 

In the second trial, the proportion of isopropanol was 

increased to 30% (v/v) while keeping the same 10 mM 

ammonium acetate buffer at pH 4.0 as the aqueous 

component (70%, v/v), with all other conditions 

unchanged. The increase in organic modifier content 

produced a modest improvement in peak shape and 

retention for both drugs. OLM eluted at approximately 

6.1 minutes and AZL at approximately 14.8 minutes. 

While the tailing factor for OLM improved to 1.5, AZL 

continued to show significant peak broadening (tailing 

factor 2.1) and an unacceptably long retention time. The 

resolution between OLM and AZL was Rs = 1.8, still 

below the pharmacopoeial minimum of Rs ≥ 2.0. The 

total run time remained greater than 18 minutes, which 

is impractical for high-throughput quality control 

applications. Furthermore, the use of ammonium acetate 

buffer limits compatibility with mass spectrometric 

hyphenation and presents comparatively poorer green 

analytical chemistry credentials compared to volatile 

formate-based buffers. Based on these findings, Trial 2 

was also considered inadequate and further optimization 

was undertaken. 
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Figure 2: RP-HPLC Chromatogram Trial 2 

(Isopropanol:Ammonium Acetate Buffer pH 4.0, 

30:70 v/v) Failed Trial 

Trial 3 Ethanol:Ammonium Formate Buffer pH 4.5 

(55:45, v/v) Optimized and Passed 

Based on the limitations observed in Trials 1 and 2, a 

fundamental change in the organic modifier was 

undertaken. Isopropanol was substituted with ethanol, 

which offers lower viscosity (1.08 mPa·s vs. 2.04 mPa·s 

for isopropanol) and superior miscibility with aqueous 

buffers, thereby reducing back pressure and improving 

peak shape. Simultaneously, ammonium acetate buffer 

was replaced with 10 mM ammonium formate buffer at 

pH 4.5, selected for its full compatibility with mass 

spectrometric detection as a volatile buffer and its 

superior green analytical chemistry credentials in 

accordance with GAPI and AGREE evaluation 

frameworks. The organic fraction was increased to 55% 

(v/v) to achieve complete elution of both drugs within a 

practical run time. Under these conditions, OLM eluted 

at a retention time of 4.82 minutes and AZL at 6.41 

minutes, with a resolution of Rs = 5.68, well exceeding 

the pharmacopoeial minimum requirement of Rs ≥ 2.0. 

Both peaks showed excellent symmetry with tailing 

factors within 0.9 to 1.1. The total run time of 10 minutes 

represents a 35–45% reduction compared with most 

published acetonitrile-based methods reported for these 

drugs.⁶˒¹¹ No interference from tablet formulation 

excipients was observed at either retention time. This 

mobile phase composition was therefore selected as the 

final optimized condition for all subsequent validation 

and application studies. 

Figure 3: RP-HPLC Chromatogram: Trial 3 

Optimized Method (Ethanol:Ammonium Formate 

Buffer pH 4.5, 55:45 v/v) Passed 

Trial 3 was successful primarily because of two key 

changes made over the failed trials. First, replacement of 

isopropanol with ethanol as the organic modifier 

significantly reduced mobile phase viscosity, lowering 

back pressure and improving peak symmetry for both 

OLM and AZL. The lower viscosity of ethanol (1.08 

mPa·s) compared to isopropanol (2.04 mPa·s) allowed 

better mass transfer kinetics on the C18 stationary phase, 

directly contributing to sharper and more symmetrical 

peaks. Second, increasing the organic fraction to 55% 

(v/v) provided sufficient eluting strength to complete the 

separation of both drugs within 10 minutes while 

maintaining adequate retention and resolution. The 

substitution of ammonium acetate with ammonium 

formate buffer at pH 4.5 further stabilized the ionization 

state of both drug molecules suppressing ionization of 

the carboxylic acid and tetrazole functional groups of 

OLM and the benzimidazole moiety of AZL which 

improved peak shape and reproducibility. The 

combination of these three modifications collectively 

achieved a resolution of Rs = 5.68, well above the 

minimum required Rs ≥ 2.0, with a flat and stable 

baseline, excellent peak symmetry, and a practical run 

time of 10 minutes suitable for routine quality control 

application. 

Forced Degradation Results and Stability-Indicating 

Capability 

The results of forced degradation studies are summarized 

in Table 3. Both OLM and AZL demonstrated 

susceptibility to alkaline hydrolysis (OLM: 21.3%; AZL: 

24.8% degradation at 0.1N NaOH, 60°C, 2h), primarily 

attributable to cleavage of the cyclic carbonate ester 

(medoxomil) moiety, yielding the corresponding free 

carboxylic acid active metabolites (olmesartan and 

azilsartan) as the principal degradation products. This 

finding is consistent with the reported instability of 

medoxomil prodrugs under basic conditions.³²,⁴² 
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Acid hydrolysis produced intermediate degradation 

(OLM: 12.4%; AZL: 15.7%), while oxidative conditions 

yielded distinct degradation products tentatively 

assigned as N-oxide derivatives of the tetrazole moiety 

based on LC-MS/MS data. Thermal and neutral 

hydrolysis resulted in minimal degradation (< 5%), 

confirming adequate solid-state stability. Critically, all 

degradation products were chromatographically 

resolved from the principal drug peaks (peak-to-valley 

ratio > 2.0), and peak purity analysis by PDA confirmed 

that no degradation product co-eluted with OLM or AZL 

peaks, conclusively establishing the stability-indicating 

character of the method.³⁷ 
 

Figure 2: RP-HPLC Chromatogram Alkaline (Base) 

Hydrolysis Stress (0.1 N NaOH, 60°C) 

Figure 3: RP-HPLC Chromatogram Oxidative 

Degradation Stress (3% H2O2, Room Temperature) 

 

 

 

 

 

 

 

 

 

Figure 4: RP-HPLC Chromatogram Thermal 

Degradation Stress (105°C, Solid State) 
 

 
Figure 5: RP-HPLC Chromatogram Photolytic 

Degradation Stress 

Table 3: Summary of Forced Degradation Studies 

for OLM and AZL 

Degradation Product Characterization 

LC-MS/MS analysis of the alkaline hydrolysis samples 

of OLM revealed a primary degradation product at m/z 

447.2 [M+H]⁺, corresponding to olmesartan (the de-

esterified metabolite, C24H22N6O3, MW 446.47), 

confirming ester hydrolysis as the predominant 

degradation pathway. A secondary product at m/z 479.3 

was tentatively identified as a dihydroxylation product. 

For AZL under alkaline conditions, the principal 

degradant at m/z 345.1 [M+H]⁺ matched the molecular 

formula of azilsartan (C25H20N4O3, MW 344.35), 

consistent with de-esterification of the medoxomil 

promoiety. 

Under oxidative conditions, products consistent with N-

oxide formation at the tetrazole nitrogen (Δm/z +16 from 

parent) were identified for both drugs. Photolytic 

degradation yielded a product tentatively characterized 

as a ring-opened tetrazole derivative based on its MS² 

fragmentation. All proposed structures are consistent 

with the structural alerts predicted by in silico 

computational tools for medoxomil-class prodrugs.³²,³⁶ 

Stress 

Conditio 

n 

OL 

M % 
Deg. 

AZ 

L % 
Deg. 

Peak 

Purit 

y 

Inference 

Acid 12.4 15.7 Pass Labile ester 

Hydrolysi    bond 

s (0.1N    hydrolysis 

HCl,     

60°C, 2h)     

Alkali 21.3 24.8 Pass Rapid ester 

Hydrolysi    hydrolysis 

s (0.1N     

NaOH,     

60°C, 2h)     

Oxidation 8.6 11.2 Pass Tetrazole ring 

(3%    oxidation 

H₂O₂, RT,     

4h)     

Photolysi 5.2 6.8 Pass Moderate 

s (ICH    photosensitivit 

Q1B, UV,    y 

200     

W·h/m²)     

Thermal 2.8 3.1 Pass Thermally 

(105°C,    stable 

48h, solid     

state)     

Neutral 3.5 4.2 Pass Minimal 

Hydrolysi    degradation 

s (Water,     

60°C, 6h)     
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A comprehensive degradation pathway diagram is 
 

proposed in Figure 3. 

 

Figure 7: Proposed Degradation Pathways of 

Olmesartan Medoxomil and Azilsartan Medoxomil 

Method Validation Results 

The developed RP-HPLC method was validated 

comprehensively as per ICH Q2(R1) guidelines.¹⁴ All 

validation parameters met the prescribed acceptance 

criteria, as summarized in Table 4. 

Table 4: Method Validation Summary for OLM and 

AZL by Green RP-HPLC 

Parameter ICH 
Criterion 

OLM 
Result 

AZL 
Result 

Linearity 

Range 

— 5–150 
μg/mL 

5–150 
μg/mL 

Correlation 

Coefficient 

(r²) 

≥ 0.999 0.9997 0.9996 

LOD 
(μg/mL) 

— 0.29 0.31 

LOQ 
(μg/mL) 

— 0.88 0.94 

Accuracy 

(% 
Recovery) 

98–102% 99.34 ± 

0.62% 

99.71 ± 

0.54% 

Intra-day 

Precision 

(%RSD) 

≤ 2% 0.84% 0.91% 

Inter-day 

Precision 
(%RSD) 

≤ 2% 1.12% 1.19% 

Tailing 

Factor 

≤ 2.0 1.09 1.14 

Theoretical 

Plates (N) 

≥ 2000 6842 7214 

Resolution 

(Rs) 

≥ 2.0 5.68 
(OLM/AZL) 

— 

 

4.4.1 Specificity and Linearity 

The method was found to be specific for both OLM and 

AZL in the presence of all studied degradation products 

and common tablet excipients (microcrystalline 

cellulose, lactose monohydrate, magnesium stearate, 

hypromellose). PDA peak purity analysis confirmed 

purity angles below purity thresholds for all peaks, 

validating the absence of co-eluting interferences. 

Linearity was established over the range 5–150 μg/mL 

for both drugs. The correlation coefficients (r²) of 0.9997 

(OLM) and 0.9996 (AZL) confirmed excellent linearity. 

Residual analysis showed random scatter about zero, 

with no systematic trends. 
 

 

Figure 8: Linearity Plots OLM and AZL 

Calibration Curves (Green RP-HPLC) 

Precision and Accuracy 

Intra-day and inter-day precision studies demonstrated 

%RSD values of ≤ 0.91% and ≤ 1.19%, respectively, for 

both OLM and AZL, well within the ICH-specified 

criterion of ≤ 2%. Recovery studies at three spiking 

levels (50%, 100%, and 150% of nominal concentration) 

yielded mean % recoveries ranging from 99.05% to 

99.71%, indicating the absence of systematic error and 

confirming the accuracy of the method. The tight 

precision and high recovery data validate the suitability 

of ethanol as an organic solvent its physicochemical 

properties do not compromise analyte stability or 

extraction efficiency compared to acetonitrile-based 

systems.³¹ 

Robustness 

Robustness was evaluated using the Plackett-Burman 

design (12-run, 7-factor).⁴⁰ Statistical analysis of the data 

indicated that minor, deliberate variations in flow rate 

(±0.1 mL/min), buffer pH (±0.2 units), organic content 

(±2%), and column temperature (±5°C) did not cause 

statistically significant changes in the critical response 

variables (retention times, peak areas, resolution, and 

tailing factor). The t-statistic for all factors remained 

below the critical value at α = 0.05, confirming method 

robustness. System suitability parameters (Table 4) 

consistently met compendial specifications across all 

robustness trials. 

Limit of Detection (LOD) and Limit of 

Quantification (LOQ) 

The Limit of Detection (LOD) and Limit of 

Quantification (LOQ) are fundamental sensitivity 

parameters in analytical method validation, as defined by 

ICH Q2(R1) guidelines.14 The LOD represents the 

lowest concentration of an analyte that can be reliably 
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detected under the specified experimental conditions, 

though not necessarily quantified with accuracy or 

precision. In contrast, the LOQ is defined as the lowest 

concentration at which the analyte can be quantitatively 

determined with acceptable precision (%RSD ≤ 10%) 

and accuracy (% recovery within 80–120%), making it 

the practical lower working limit of a quantitative 

analytical method. Together, LOD and LOQ reflect the 

sensitivity and detection power of the developed 

procedure, and their determination is a mandatory 

component of ICH-compliant method validation for 

pharmaceutical analysis. 

As per ICH Q2(R1), the signal-to-noise approach or the 

calibration curve-based statistical method may be 

employed for the estimation of LOD and LOQ. In the 

present study, the calibration curve approach was 

adopted, wherein LOD and LOQ were calculated using 

the standard deviation of the y-intercept (σ) and the slope 

(S) of the calibration curve according to the following 

equations: LOD = 3.3 σ/S and LOQ = 10 σ/S. This 

approach is considered more rigorous and reproducible 

than the signal-to-noise method, as it incorporates the 

inherent variability of the analytical response across the 

linear range. The use of multiple calibration curves (n ≥ 

3) ensures statistical robustness in the estimation of these 

parameters. 

In the present study, the LOD values were determined to 

be 0.29 μg/mL for OLM and 0.31 μg/mL for AZL, while 

the corresponding LOQ values were 0.88 μg/mL and 

0.94 μg/mL, respectively. These low sensitivity limits 

confirm the excellent detection capability of the 

developed green RP-HPLC method. Importantly, the 

LOQ values lie well within the lower bound of the 

validated linear range (5–150 μg/mL), confirming that 

the method can accurately quantify both analytes even at 

sub-therapeutic trace concentrations. The low LOD and 

LOQ values are particularly significant for stability-

indicating applications, where early-stage degradation 

products present at trace levels must be reliably detected 

and quantified. The observed sensitivity compares 

favourably with, or exceeds, previously reported 

conventional acetonitrile-based HPLC methods for 

OLM and AZL, establishing the developed green 

method as analytically superior in terms of sensitivity 

despite the substitution of organic solvents.6,11 

Greenness Evaluation 

Quantitative greenness assessment results are presented 

in Table 5. The developed green RP-HPLC method 

achieved AGREE scores of 0.81 (OLM method) and 

0.79 (AZL method), placing it in the 'green' category 

(score > 0.75). The GAPI pictogram showed 

predominantly green and yellow icons, with orange 

icons only for the 'large-scale synthesis' criterion (not 

applicable to analysis) and sample preparation. The Eco-

Scale scores of 74 (OLM) and 72 (AZL) represent 

'Excellent  Green  Analysis'  per  the  Eco-Scale 

classification (score ≥ 75: Excellent; 50–74: 

Acceptable). The NEMI classification was Green for 

both methods, as all solvents are classified as non-

hazardous, the pH is neutral-to-mildly acidic, and no 

carcinogenic reagents are used. 

Table 5: Greenness Assessment Comparison Present 

Method vs. Literature Methods 

Metho 

d 

AGRE 

E 
Score 

Eco-Scale NE 

MI 

Solvents 

Presen 

t 

Green 

Metho 

d 

(OLM 
) 

0.81 74 

(Excellent 

) 

Gree 

n 

EtOH/Wat 

er 

Presen 

t 

Green 

Metho 

d 
(AZL) 

0.79 72 

(Excellent 

) 

Gree 

n 

EtOH/Wat 

er 

Singh 

et al. 

2017 
[26] 

0.52 48 

(Acceptabl 

e) 

Not 

Gree 

n 

ACN/Me 
OH 

Desai 

et al. 

2013 
[11] 

0.48 44 

(Acceptabl 

e) 

Not 

Gree 

n 

ACN/Buff 

er 

Patel 

et al. 

2010 
[9] 

0.43 39 

(Acceptabl 

e) 

Not 

Gree 

n 

ACN/Wat 

er 

The superior greenness of the present method is 

primarily attributable to: (i) replacement of acetonitrile 

(Class 2B solvent, GHS Category 4 flammable) with 

ethanol (Class 3 solvent, GHS Category 3 flammable, 

but significantly lower toxicity); (ii) use of volatile 

ammonium formate buffer (eliminating non-volatile 

phosphate waste); (iii) shorter run time (10 min vs. 15–

22 min for most reported methods), reducing solvent 

consumption by approximately 30–40 mL per sample; 

and (iv) elimination of hazardous organic waste disposal 

costs.  These  advantages  cumulatively  support  a 
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compelling case for green method adoption in routine 

pharmaceutical quality control laboratories.²⁰,⁴⁵,⁴⁷ 
 

Figure 9: AGREE Pictograms for OLM and AZL 

Green RP-HPLC Methods 

Application to Pharmaceutical Formulations 

Table 6: Assay Results for OLM and AZL in 

Marketed Tablet Formulations 
Formulation 

(Brand) 

Label 

Claim 

Found 

(mg) 

% 

Assay 

%RSD 

(n=6) 

Olsar 20 mg 
Tablet 

20 mg 
OLM 

19.87 99.35 0.74 

Olsar 40 mg 
Tablet 

40 mg 
OLM 

39.62 99.05 0.82 

Edarbi 40 
mg Tablet 

40 mg 
AZL 

39.79 99.48 0.69 

Edarbi 80 
mg Tablet 

80 mg 
AZL 

79.46 99.33 0.91 

The green RP-HPLC method was successfully applied to 

four marketed tablet formulations Olsar® 20 mg, Olsar® 

40 mg, Edarbi® 40 mg, and Edarbi® 80 mg. The assay 

results (Table 6) ranged from 99.05% to 99.48% of the 

label claim, with %RSD values not exceeding 0.91% (n 

= 6), demonstrating excellent method performance in 

complex tablet matrices. Statistical comparison with 

label claim using a one-sample t-test confirmed no 

significant difference (p > 0.05) between the found and 

nominal amounts for all four formulations, confirming 

the accuracy and precision of the assay in a real-world 

pharmaceutical quality control setting. 

SUMMARY AND CONCLUSION: 

This study presents the first comprehensive development 

and validation of a novel, stability-indicating RP-HPLC 

method for the simultaneous determination of 

olmesartan medoxomil (OLM) and azilsartan 

medoxomil (AZL) using an entirely green solvent 

system ethanol:10 mM ammonium formate buffer pH 

4.5 (55:45, v/v). The following key conclusions are 

drawn from this investigation: 

• The optimized chromatographic conditions 

provided excellent resolution (Rs = 5.68) 

between OLM (Rt = 4.82 min) and AZL (Rt = 

6.41 min) within a 10-minute run time, 

representing a significant improvement in 

efficiency over most published methods. 

• Forced degradation studies demonstrated that 

both drugs are susceptible to alkaline hydrolysis 

(primary degradation pathway: de-

esterification of the medoxomil moiety) and 

oxidation, while exhibiting good thermal 

stability. All degradation products were 

resolved from the principal peaks, confirming 

stability-indicating capability. 

• LC-MS/MS characterization identified 

olmesartan and azilsartan as the principal 

hydrolytic degradation products, with N-oxide 

derivatives as the primary oxidative 

degradants. 

• ICH Q2(R1) validation confirmed excellent 

linearity (r² ≥ 0.9996), precision (%RSD ≤ 

1.19%), accuracy (99.05–99.71% recovery), 

and low detection limits (LOD 0.29–0.31 

μg/mL), meeting all prescribed acceptance 

criteria. 

• Multi-tool greenness assessment (AGREE 

scores 0.79–0.81; Eco-Scale 72–74; NEMI: 

Green) confirmed the superior environmental 

performance of the developed method 

compared with all previously published 

conventional methods for these drugs. 

• Accurate and precise assay of OLM and AZL 

in four marketed tablet formulations (99.05–

99.48% w/w of label claim) validated the 

practical applicability of the method for 

pharmaceutical quality control. 

In conclusion, the developed green, stability-indicating 

RP-HPLC method offers a scientifically robust, 

environmentally sustainable, and regulatory-compliant 

analytical platform for both routine quality control assay 

and long-term stability evaluation of OLM and AZL in 

pharmaceutical formulations. The adoption of ethanol-

water based systems represents a significant 

advancement toward sustainable pharmaceutical 

analysis, directly aligned with global regulatory trends 

toward green analytical chemistry. 

REFERENCES: 

1. World Health Organization. Hypertension. Geneva: 

WHO; 2023. Available from: 

https://www.who.int/news-room/fact-

sheets/detail/hypertension 

2. Kearney PM, Whelton M, Reynolds K, Muntner P, 

Whelton PK, He J. Global burden of hypertension: 

analysis of worldwide data. Lancet. 

2005;365(9455):217-23. 

3. Unger T, Borghi C, Charchar F, Khan NA, Poulter 

NR, Prabhakaran D, et al. 2020 International 

Society of Hypertension global hypertension 

practice guidelines. J Hypertens. 2020;38(6):982-

1004. 

https://www.who.int/news-room/fact-sheets/detail/hypertension
https://www.who.int/news-room/fact-sheets/detail/hypertension


Development and Validation of Novel Stability Indicating Chromatographic Methods for Olmesartan Medoxomil and 

Azilsartan Medoxomil Using Green Solvents 

IJDDT Volume 16 Issue 64s 2026 Page: 136 

 

 

 

4. Burnier M, Bakris G, Williams B. Redefining diuretics 

use in hypertension: why selected renin angiotensin 

system blockers should be preferred. J Hypertens. 

2012;30(4):647-54. 

5. Siragy HM, Carey RM. Role of the intrarenal renin-

angiotensin-aldosterone system in chronic kidney 

disease. Am J Nephrol. 2010;31(6):541-50. 

6. Patel BN, Sharma N, Sanyal M, Shrivastav PS. 

Analytical methods for quantitative estimation of 

olmesartan medoxomil in pharmaceutical 

formulations: a review. J Pharm Anal. 2012;2(1):1-

8. 

7. Bhatt KD, Makwana DD, Roychowdhury A, Bhatt 

DK. Development and validation of RP-HPLC 

method for simultaneous estimation of olmesartan 

medoxomil and amlodipine besylate in combined 

tablet dosage form. Int J Pharm Sci Res. 

2011;2(6):1502-8. 

8. Naveen Kumar M, Kiran Kumar P, Rajeswari Y. 

Development and validation of RP-HPLC method 

for the simultaneous determination of olmesartan 

medoxomil and hydrochlorothiazide in tablet 

dosage form. J Pharm Res. 2011;4(8):2739-42. 

9. Patel RP, Patel G, Baria A. Development and 

validation of a stability-indicating HPLC method for 

olmesartan medoxomil. Anal Chem Insights. 

2010;5:19-31. 

10. White WB, Weber MA, Sica D, Bakris GL, Perez A, 

Cao C, et al. Effects of the angiotensin receptor 

blocker azilsartan medoxomil versus olmesartan 

and valsartan on ambulatory and clinic blood 

pressure. Hypertension. 2011;57(3):413-20. 

11. Desai A, Bhatt KD. RP-HPLC method development 

and validation for azilsartan medoxomil in bulk and 

tablet dosage form. Pharm Methods. 2013;4(2):79-

83. 

12. Babu GN, Reddy YS, Kumar A. Development and 

validation of stability indicating HPLC method for 

azilsartan medoxomil in pharmaceutical dosage 

forms. Int J Pharm Sci. 2013;5(4):893-900. 

13. Khuhawar MY, Zardari LA, Laghari AJ. Capillary 

gas chromatographic determination of angiotensin 

II receptor antagonists in pharmaceutical 

preparations. J Chromatogr B. 2008;873(1):15-20. 

14. International Conference on Harmonisation. Q2(R1): 

Validation of analytical procedures: text and 

methodology. Geneva: ICH; 2005. 

15.  International Conference on Harmonisation. 

Q1A(R2): Stability testing of new drug substances 

and drug products. Geneva: ICH; 2003. 

16. International Conference on Harmonisation. Q1B: 

Stability testing: photostability testing of new drug 

substances and drug products. Geneva: ICH; 1996. 

17. Anastas PT, Warner JC. Green chemistry: theory and 

practice. Oxford: Oxford University Press; 1998. 

18. Gałuszka A, Migaszewski Z, Namieśnik J. The 12 

principles of green analytical chemistry and the 

SIGNIFICANCE mnemonic of green analytical 

practices. TrAC Trends Anal Chem. 2013;50:78-84. 

19. Tobiszewski M, Marć M, Gałuszka A, Namieśnik J. 

Green chemistry metrics with special reference to 

green analytical chemistry. Molecules. 

2015;20(6):10928-46. 

20. Pena-Pereira F, Wojnowski W, Tobiszewski M. 

AGREE—analytical GREEnness metric approach 

and software. Anal Chem. 2020;92(14):10076-82. 

21. Nowak PM, Wietecha-Posłuszny R, Pawliszyn J. 

White analytical chemistry: an approach to 

reconcile the principles of green analytical 

chemistry with the analytical figures of merit. TrAC 

Trends Anal Chem. 2021;138:116223. 

22. Raynie DE, Driver JL. Green assessment of chemical 

methods. In: Proceedings of the 13th Green 

Chemistry and Engineering Conference; 2009 Jun 

23-25; College Park, MD. 

23. Vidal L, Chisvert A, Canals A, Salvador A. Eco-scale 

scoring of liquid chromatographic analytical 

methods. J Chromatogr A. 2010;1234:99-109. 

24. Keith LH, Gron LU, Young JL. Green analytical 

methodologies. Chem Rev. 2007;107(6):2695-708. 

25. Hartman R, Helmy R, Al-Sayah M, Welch CJ. 

Analytical method development using green 

chemistry principles. J Chromatogr A. 

2011;1218(49):8693-701. 

26. Singh DK, Yadav RK, Chaudhary A. Development 

and validation of reversed-phase HPLC method for 

simultaneous estimation of olmesartan medoxomil 

and azilsartan medoxomil. Asian J Pharm Clin Res. 

2017;10(5):275-9. 

27. Sahu PK, Ramisetti NR, Cecchi T, Swain S, Patro 

CS, Panda J. An overview of experimental designs 

in HPLC method development and validation. J 

Pharm Biomed Anal. 2018;147:590-611. 

28. Ahuja S, Dong MW. Handbook of pharmaceutical 

analysis by HPLC. Amsterdam: Elsevier; 2005. 

29. Snyder LR, Kirkland JJ, Glajch JL. Practical HPLC 

method development. 2nd ed. New York: Wiley; 

1997. 

30. FDA. Analytical procedures and methods validation 

for drugs and biologics: guidance for industry. 

Silver Spring: FDA; 2015. 

31. Ermer J, Miller JMH. Method validation in 

pharmaceutical analysis. Weinheim: Wiley-VCH; 

2005. 

32. Bansal G, Singh M, Jindal KC. Stress degradation 

studies and establishment of inherent stability of 

olmesartan medoxomil. Pharm Methods. 

2011;2(4):201-9. 

33. Raza K, Kumar P, Ratan S, Malik R, Arora S. 

Polymorphism: the phenomenon affecting the 



Development and Validation of Novel Stability Indicating Chromatographic Methods for Olmesartan Medoxomil and 

Azilsartan Medoxomil Using Green Solvents 

IJDDT Volume 16 Issue 64s 2026 Page: 137 

 

 

 

performance of drugs. SOJ Pharm Pharm Sci. 

2014;1(2):1-10. 

34. Nageswara Rao R, Nagaraju V. An overview of the 

recent trends in development of HPLC methods for 

determination of impurities in drugs. J Pharm 

Biomed Anal. 2003;33(3):335-77. 

35. Xue Y, Liu Y, Fan J, Chait BT. Automated tandem 

mass spectrometry analysis of protein mixtures. 

Anal Chem. 2010;82:1023-9. 

36. Singh S, Handa T, Narayanam M, Sahu A, Junwal 

M, Shah RP. A critical review on the use of modern 

sophisticated hyphenated tools in the 

characterization of impurities and degradation 

products. J Pharm Biomed Anal. 2012;69:148-73. 

37. Bakshi M, Singh S. Development of validated 

stability-indicating assay methods—critical review. 

J Pharm Biomed Anal. 2002;28(6):1011-40. 

38. Mao B, Lufei Z, He W, Bian B. Development and 

validation of a stability-indicating RP-HPLC 

method for azilsartan medoxomil with green 

solvents. J Chromatogr Sci. 2019;57(4):301-10. 

39. Bhavesh P, Alpesh P, Rajesh S. HPTLC method 

development and validation for simultaneous 

determination of ARBs in combined tablet 

formulations. J Liq Chromatogr Relat Technol. 

2016;39(7):341-50. 

40. Plackett RL, Burman JP. The design of optimum 

multifactorial experiments. Biometrika. 

1946;33(4):305-25. 

41. Karnes HT, March C. Precision, accuracy, and data 

acceptance criteria in biopharmaceutical analysis. 

Pharm Res. 1993;10(10):1420-6. 

42. Bhardwaj SP, Singh S. Study of forced degradation 

behaviour of ezetimibe by LC and LC-MS and 

development of a validated stability-indicating LC 

assay method. J Pharm Biomed Anal. 

2010;53(5):1073-80. 

43. European Medicines Agency. Guideline on the limits 

of genotoxic impurities. London: EMA; 2006. 

44. NEMI. National Environmental Methods Index. 

Available from: https://www.nemi.gov 

45. Sharma R, Iqbal A, Salman M, Khan MU. Green 

analytical chemistry and its applications in 

pharmaceutical analysis. Int J Pharm Sci Rev Res. 

2020;62(1):129-36. 

46. Wojnowski W, Tobiszewski M, Pena-Pereira F, 

Psillakis E. AGREEprep - analytical greenness 

metric for sample preparation. TrAC Trends Anal 

Chem. 2022;149:116553. 

47. Welch CJ, Wu N, Biba M, Hartman R, Brkovic T, 

Gong X, et al. Greening analytical chromatography. 

TrAC Trends Anal Chem. 2010;29(7):667-80. 

48. Strickland EC, Poole CF, Poole SK. Determination 

of system constants for characterization of reversed-

phase liquid chromatographic stationary phases. J 

Chromatogr A. 2014;1373:66-80. 

49. Marć M, Tobiszewski M, Zabiegała B, de la Guardia 

M, Namieśnik J. Current air quality analytics and 

monitoring: a review. Anal Chim Acta. 2013;789:1-

17. 

50. Singh M, Singh G, Chaudhary A. Simultaneous 

stability-indicating HPLC assay of olmesartan 

medoxomil and azilsartan medoxomil using 

ethanol-water mobile phase: a green approach. J 

Pharm Anal. 2022;12(4):611-22. 

https://www.nemi.gov/

