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Chapter 1  

Introduction 

The pharmaceutical industry is expanding daily intending to develop new drugs extracted 

from natural substances or synthesized chemically. But one thing always remains constant, 

the products obtained or manufactured must be as pure as possible. Consequently, purity has 

always been regarded as crucial in ensuring drug quality1. 

During manufacturing processes such as chemical synthesis, extraction of natural products, 

isolation from cell culture or during storage of drug substances, impurities may be formed2. 

Impurity is "any part of a pharmaceutical product that is not the chemical entity defined as 

the active pharmaceutical ingredient (API) or the excipient"3. The International Council for 

Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) 

categorizes impurities broadly into three groups: organic impurities, inorganic impurities, 

and residual solvents. They may be produced during production or storage and mainly 

comprise of starting material, by-products, and degradation products (DPs)4. 

Impurities are detrimental to the patient and can have adverse effects, e.g., they can act as 

inhibitors of the cytochrome P450 family of enzymes essential for detoxification or can be 

hepatotoxic, causing liver damage. Additionally, certain impurities (genotoxic) may cause 

mutations in genetic material. Genotoxic impurities have been suggested to play a crucial 

role in carcinogenesis and mutagenesis. The mutagenic carcinogen is detected using 

bacterial reverse mutation (mutagenicity ) assay5-10.  

Because  the drug impurities significantly threaten public safety. Regulatory agencies have 

developed specific guidelines to address concerns about them. Guidlines Q3A(R2), 

Q3B(R2), and Q3C(R7) are developed by ICH for controlling impurities in the products for 

human use. These guidelines explain the various thresholds for reporting, identifying, and 

qualifying impurities in new drug substances and products. Qualifying an impurity involves 
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evaluating the biological safety of the impurity through clinical studies. Higher or lower 

qualification thresholds for a compound can be set based on the level of concern and 

scientific rationale. For instance, a lower qualification threshold may be required if the 

impurity present has the propensity to cause adverse drug reactions. However, these 

guidelines don’t specifically mention genotoxic impurities11-13.  

The issue pertaining to genotoxic impurities is addressed separately in the ICH M7    

guideline 14. This guideline segregates the synthetic impurities and the degradation products 

into separate classes (I-IV) based on mutagenic and carcinogenic potential. The guidelines 

state that for impurity qualification, computational toxicology must be performed using 

QSAR (quantitative structure-activity relationship). Ideally, two QSAR methods should be 

used for predictions in combination for the best results. One methodology must be expert 

rule based while the second should be statistical based. These QSAR models should be 

validated based on the tenets set by Organisation for Economic Co-operation and 

Development (OECD). The absence of structural alerts from the complementary QSAR 

methods is sufficient to pass the impurity as one of no mutagenic concerns. The committee 

for medicinal products for human use (CHMP) of the European Medicine Agency had also 

established a guideline for limiting genotoxic impurities, which was in force from 1st January 

2007 to 31st January 2018. At present, the ICH M7 guideline has superseded it15.  

The Centre for Drug Evaluation and Research (CDER) of the US Food and Drug 

Administration (US-FDA) has developed its guideline to address the issue of genotoxic 

impurities in commercially available drug formulations for human use 16. This guideline 

states that the Drug Master File (DMF) holder or the Abbreviated New Drug Application 

(ANDA) applicant should give a sound rationale for selecting an acceptance criterion for an 

impurity. It further states that any impurity present in the drug substance that meets the USP 

specification or has been evaluated by in-vitro genotoxicity studies or evaluated with an 

acceptable QSAR database program is deemed qualified for ANDAs. This guideline 

classifies impurities based on their ability to cause genotoxicity: Class 1 impurities are those 

that are known to be both genotoxic and carcinogenic; Class 2 impurities are those that are 

known to be genotoxic but may not be carcinogenic; Class 3 an alerting structure that is 

unconnected to the API's structure and has an undetermined level of genotoxicity. Class 4 

an alerting structure that is connected to the API. Class 5 no alerting structure or sufficient 

proof that there is no genotoxicity. The US-FDA guideline also offers a qualification 
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technique based on the threshold for toxicological concern (TTC) concept and the permitted 

daily intake (PDI). 

Impurity profiling is a method for identifying, characterizing, and qualifying drug   

impurities17. This technique separates the drug from impurities using high-performance 

liquid chromatography (HPLC) or thin-layer chromatography (TLC). The RP-HPLC is the 

most widely used analytical tool for separating and quantifying impurities and is frequently 

coupled with a UV detector. At the same time, nuclear magnetic resonance (NMR) studies 

and mass spectrometry18 are used for characterization. With the advent of the hyphenated 

techniques liquid chromatography can be conjugated with mass (LC-MS, LC-MS/MS) and 

NMR (LC-NMR), making the characterization of impurities a less tedious process.  

According to ICH guideline Q1A (R2), stress studies or forced degradation studies can assist 

in identifying potential degradation pathways. It involves exposing the drugs to various 

stress conditions specified in the guideline, such as hydrolytic (acid, base, neutral), 

oxidative, thermal, and photolytic, to simulate environmental stress conditions the drug may 

be exposed throughout its life cycle19-20. 

According to the FDA guidelines, the stability-indicating method (SIM) is an analytical 

technique used to quantify degradation. A stability-indicating method is a validated 

quantitative analytical technique that can be used to determine how the stability of drug 

substances and drug products changes over time. Additionally, a stability-indicating 

approach is precisely used to monitor changes in the concentration of the active components, 

even if there is no involvement of additional degradation products, contaminants, or 

excipients21.  

Various in-silico tools can be used to evaluate the absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) of a drug due to the rapid increase in the processing power 

of computers. Many computational approaches have been developed for predicting 

compounds' pharmacokinetic and toxicity properties based on the chemical structure like 

QSAR (major approach), similarity search, ligand-protein docking, and pharmacophore 

modelling. However, many of these tools are not free, limiting their utility for the scientific 

community. However, some are freely available for predicting ADME properties like 

pkCSM and SwissADME.   
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To predict mutagenicity there are two categories of tools 1) Rule-based or empirical expert 

systems and 2) statistical or QSAR-based systems. The DEREK and ToxTree (open-source) 

software packages employ the former method, whereas MultiCase and SciQSAR employ 

the latter. Ideally, both methods should be employed to validate potential mutagenic 

structural alerts in the chemical structures of impurities22-24.  

1.0. Prelude to the thesis 

This thesis has eight chapters 

Chapter 1: Introduction 

This chapter mainly provides an overview of the drug impurities and the various regulatory 

guidelines pertaining to impurities. The overview also extends to other subjects like impurity 

profiling, forced degradation studies, stability-indicating assay methods and the in-silico 

approaches to predict ADMET properties.  

Chapter 2: General Literature Survey 

This chapter discusses impurity profiling, the role of stress studies in impurity profiling, and 

regulatory requirements. It also emphasizes developing and validating a stability-indicating 

HPLC method, characterization of degradant products by LC-MS and LC-MS/MS, and use 

of in-silico methods in predicting ADMET properties.  

Chapter 3: Research Envisage 

This chapter presents the aim and comprehensive plan of the current research work. 

Chapter 4, Chapter 5, Chapter 6 and Chapter 7  

Chapters 4 to 7 describes designing and development of research work related to impurity 

profiling of four drugs - pimozide, felbamate, haloperidol, and riociguat. Each of the four 

chapters represents the development and optimization of stability-indicating assay method 

using forced degradation studies, characterization of the degradation products (DPs) using 

LC-MS and LC-MS/MS, and their in-silico ADMET predictions. 

Chapter 8 

This chapter provides a summary and discussion of entire research work.  
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Chapter 2 

General literature survey 

 

General literature survey is segregated into the following parts. 

2.0. Impurity profiling. 

2.1. Introduction to stability indicating assay method (SIAM). 

2.2. Instrumentation, parameters related to HPLC method development, mass and tandem 

mass spectrometry. 

2.3. In-silico methods for predicting ADMET.  

 

2.0. Impurity profiling 

According to the ICH, impurity profiling is defined as “description of the known and 

unknown impurities present in a new drug substance. Impurity profiling involves the 

analytical activities that are used in detecting, identifying, or characterizing the chemical 

structure and quantitatively estimating the inorganic, organic impurities and the residual 

solvents present in the bulk drug and the finished dosage form.   

Drug impurities are often termed as “pollutants” of the pharmaceutical world. During the 

synthesis of API, many starting material, intermediates, or reagents makes its way into 

ultimate drug substance. Few of these remain in the drug substance as impurities in low 

levels. These impurities may possess toxic properties and may pose safety risks. Impurities 

may also arise during storage when exposed to environmental conditions. The quality of the 

drug substance is considered compromised in purity even if the impurity present has better 
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pharmacological or toxicological properties. Any foreign material present in the drug 

substances has to be considered as impurity, whether inert or having superior 

pharmacological properties.  

ICH has formulated practical guidelines for impurity control. Different compendias have 

already established acceptable impurity levels for APIs and formulations. This has increased 

the demand for impurity reference standards and API reference standards among regulatory 

authorities and pharmaceutical companies. Interestingly, quite a few companies have begun 

the synthesis and marketing pharmacopoeia-reference impurity standards.  

ICH in their guideline Q3A(R2) have segregated impurities and have provided threshold for 

reporting, identification, and qualification based on the daily dose of the drug. Reporting 

threshold is a limit above which the presence of the impurity must be reported. Identification 

threshold is the limit above which the impurity must be identified whereas, qualification 

threshold defines the limit above which the biological safety of the impurity has to be 

established. This guideline has provided the essential framework to establish the impurity 

profile of a drug substance.   

Historically, the purity of a drug was determined by the percentage of the labelled amount 

of API found in it using a suitable analytical method. Nowadays, the purity of a drug is 

determined by monitoring impurities, even if they do not affect the labelled content. As a 

result, everyone is required to perform impurity profiling for drugs and drug products in 

order to ensure their purity and comply with regulatory requirements6, 25-27. 

 

2.0.1. Impurity 

The ICH guideline Q3A (R2) states under glossary that an impurity as “any component of 

the new drug substance that is not the chemical entity defined as the new drug substance. 

This definition of impurity is considered broad enough to encompass degradation products 

(DPs) as impurities. However, ICH to make matters explicit in its guideline Q3B(R2) has 

defined degradation product as “an impurity that is formed due to a chemical transformation 

in the drug substance during manufacturing or storage of the finished dosage forms by 

exposure to light, temperature, pH, water or by reaction with excipients or the immediate 

container closure system.  
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2.0.2. General terminologies used to describe impurities 

Impurities have been called by different names by the several groups of scientists who have 

come across them. Some of the general terms used to describe impurities are mentioned 

below28-29. 

By-products 

By-products are the unsolicited compounds that are formed during the chemical synthesis 

of an API.  

Degradation products 

This are the compounds that are formed due to decomposition of the API due to exposure to 

the environmental conditions, excipients, or the container closure system. 

Interaction products  

Interaction products are formed due to deliberate or inadvertent interactions between the 

various chemical involved. 

Intermediates   

The planned compounds formed while the synthesizing an API are called as intermediates. 

Penultimate intermediates  

Penultimate intermediates are the last preceding compounds to the final desired compound 

in the chemical synthesis process. 

Related products    

Related impurities have chemical structure similar to the drug substance and may possess 

potentially similar biological activities.  

Transformational products 

They are the theorized and the non-theorized products that may be formed during chemical 

reactions. Transformational products are more comparable to the by-products.  
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2.0.3. Compendial terminologies used to describe impurities 

The USP-NF mentions impurities under various sections: 

• Impurities in official articles. 

• Ordinary impurities. 

• Organic volatile impurities (OVI).   

The idea of purity varies from one time period to another. This is due to the advancement in 

the analytical chemistry. What is deemed as pure now might be considered impure in the 

future if new methodology is established to determine the minute quantities of other 

components like inorganic, organic, biochemical or polymeric substances. Pharmacopeia 

uses the following terms for impurities.  

Concomitant components 

Concomitant impurities are the geometric or the optical isomers of the API. These isomers 

might have different pharmacological and toxicological properties.  

Thalidomide was sedative hypnotic that was used in the treatment of morning sickness in 

pregnant women. However, its use resulted in a condition called as phocomelia (limb 

malformation) in infants. Investigations revealed that thalidomide exist as a racemic mixture 

of (R) and (S)- enantiomers. The (R)- isomer had sedative effect while the (S)- isomer was 

teratogenic.  

Foreign substances 

They are contaminants or adulterants that present in the API.   

Ordinary impurities 

These impurities are present in bulk drug but they do not have any adverse biological 

activity. 

Organic volatile impurities  

Organic volatile impurities are the organic solvents which are used in the chemical synthesis 

that remain in trace amounts in the final product.  
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Signal impurities 

Signal impurities must be identified and quantified. They can be either process impurities or 

DPs that provides a great deal of information about the process.  

Toxic impurities 

These impurities have adverse effects and hence, requires identification and quantification 

by explicit tests.  

 

2.0.4. ICH terminologies used to describe impurities 

ICH classifies impurities into three categories.  

Organic impurities  

Organic impurities include process impurities, starting material, DPs and the reaction 

intermediates. 

Inorganic impurities 

Inorganic impurities include salts, catalyst, ligands, heavy metals or residual metals. 

Residual solvents 

These includes the organic and the inorganic solvents used during the chemical synthesis, 

Purification, or recrystallization. The organic solvents are classified in the ICH Q3C(R8) 

into the following types.  

Class I 

These includes Environmental hazards, known human carcinogens, and strongly suspected 

human carcinogens. 

Class II 

Animal carcinogens that are not genotoxic or potential agents of other irreversible toxicity, 

such as neurotoxicity or teratogenicity. 
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Class III 

Solvents with low toxicity to humans; no exposure limit based on health is required. Class 

3 solvents have PDE levels of at least 50 mg per day. 

 

2.0.5. Identification and qualification threshold for impurities 

ICH addresses the questions pertaining to drug stability and impurities in the following 

guidelines.  

Q1A(R2) Stability testing of new drug substances and products.  

Q1B Stability testing: photostability testing of new drug substances and products. 

Q3A(R2) Impurities in new drug substances.  

Q3B(R2) Impurities in new drug products.  

Q3C(R8) Impurities: Guideline for residual solvents.  

Q6A Specifications: test procedures and acceptance criteria for new drug substances and 

new drug products: chemical substances. 

In the Q3A (R2) and Q3B (R2) guidelines, ICH specifies the identification and qualification 

thresholds for impurities and degradation products. The specifications are listed in the table 

below. 

Table 2.1.4.1: Different Thresholds for impurities in drug substance 

Maximum 

daily dose1 

Reporting 

Threshold2, 3 
Identification threshold c Qualification threshold c 

 2 g/day 0.05% 
0.10  %   or  1.0  mg/day 

intake (whichever is less) 

0.15  %   or  1.0  mg/day 

intake (whichever is less) 

> 2 g/day 0.03% 0.05% 0.05% 

1 The amount of drug substance administered per day 
 2 Higher reporting thresholds should be scientifically justified  
3 Lower thresholds can be appropriate if the impurity is unusually toxic 
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Table 2.1.4.2: Different Thresholds for Degradation Products in New Drug Products 

Maximum daily dose1 Reporting threshold 2,3 

1g 0.1% 

> 1g 0.05% 

Maximum daily dose1 Identification threshold 2,3 

< 1 mg 1.0% or 5g TDI, whichever is lower 

1 mg – 10 mg 0.5% or 20g TDI, whichever is lower 

> 10 mg – 2 mg 0.2% or 2mg TDI, whichever is lower 

> 2 mg 0.10% 

Maximum daily dose1 Qualification threshold 2,3 

< 10 mg 1.0% or 50g TDI, whichever is lower 

10 mg – 100 mg 0.5% or 200g TDI, whichever is lower 

>100 mg – 2 g 0.2% or 3 mg TDI, whichever is lower 

> 2 g 0.15% 

1 The amount of drug substance administered per day  
2 Thresholds for degradation products are expressed either as a percentage of the drug 

substance or as total daily intake (TDI) of the degradation product. Lower thresholds can be 

appropriate if the degradation product is unusually toxic. 
3 Higher thresholds should be scientifically justified. 

 

 

2.0.6. Isolation of impurities28 

The best strategy for separation depends on the type and complexity of the impurities. 

Resolution of all the target impurities is the main objective of an effective separation 

technique. The following techniques are mainly used in separation of impurities and the 

degradation products.  

• Capillary electrophoresis (CE) 

• Chiral separations  

• Gas chromatography (GC)  

• High-performance liquid chromatography (HPLC) 
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• Supercritical fluid chromatography (SFC)  

• Thin-layer chromatography (TLC) 

Impurities can be isolated using chromatographic and non-chromatographic techniques. 

Basic isolation techniques should be prioritised because they can result in significant time 

savings and make it easier to create bigger quantities of materials. A chromatographic 

approach needs to be used initially if the component of interest needs to be separated from 

a complicated mixture. 

Several factors, including the complexity of the mixture, the impurity's chemical makeup, 

and the needed amount of the impurity, must be taken into account while choosing the best 

method for impurity isolation. Liquid-liquid extraction can be used as the initial option when 

a small number of impurities are present and their polarity or pKa is sufficiently different 

from that of API. Aqueous solutions make up one phase of a liquid-liquid extraction, while 

nonpolar organic phases make up the other. Acidic, basic, or neutral impurities can be 

removed by properly adjusting the pH of the aqueous solution. 

Due to their higher separation effectiveness, chromatographic techniques including thin 

layer chromatography (TLC) and column chromatography can be utilised successfully for 

the isolation of impurities. Preparative HPLC is the technique of choice for isolation when 

the impurities and API are closely related and present in low quantities. Little quantities of 

chemicals can also be produced through capillary electrophoresis. This method has, 

however, been applied in micro-preparative applications. 

In certain cases, supercritical fluid chromatography has shown its merit in resolving 

impurities thus its application as an isolation technique. As the mobile phase is gaseous, It 

can be easily removed from the separated fractions. 

 

2.0.7. Characterization of impurities28 

According to the ICH guidelines identification of impurities are essential when it crosses the 

identification threshold. Characterization of impurities can be done by various spectroscopic 

methods like Ultraviolet spectrophotometry (UV), Infrared (IR), Mass spectrometry (MS) 

and Nuclear magnetic resonance (NMR).  
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UV spectrophotometry (UV) at a single wavelength provides the least amount of analysis 

selectivity; but, with the availability of diode array detectors nowadays, it is possible to 

acquire enough information simultaneously at different wavelengths to ensure improved 

accuracy. 

Infrared spectrophotometry (IR) provides detailed information about some functional groups 

that enable selectivity,  

The measurement of dispersed electromagnetic radiation brought on by irradiating materials 

is the foundation of Raman spectroscopy.  Raman spectroscopy is seen as complementary 

to IR spectroscopy. The two methods give a complete vibrational image of a material. Due 

of its relative complexity, and high instrumentation costs, Raman spectroscopy is not as 

frequently utilised for identification as IR spectroscopy. Raman spectroscopy is a very 

potent method for identifying the presence of polymorphs. 

NMR spectroscopy is a useful method for the characterization of low-level impurities and 

degradation products since it is non-destructive and non-invasive. NMR can also be viewed 

as being almost a universal detector for hydrogen, carbon, and other magnetically active 

nuclei.  

Mass spectrometry provides information about the molecular weight of the substance which 

can help estimate the structure of a molecule based on fragmentation patterns. 

New options for monitoring, characterization, and quantifying drugs and impurities from 

pharmaceutical goods have been made possible by improvements in the design and 

effectiveness of the interfaces that directly connect separation techniques with NMR and 

mass spectrometers. hyphenated approaches like LC-NMR, LC-MS/MS, and LC-DAD-

NMR-MS significantly reduce the amount of time required for characterization. 

 

2.1. Introduction to stability indicating assay method (SIAM)30-32 

With the introduction of ICH, USP-NF US-FDA, WHO, Japanese pharmacopoeia (JP), 

National health surveillance agency (ANVISA), and European medicines agency (EMA) 

guidelines, the requirement for establishing stability-indicating assays became more explicit. 

These guidelines require the execution of forced degradation studies under a variety of 
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conditions, including pH, light, oxidation, dry heat, etc., as well as the separation of drug 

substance from degradation products. 

Stability indicating assay method is defined as “a validated quantitative analytical procedure 

that can detect the changes with time in pertinent properties of drug substance and drug 

product. Generally, there are two stages in validating a stability-indicating method. First 

stage is during the initial development of the drug substance. During this stage, the drug is 

subjected to stress studies and based on the drug degradation behaviour a stability indicating 

assay method is established. The focus of validation in this stage is determination of 

specificity/ selectivity, accuracy, range and robustness. The method developed during this 

stage is frequently used in the analysis of the stability samples of the bulk drug. In the second 

stage, the developed stability-indicating method is extended to the analysis of formulations. 

The purpose of this, is to prove the validity of the method in presence of excipients and other 

formulation constituents. Important validation parameters such as selectivity, specificity, 

accuracy, and precision are revalidated here. 

 

2.1.1. Forced degradation Studies30-32  

Forced degradation studies are also referred to as stress studies or stress degradation studies. 

Forced degradation studies involves exposing the API to conditions like light, heat, 

hydrolysis, and oxidation to facilitate its degradation by chemical or physical means. Formal 

Stress (stability) studies are mainly classified into three types; long term, intermediate and 

accelerated. Long term studies are carried for 12 months while intermediate and accelerated 

for 6 months. However, the main issue with these studies is that it takes a substantial amount 

of time. Forced degradation studies provides an alternative approach for faster generation of 

degradation products. Further, the stability indicating method developed during the forced 

degradation studies can be used for analysis of the stability samples.  

Forced degradations studies are usually carried out to achieve the following objectives: 

• It helps in determination of the drug degradation pathways. 

• It aids in segregation of DPs that are formed from the API from those that are formed 

from the excipients in the formulation.  

• To characterize the structure of DPs 
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• It reveals the susceptibility of the API to conditions like the hydrolysis, oxidation, 

thermolysis and photolysis. 

• It is used to develop stability indicating assay method.  

• It helps in formulation of better dosage forms.  

• It aids in the formal stability studies.  

According to the FDA guidelines, stress testing must be performed in the Phase III of the 

regulatory submission process. However, doing stress studies during the preclinical or Phase 

I of the clinical studies is beneficial as it provides sufficient time for optimizing the stress 

condition and characterization of the DPs. Moreover, an early stress study provides 

opportunity to give feedback for the improvement in the manufacturing process and 

selecting the ideal stability-indicating assay method.  

 

2.1.2. Practical approach for the conduct of forced degradation studies30-33 

Forced degradation studies should be performed in a manner to produce 5 % to 20% 

degradation. This can be achieved by varying the intensity and the duration of these studies. 

It not mandatory for the forced degradation studies to form DPs. The study can be stopped 

if no DPs are observed after the API or the drug formulation have been exposed to the stress 

conditions than those mentioned in the accelerated stability studies as this is more or less 

indicative of the stability of API. Overstressing the API may form secondary degradation 

products that might not be actually seen during the long term or the accelerated stability 

studies. On the other hand, under stressing can result in little degradation of API due to 

which no DPs are observed. The conditions mostly used to conduct the forced degradation 

studies is seen in the table 2.1.2.1.  
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     Table 2.1.2.1: Recommended conditions for conduct of forced degradation studies   

 

Degradation type Experimental conditions Storage Sampling time (days) 

Hydrolysis 

Control API (no acid or base) 

0.1 N / 1 N HCl 

0.1 N/ 1 N NaOH 

Acid control (no API) Base 

control (no API) pH: 2,4,6,8 

40 ℃, 60 ℃,  

40 ℃, 60 ℃,  

40 ℃, 60 ℃,  

40 ℃, 60 ℃,  

40 ℃, 60 ℃,  

1,3,5 

Oxidation 

3% H2O2 

Peroxide control 

Azobisisobutyronitrile (AIBN) 

AIBN control 

25 ℃, 60 ℃,  

25 ℃, 60 ℃,  

40 ℃, 60 ℃,  

40 ℃, 60 ℃,  

1,3,5 

Photolytic 

ICH Q1B mandated dose of 

light. 

Light control 

NA 

NA 
1,3,5 

Thermal 

Heat chamber 

Heat chamber 

Heat chamber 

Heat chamber 

Heat control 

60 ℃ 

60 ℃/75% RH 

80 ℃ 

80 ℃/75% RH 

RT 

1,3,5 
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Few chemists have found it to useful to begin with extreme conditions like using higher 

strength of acids or bases and using higher temperature (80 ℃ or higher temperature) and 

testing for shorter durations (2, 5, 8, 24 h).  

In a different approach, degradation is initiated by considering the drug substance to be labile 

and carrying out degradation under the conditions listed in table 2.2.2.1. Then, the level of 

stress would be increased or decreased to achieve adequate degradation. This strategy is 

superior to the harsher conditions and shorter time approach for the following reasons: There 

is a practical difficulty in neutralising or diluting every sample that contains a high 

concentration of reactants, e.g., acid or base, before an injection can be made on the HPLC 

column, as harsh conditions may alter the mechanism of reaction. Both of these arguments 

are sufficient to suggest that the drug should be degraded under conditions as close to natural 

as possible.  

It is very important to carry out stress studies at a proper drug concentration. Its 

recommended that the degradation studies should be conducted at a concentration of 1 mg/ 

mL in order to get even minor DPs in the range of detection.  

 

2.1.3. Degradation conditions30-33  

Hydrolytic conditions 

Hydrolysis is one of the most prevalent chemical reactions of degradation over a broad pH 

range. Hydrolysis is a chemical process involving the disintegration of a chemical compound 

through its reaction with water. Ionizable functional groups present in the molecule are 

catalysed during hydrolytic study under acidic and basic conditions. Acid or base stress 

testing involves the forced degradation of a drug substance through exposure to acidic or 

basic conditions, which generates desirable levels of primary degradants. The choice of acid 

or base type and concentration depends on the drug substance's stability. Suitable reagents 

for hydrolysis include hydrochloric acid or sulfuric acid (0.1 N/ 1 N) for acid hydrolysis and 

sodium hydroxide or potassium hydroxide (0.1 N/ 1 N) for base hydrolysis. If the 

compounds to be subjected to stress testing are insoluble in water, co-solvents can be utilised 

to dissolve them in HCl or NaOH. The selection of co-solvent depends on the structure of 

the drug substance. Normal stress testing begins at room temperature, and if there is no 

degradation, elevated temperatures (50–70 °C) are applied. The duration of stress testing 
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should not exceed seven days. The degraded sample is neutralised with an appropriate acid, 

base, or buffer to prevent further degradation. 

Oxidation conditions 

The first-choice stressor to carry out the oxidative degradation stress study is hydrogen 

peroxide. However, other oxidising agents, such as metal ions, oxygen, and radical initiators 

(e.g., azobisisobutyronitrile) can also be utilised for the oxidation of drug substances in 

forced degradation studies. The selection of an oxidising agent, its concentration, and 

conditions depend on the active pharmaceutical ingredient. Ideally, subjecting the drug 

solution to 0.1–3.0% hydrogen peroxide at neutral pH and room temperature for seven may 

generate relevant degradation products. Oxidative degradation of a drug substance occurs 

via an electron transfer mechanism which results in formation of anions and cations. The 

electron transfer oxidation of amines, sulphides, and phenols produces N-oxides, 

hydroxylamine, sulfones, and sulfoxide. The functional group containing labile hydrogen, 

such as benzylic carbon, allylic carbon, and tertiary carbon, or positions relative to the hetero 

atom, has propensity for oxidation to form hydro peroxides, hydroxide, or ketone. 

Photolytic conditions 

The photostability testing of pharmaceutical substances must demonstrate that exposure to 

light does not result in an unacceptable change. Photostability studies involves exposing the 

drug to UV or fluorescent light to form the DPs. The ICH (Q1B) guideline specifies a 

minimum of 1.2 million lux h and 200 W h/m2 of light must be applied to a drug substance 

in solid or liquid state. The most accepted range of light wavelengths for photolytic 

degradation is between 300 and 800 nanometres. Conditions of light stress can induce photo-

oxidation via the free radical mechanism. Carbonyls, nitroaromatics, N-oxides, alkenes, aryl 

chlorides, weak C–H and O–H bonds, sulphides, and polyenes are functional groups that are 

likely to introduce drug photosensitivity. 

Thermal degradation  

Thermal degradation (e.g., dry heat and wet heat) should be conducted under more rigorous 

conditions than those recommended by ICH Q1A. Solid drug substances and drug products 

should be exposed to both dry and moist heat, whereas liquid drug products should be 

exposed to only dry heat. The Arrhenius equation used to study the effect of temperature on 

the thermal decomposition of a substance is as follows.  
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𝐾 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  

 

Where k is the reaction rate, A is frequency factor, Ea   is activation energy and R is gas 

constant. Ideally, the thermal degradation study has to be conducted in-between 40–80 ℃.  

 

2.1.4. Development of a stability indicating method31,34  

Various titrimetric, spectrophotometric, and chromatographic methods are reported in the 

literature for analysing stability samples.  

The objective of the majority of titrimetric and spectrophotometric techniques is to analyse 

the drug of interest separately from excipients, additives, DPs, and impurities. The only 

advantages of these methods are their low cost and ease of use. However, due to limitations 

in specificity, stability-indicating methods are scarcely reported. 

Because of their superior accuracy and sensitivity in the separation of multiple components, 

chromatographic methods have surpassed conventional methods of analysis. Thin-layer 

chromatography (TLC), high-performance thin-layer chromatography (HPTLC), gas 

chromatography (GC), and high-performance liquid chromatography (HPLC) are some of 

the chromatographic techniques that have been utilised. Among these TLCs is 

straightforward method. However, its variable and non-quantitative nature limit its use as a 

foundational technique for SIAM development. Nonetheless, it is used extensively in the 

early stages of development to determine the number of degradation products formed, to 

identify degradants by comparing them to a standard, and to even isolate these products. 

HPTLC eliminates the drawbacks associated with TLC. It is dependable, quick, and precise 

for quantitative drug analysis. In addition, many samples can be analysed simultaneously 

using a small amount of mobile phase, which reduces the time and cost associated with 

analysis. Due to these benefits, a substantial number of publications based on this technique 

have been published in the last decade35-37.  

GC can be utilised in the development of SIAM, but it is not a versatile or suitable technique 

for the analysis of volatile and thermostable substances. Due to this significant limitation, 

there are very few SIAM methods that utilise GC38-39. 
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In comparison to the aforementioned methods, HPLC is the most prevalent technique 

employed in the development of SIAM. Due to its high resolution, sensitivity, and 

specificity, it has become a widely used technique. Additionally, HPLC is capable of 

analysing thermally unstable, polar, and ionic compounds. Consequently, the majority of 

SIAMS have been developed using HPLC. It is also possible to increase the sensitivity of 

HPLC analysis by coupling it with a mass detector (LC-MS or LC-MS/MS) and NMR (LC-

NMR), which aids in the structural elucidation of unknown impurities. A small number of 

additional techniques, such as nuclear magnetic resonance spectroscopy (NMR) and 

capillary electrophoresis (CE), have been reported for the development of SIAM. 

 

2.1.5. Steps involved in development of SIAM30-32 

HPLC is the most predominant technique used in the development of SIAM. development 

of a SIAM requires good foresight along with systematic approach. It involves gathering of 

the physio chemical data for the drug, carrying out stress studies, developing and optimizing 

HPLC method for separation of DPs, and validation of the method as per the regulatory 

guidelines. The various steps involved in the development of SIAM is as follows.     

Step 1: An analysis of the drug's structure to determine its likely decomposition routes. 

Many of the new drugs are derivatives of a prototype drug molecules. Based on the reported 

degradation profile of the prototype drug, it is simple to predict the chemistry of degradation 

for the drugs derived from it. In case of a new chemical entity, depending upon the functional 

groups present, the most likely degradation products can be predicted.  

Step 2: Gathering information pertaining to the physio-chemical properties 

Before developing a HPLC method, it is essential to understand various physicochemical 

parameters, such as pKa, log p, solubility, absorptivity and wavelength of maximum 

absorbance.  

Knowledge of pKa is crucial because it affects the retention pattern of the drug whenever 

the pH of the mobile phase changes by ± 1.5 pKa units. Knowledge of the log p value for 

the drug and its degradants facilitates the selection of the ideal stationary phase. Solubility 

data in aqueous, organic, and commonly used HPLC solvents, as well as their combinations, 

is extremely useful for designing mobile phase. As most HPLC analyses are performed using 

UV detectors. The knowledge of the maximum wavelength and extinction of the drug and 
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degradation products in different solvents and at different pH levels aids in the development 

of absorbance-optimized chromatographic method. If the degradation product is unknown, 

with the aid of a photo diode array (PDA) detector, the wavelength maxima can be 

determined.  

Step 3: Forced degradation studies.  

Stress studies are conducted to produce potential degradation products. The ICH guidelines 

suggest the subsequent conditions for stress studies: 

1)  Thermal condition – 10 0C increments above accelerated temperatures (500C, 600C etc) 

2)  Humidity – 75% RH or greater when applicable 

3)  Hydrolysis – over an extensive pH range 

4)  Oxidation 

5) Photolysis – as per ICH Q1B guidelines 

Step 4: Development of RP-HPLC SIAM and its optimization 

The stress sample can be analyzed by employing the reverse phase octadecyl column and 

mobile phase used in the development of the drug's assay method. This run can be used to 

determine the number and type of degradation products. The final method is devised using 

the mixture of DPs formed during all the stress conditions. If there are problems with peak 

shape or separation, the mobile phase can be altered. The majority of the time, degradation 

results in the formation of both polar and non-polar degradants. Using a gradient-based 

program, these types of degradants can be separated. The wavelength for detection is 

determined by the spectral behavior of degraded samples. Adjusting the injection volume, 

column temperature, and flow rate can improve resolution. The retention time (RT) and 

relative retention time (RRT) are determined after proper separation. Special consideration 

is given to components whose RT or RRT are very close. These components' PDA spectra 

or LC-MS profiles are evaluated critically to determine whether the degradants are identical 

or distinct. 

Step 5: Identification and characterization of degradation products 

According to ICH, degradation products must be identified and qualified if they meet the 

thresholds for identification and qualification. Identifying degradants also aids in the 
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establishment of degradation pathways. Once the structure of the degradant has been 

determined, it can be synthesized and purified in order to serve as an impurity standard. 

In the past, degradant products were identified by isolating and characterizing them. The 

compound is characterized by subjecting it to spectral (UV, IR, NMR, and MS) and 

elemental analysis. Nonetheless, this method is laborious and time-consuming when 

multiple degradation products are produced. The modern strategy is to employ LC 

techniques coupled with mass spectrometry (LC-MS or LC-MS/MS) and nuclear magnetic 

resonance spectroscopy (LC-NMR). It offers a reasonable understanding of the chemical 

structure of degradants. 

Step 6: Validation of SIAMs 

The guidelines framed by the US-FDA, United States Pharmacopeia and the ICH are mainly 

followed for the HPLC method validation. According to the ICH Q2(R1) guideline, an 

SIAM has to be validated for accuracy, precision (repeatability and intermediate precision), 

specificity, linearity and range.  

2.1.5.1. Specificity and selectivity 

Developing a separation for chromatographic methods requires demonstrating specificity, 

which is the method's ability to accurately measure the analyte response in the presence of 

all potential sample components.  

However, there is lack in clarity in distinguishing the methods that measure quantitatively 

the analyte of interest in sample matrix without separation, and the methods where 

separation is achieved of the drug and the DPs.  The former approach is called as the stability 

specific while the latter is called stability-indicating. Unfortunately, sometime stability 

specific methods are referred to as stability indicating.  

Specific stability indicating methods is defined as “a method that can quantitate drug clearly 

in presence of impurities, excipients and additives that are expected to be present in the 

dosage form”. On the other hand, selective stability indicating method is “a method that can 

clearly quantitate the drug and the impurities in presence of the excipients and the additives 

that are present in the dosage form. Selective stability indicating method is both selective as 

well as specific while, specific method is usually not selective.  
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Specificity is measured by the resolution between the closely eluting peaks while the 

methods selectivity is expressed as the peak purity. Peak purity is mostly calculated by the 

data acquisition software by comparing the UV spectra obtained on the upslope, the apex, 

and the downslope. If the spectrums match then its deemed that the peak is pure.  

2.1.5.2. Accuracy 

The accuracy of an analytical method is the degree to which its test results correspond to the 

actual value. The accuracy of the method can be determined by using one of the following 

approaches.  

In the first approach, accuracy is determined by analyzing the sample and a known 

concentration of reference standard and comparing the measured value to the true value.  

The second approach is to compare the test results from the new method to those of an 

alternative, well-defined, and known-accurate procedure. 

The third approach involves spiking analyte into blank matrices and calculating the recovery 

(%). The analyte concentrations in the spiked samples are determined using the assay 

method.  

The fourth approach is called as the standard addition method. It is used to determine the 

recovery of an analyte that has been spiked. This method is utilized when it is not possible 

to prepare a sample matrix devoid of the analyte. 

In the case of SIAM, accuracy is typically determined by adding a known amount of drug 

to placebos or formulations and calculating the percent recovery. However, a more accurate 

method of determining accuracy is to determine the percentage of drug recovery by spiking 

the degradant sample. 

2.1.5.3. Precision 

Precision is a measure of closeness of results of an analytical method under normal 

circumstances to the true value.  It is expressed in terms of percent relative standard 

deviation (% RSD). According to the ICH, precision studies must be ideally carried out at 

three levels: repeatability, intermediate precision, and reproducibility.  

Repeatability (intra-day precision) measures the closeness of the results of the method over 

a short duration. Intra-day precision is calculated from a minimum of nine determinations 
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within a specified range (for instance, three concentration levels, three repetitions for each 

level). Intraday precision can also be calculated from a minimum of six determinations at 

100 % of the target concentration.  

Intermediate precision considers Variations within the laboratory due to random events, 

such as different days (inter-day precision), analysts, equipment, etc. In order to monitor the 

effects (if any) of the individual variables, an experimental design must be utilized when 

determining intermediate precision. 

Reproducibility is obtained by testing homogeneous samples in multiple laboratories and is 

frequently included in cross-laboratory studies. The evaluation of reproducibility results 

frequently places a greater emphasis on measuring bias than on identifying differences in 

precision alone. 

2.1.5.4. Linearity and range  

Linearity is the capacity of a method to generate test results proportional to analyte 

concentration within a given range, either directly or through a well-defined mathematical 

transformation. In addition to specifying a minimum of five concentration levels, the ICH 

guidelines also outline certain ranges. 

In practice, the linearity study should be tailored to the intended analytical technique. 

Linearity data is analyzed by regression analysis wherein area under curve of the analyte 

peak is plotted against the concentration. In general, a correlation coefficient of 0.999 

indicates an acceptable fit of the data to the regression line. 

Range is the interval between the highest and lowest levels of analyte which can can be 

established with precision, accuracy, and linearity using a suitable method. The Minimum 

specified range for assay is 80 to 120% of the target concentration. The minimum range for 

an impurity test is between the reporting level of each impurity and 120% of the 

specification. For content uniformity testing, the minimum range is between 70 and 130% 

of the test or target concentration, whereas for dissolution testing, the minimum range is 

20% over the specified test range. 

2.1.5.5. Robustness 

A method's robustness is its ability to remain unaffected by small, deliberate changes to its 

parameters. The robustness of a method is evaluated by varying method parameters such as 
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percentage of organic solvent, pH of buffer, column temperature, flow -rate, wavelength, 

etc. As stated in the ICH guidelines, robustness must be considered early on in the method 

development process. Moreover, if the results of a method or other measurements are 

susceptible to variations in method parameters, these parameters should be adequately 

controlled and a warning statement should be included in the method documentation. 

 

2.2. Instrumentation, parameters related to HPLC method 

development, mass, and tandem mass spectrometry 

2.2.1. High performance liquid chromatography (HPLC)40-42  

HPLC was developed sometime in later half of the nineteen century from the knowledge of 

other chromatographic techniques prevalent during that period especially, column 

chromatography. HPLC is based on similar mode of separation as column chromatography, 

i.e. adsorption, gel permeation, ion exchange, partition (including reverse-phase partition). 

However, it diverges from column chromatography in that the liquid phase is pumped 

through the stationary phase in high pressure. The primary advantage of the HPLC over the 

classical gravity fed column chromatography is the improved resolution, faster analysis, 

increased accuracy and precision with which the separated analytes can be quantified. 

2.2.1.1. Components of HPLC      

A modern HPLC system mainly consist of the following parts. 

Solvent reservoir  

Solvent reservoir is used for storage of sufficient quantities of HPLC solvents for continuous 

system operation. It can also be outfitted with an online degassing system and specialised 

filters to isolate the solvent from environmental influences. 

Pump 

Pump ensures the constant and continuous flow of the mobile phase throughout the system; 

the majority of modern pumps permit the controlled mixing of different solvents from 

separate reservoirs. 
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Injector 

Injector permits the introduction (injection) of the analytes mixture into the mobile phase 

stream before it enters the column; the majority of modern injectors are autosamplers, which 

permit the programmed injection of different sample volumes withdrawn from vials in the 

autosampler tray. 

Column  

The analytical column is the central component of an HPLC system. Generally, HPLC 

separation columns are composed of stainless steel and range in length from 50 to 250 mm 

with an internal diameter of 2 to 4.6 mm. The HPLC column packing particles are composed 

of silica or porous polymer. There are three available particle types for HPLC separations. 

(a) Microspeares that are completely porous, (b) micropellicular particles, and (c) perfusion 

particles. Particle size of HPLC column packing plays a crucial role in separation efficiency. 

For the majority of HPLC separations, micro spherical columns with a particle sizes of 3 to 

5 µm are sufficient.  

It is possible to coat, or graft, chromatographic support with another material to serve as the 

stationary phase. This is referred to as the bonded phase. The three most common bonded 

phases are C1, C4, and C18. The most popular of these are octyl (C8) and octadecyl (C18) 

modified adsorbents. With these adsorbents, nearly 80% of all HPLC separations have been 

developed. 

Detector 

This is a device for the continuous monitoring of specific physical (and sometimes chemical) 

properties of the effluent from a column. UV (ultraviolet) is the most common detector used 

in pharmaceutical analysis, as it permits monitoring and continuous registration of UV 

absorbance at a selected wavelength or across a range of wavelengths (diode array 

detection). Changes in absorbance are caused by the presence of analyte in the detector flow 

cell. A positive signal is obtained when the analyte absorbs more light than the background 

(mobile phase). 

Besides UV-visible detectors, other optical detectors used with HPLC include: refractive 

index detector (RID), evaporative light scattering detector (ELSD), luminescent and 

fluorescence/ phosphorescence.  
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2.2.1.2.  Design and development of HPLC method 

The current discussion focuses on the design and development of reversed-phase methods 

for the analysis of small organic molecules, as reversed-phase HPLC accounts for 60–80 

percent of these applications. 

2.2.1.3. Considerations before method development 

New analytical method development and validation is expensive and time-consuming. A 

thorough literature search should be done to find any current techniques for the intended 

analytes or related compounds before beginning the laborious process. Computerized 

searches of chemical abstracts and other pertinent databases, including compendial 

monographs, journal articles, manufacturer material, and the Internet, should be part of this 

process. Even though this search might not turn up a method that can be used right away, it 

frequently yields a starting point for method development or at the very least some helpful 

references. 

New analytical methods are needed because of the following: 

• Methods are not available, e.g., In the case of a new chemical entity (NCE) 

• Methods are not reliable, sensitive, or cost efficient. 

• New technique or instrumentation has better performance due to ease of use, 

automation, higher sensitivity and quicker turnaround. 

• Due to regulatory compliance an orthogonal method is required.  

2.2.1.4. Approach for Method Development 

A simple approach frequently used for HPLC development is as follows: 

1) Defining the method type (quantitative, qualitative, or preparative) and separation 

goals.  

2) Gather physiochemical properties of analyte of interest as well as other components 

(e.g., buffers, solvents, etc.) 

3) Initial “exploratory” or “scouting” runs to obtain the first chromatogram. 

4) Optimization of the HPLC method 

5) Method validation 
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2.2.1.4.1.  Best practices for HPLC method development in pharmaceutical analysis 

Some of the evolving trends in HPLC method development is listed below:  

• Use of modern instruments consisting of quaternary pumps, PDA detectors, 

modelling software, automated development systems and multicolumn selector 

valves.  

• Use of MS- compatible mobile phases for impurity analysis. 

• Use of a combined method for assay and impurity testing. 

• Phase-appropriate HPLC method development and method. 

• Use of secondary methods for complete separation of all impurities (process 

impurities and DPs). 

• Use of a single method for product of different strengths. 

• LC/MS/MS methods for trace analysis. 

2.2.1.4.2.  Defining the method type and separation goals 

HPLC method developed can be categorized into three categories. 

• Qualitative 

• Quantitative  

• Preparative 

A qualitative method serves as an identification test that confirms the presence or absence 

of certain analytes in samples by comparing the retention time and the UV spectra of the 

reference standard. Qualitative method is used to evaluate whether the level of the analyte 

is above or below a certain limit or to develop a chromatographic profile for comparative 

analysis.  

A quantitative method determines the concentration of the analyte in the sample. System 

calibration using an external standard is required. A quantitative method can also serve as 

qualitative method and used for identification of analytes in a sample. A quantitative method 

takes a lot of time and effort for development and validation. 

A preparative method finds application during isolation of analytes. This method uses a large 

diameter column with high flow rates. Method validation is not required for preparative 

method as their objective is isolation of purified compounds or enriched fractions.  
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2.2.1.4.3.  Method objectives  

Defining the method objectives are paramount in designing the ideal HPLC method. 

Parameters considered while designing the HPLC methods include resolution, precision, 

specificity, and sensitivity.  Ideally a pharmaceutical method should have a resolution of  ≥ 

1.5 from the closest eluting peak. Precision for retention time and area under peak should be 

less than 2. Linearity for the method has to be established in range of 50 to 150%. The other 

ideal characteristics of the method include analysis time (approx. 5-10 min), robustness, and 

low cost of analysis. 

2.2.1.4.4.  Collecting physiochemical properties of analyte and other components 

Literature survey should be caried out to obtain information pertaining to physiochemical 

properties of analyte like the molecular weight solubility, pKa, chromophore data, and log 

P. To develop appropriate guidelines on safe handling procedures, toxicology information 

and Material Safety Data Sheets (MSDS) should be gathered, if they are available. Any 

reference standard materials should have availability and purity verified. Certificates of 

analysis (COAs) should be obtained. Vendors can be a very useful source of relevant data, 

such as spectral data and reference chromatograms. 

Besides, information of the other components like the buffers, organic solvents must be 

gathered. Buffering capacity of the buffers used in mobile phase, UV-cut-off values are 

pertinent to developing a robust HPLC method.  

2.2.1.4.5.  Initial method development  

2.2.1.4.5.1.  Generating initial chromatogram 

The preferred condition for generating the initial chromatogram is described in the table 

2.2.1.4.5.1.1 

2.2.1.4.5.2.  Selection of detector 

For analytes with a reasonable UV absorbance, the UV / Vis detector (or the PDA detector) 

is the preferred option. Typically, the monitoring wavelength is set to the λmax  ( wavelength 

of maximum absorbance) of the analyte. For nonchromophoric analytes (with low or no UV-

Vis absorbance), only refractive index (RI) detectors and evaporative light scattering 

detectors can be used (ELSD). For ionizable analytes mass spectrometry can be used. For 

bioanalytical assay MS or MS/MS is the standard detector.  
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Table 2.2.1.4.5.1.1 : Ideal chromatographic conditions for scouting runs.  

Separation variable  Preferred initial choice 

Column 

Dimension  150 mm × 4.6 mm  

Particle size 5 µm / 3 µm 

Stationary phase C18 or C8 

Mobile phase 

Solvents A and B Buffer-acetonitrile  

% B 80-100% (gradient elution) 

Buffer (compound, pH, concentration) 80 

Additives (e.g., ion pair reagents) Not to be used during initial runs 

Flow rate 1.5-2.0 mL/min 

Column temperature 

Temperature  35-45 ℃ 

Sample size 

Volume < 25 µL 

Weight < 100 µg 

 

2.2.1.4.6.  HPLC method optimization  

The fundamental objective of the vast majority of chromatographic techniques is to achieve 

adequate resolution of all key analytes with sufficient precision and sensitivity in a 

reasonable amount of time. After determining the initial separation conditions, the next step 

is to fine-tune each parameter to achieve all of the necessary objectives. The method's 

specificity is evaluated by confirming the absence of interference from the procedural blank 

(diluent) or placebo sample (sample containing all formulation components except the active 

ingredient). In the case of impurity testing or forced degradation, peak purity of API is given 

significant consideration. Typically, peak purity is evaluated using PDA or MS. Often, an 

experienced method developer invests more time at this stage to reduce problems during 

method validation. The parameters modified at this stage include: 

• Mobile phase parameters — Percentage organic solvent (%B), buffer type and 

concentration, pH, solvent type 
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• Operating parameters — Flow (F), temperature (T), gradient range (∆), gradient 

time (tG) 

• Column — Bonded phase type, length (L),column diameter (dc),particle size (dp) 

• Detector setting (monitoring wavelength) and sample amount 

In high-performance liquid chromatography, the mobile phase influences the retention and 

selectivity of the separation and is easily and continuously adjustable for method 

improvement. Lowering the percentage of organic phase typically improves retention and 

resolution. In isocratic separations, the analyte peaks are typically maintained within the 

capacity factor range of 2–20 to preserve the sensitivity of late eluting peaks. As a result of 

the insolubility of the analytes in the lower-strength mobile phases, a decrease in solvent 

strength may cause peak shape distortion. Reducing % B below 3–5% can also be 

problematic due to the phase collapse or "dewetting" of the hydrophobic bonded groups of 

the stationary phase. 

Ion pairing or the use of polar-embedded or lower-coverage bonded phases are typical 

techniques for enhancing retention and resolution of highly polar compounds. For 

controlling separations of acidic or basic analytes, buffers in the mobile phase are required. 

10–25 mM buffer concentrations are typically sufficient. For MS-compatible methods, 

volatile buffers (formate, acetate, carbonate, bicarbonate, ammonia) are required. 

Trifluoroacetic acid (TFA) and heptafluorobutyric acid (HFBA) are both effective volatile 

acidifiers with ion-pairing properties. Considerable progress has been made with the 

introduction of silica-based bonded phases compatible with high pH levels. Traditionally, 

organic modifiers in RPC (methanol, acetonitrile and THF) are used to adjust selectivity. 

Since THF is unstable and toxic, some analysts prefer to use methyl-t-butyl ether (MTBE) 

in small quantities instead. 

When mobile phase adjustments do not produce the required resolution, column switching 

is often the final step to be implemented. Choose a column with a selectivity that differs 

from the original column. C8, cyano, and phenyl exhibit the most dissimilar selectivity. As 

it is difficult to predict which column will provide the best separation of a given mixture, it 

is problematic to select the optimal column. It is recommended to test a variety of columns 

under optimized mobile phase conditions or to optimize the mobile phase for the most 

promising candidate column. Additionally, column dimensions can be optimized to improve 
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performance, speed, or sensitivity. In general, increasing column temperatures (T) in reverse 

phase chromatography (RPC) reduces retention and can have some effect on selectivity. 

In the concluding step, the settings for the detector and sample loading (sample 

concentration and injection volume) are finalised. The objective is to maximise sensitivity 

(increase signal-to-noise ratio) while preserving linearity and peak shapes. For impurity 

methods and trace analysis, sensitivity is essential. For large-volume injections (i.e., >20 L), 

the sample solvent strength should be equal to or weaker than the starting mobile phase to 

prevent chromatographic anomalies. Clearly, the maximum sample amount depends heavily 

on column size. 

2.2.1.5.  System suitability parameters/ or HPLC descriptors  

Retention time 

Every analyte is represented by a peak in a chromatogram. In case strong analyte interactions 

are absent with stationary phase and at low analyte concentration, peaks obtained are 

symmetrical and looks like gaussian curve.  

The distance from the injection point to the peak maxima is called as retention time (tR) and 

it acts like an identifier for a given analyte of interest. Retention time is the most often used 

and most readily quantifiable measure for describing the behaviour of an analyte. It is the 

least ubiquitous parameter but being the most easily measurable. 

Void volume  

Even if the analyte of interest has no affinity towards the stationary phase, its peak will not 

immediately appear after the injection. This is because an HPLC column is filled with small 

porous material which has a significant amount of liquid phase in-between and inside them. 

Therefore, any noninteracting analyte has to pass though this volume before its detected. 

This volume of liquid phase is named as “Void volume (V0). 

Void volume is referred by several other names like “hold up volume,” “dead volume,” and 

“retention volume of non-retained component.   

Capacity factor  

Its also referred to as retention factor. Retention of an analyte consists of two parts 1) The 

time analyte spends in the mobile phase as it moves through the column and 2) the time 
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analyte spends in the column. The capacity factor (K’) is the ratio of difference of the 

retention time and void volume to void volume. Its value can be calculated by using the 

following equation.  

𝐾′ =
(𝑡𝑅 − 𝑡0)

𝑡0
 

Where, tR is the retention time and t0 is the void volume. Capacity factor is not dependent on 

the flow rate and the column dimension hence, it provides a valid comparison of the data 

obtained using different chromatographic systems in different laboratories.  

Selectivity  

The ability to discriminate the various analytes by the chromatographic system is called as 

the selectivity (α). Selectivity is defined as the ratio of the capacity factors of two analytes 

and is given by the following equation.  

𝛼 =
𝐾2
′

𝐾1
′ =

𝑡𝑅2 − 𝑡0
𝑡𝑅1 − 𝑡0

 

 

Where, tR2 and tR1 is the retention time of the components and t0 is the void volume, 

Selectivity is mainly dependent upon the nature of the analyte and its interaction with 

immobile phase. Besides, eluent type, composition of mobile phase and ionization also 

affects the selectivity.  

Efficiency  

An analyte when injected into the stationary phase forms a very small zone. The analyte is 

distributed evenly within this area. As the mobile phase flows though the stationary phase 

this zone undergoes band broadening. The degree of band-broadening is called as efficiency. 

Martin and synge brought to fore the plate theory to evaluate the column efficiency.  

The plate theory is based on the belief that the stationary phase is divided into several 

hypothetical plates and the analyte is in constant equilibrium with the stationary phase. Each 

of these plates have finite height (height of the effective theoretical plates, HETP), and an 

analyte spends finite amount of time in the column. This time is sufficient for equilibration 

of the analyte in both the phases. Smaller the plate height, greater is the number of plates 

which translates into better separation. Hence, efficiency of the column is measured by the 
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number of theoretical plates. The number of theoretical plates (N) is given by the following 

formula.  

𝑁 = 16 (
𝑡𝑅
𝑤
)
2

 

Where, tR is the retention time of the analyte and w is peak width calculated in time units as 

the distance between the intersections of tangents to the analyte peak.  

The kinetic parameters of the chromatographic system, such as molecular diffusion, mass-

flow dynamics, characteristics of the packing bed in the column, flow rate, etc., are the key 

determinants of column efficiency. The efficiency increases with particle size and with 

uniformity of packing within the column. The amount of time analyte molecules has to 

undergo diffusive band-broadening decreases with flow rate. Moreover, the analyte 

molecules are further away from the thermodynamic equilibrium with the stationary phase 

with the faster flow rate. 

This demonstrates that for a particular column, there should be an ideal flow rate that enables 

the achievement of an ideal efficiency. 

Resolution  

The separation between the peak maxima reveals the system's selectivity. The selectivity 

increases with increasing distance. The width of the analyte peak gives the efficiency of the 

system.   Resolution (Rs) relates efficiency and selectivity and is defined as the ratio of the 

distance between the two peaks to the average width of the peaks at the baseline and is given 

by the equation  

                                                            𝑅𝑠 = 2(
𝑡𝑅2−𝑡𝑅1

𝑤2+𝑤1
)     

Substituting for peak width and by considering the retention of the second analyte the above 

equation can be modified to  

𝑅𝑆 = (
𝑡𝑅2 − 𝑡𝑅1

𝑡𝑅2
) ×

√𝑁

4
 

Simple algebraic conversion gives the master resolution equation which is as follows  

𝑅𝑠 =
𝛼 − 1

𝛼
×

𝐾2
1 + 𝐾2

×
√𝑁

4
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The resolution of poorly resolved analytes could then be improved in one of two ways: either 

by boosting efficiency or by boosting selectivity. 

Peak symmetry  

Under the ideal circumstance the peak shapes should be gaussian with perfect symmetry. 

For such peak the asymmetry factor (As) is equal to one. However, in practise most peaks 

are not symmetrical and either peak fronting or tailing is observed. If As is less than 1 then 

it indicates fronting and if more than 1 it indicates tailing. Ideally tailing should be curtailed 

to a value less than 2.  

 

2.2.2. Liquid chromatography-mass spectrometry (LC-MS)40, 43-44 

In pharmaceutical product development, structural characterization of impurities and DPs in 

bulk drug substances is essential. Since, LC-MS combines the high-resolution separation 

capability of HPLC with the detection and characterization capabilities of MS, LC-MS plays 

a crucial role in the overall product development process. 

2.2.2.1. Interfaces used in LC-MS 

The interface that connects an HPLC system to a mass spectrometer is a critical component 

of the LC-MS system. The development of atmospheric pressure ionisation (API) interfaces, 

such as electro spray ionization (ESI), atmospheric pressure chemical ionization (APCI), 

and atmospheric pressure photo ionization (APPI) is largely responsible for the immense 

popularity of LC-MS systems. 

ESI is a soft ionization technique. It is a very gentle process that produces predominantly 

molecular ions with minimal fragmentation. Single-charged molecular ions typically 

dominate the mass spectrum of small molecules. The other characteristic of ESI is the 

simplicity of the source design and its operation at atmospheric pressure, which enables ESI 

to be coupled with HPLC with relative ease. To maintain a stable spray in ESI, a low flow 

rate of the sample solution (0.2 mL/min) is required. Consequently, flow splitters are 

frequently employed in ESI-LC/MS applications. 

In APCI, sample solution is introduced into a nozzle spray device comparable to that used 

in ESI, but without the application of a high electrical potential to the nozzle. Typically, the 

nebulizing gas (typically nitrogen) is added to aid in the desolvation/ionization process. 
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Although a 400–500°C heater is used to vaporise solvents, the sample is not significantly 

compromised. A high-voltage (3–5kV) corona discharge needle is responsible for producing 

a discharge current and inducing solvent ionisations. Through gas-phase ion/molecule 

reactions, the solvent reagent ions generated react with analyte molecules to produce analyte 

ions. low-polarity solvents generally used in normal-phase chromatography can be 

evaporated for APCI ionization. 

APPI is used in analysis of non-polar and neutral analytes that are not properly ionized by 

ESI and APCI. This technique is based on photoionization.  Ion formation involves the 

absorption of a photon by the molecule and the expulsion of an electron to form the radical 

cation. The photon energy must be greater than the ionisation potential of the target molecule 

for ionisation to occur. 

2.2.2.2. Mass analyzers  

A mass analyzer measures the mass-to-charge ratios (m/z) of ions (charged particles) and 

provides a method for separating the ions. Mass analyzers rely on the interactions of charged 

particles with electrical or magnetic fields for their operation. Magnetic sector, quadrupole, 

ion trap, time-of-flight (TOF), and Fourier transform ion cyclotron resonance are typical 

mass analyzers (FT-ICR). The combination of multiple mass analyzers can enhance the 

structural characterization capabilities of mass spectrometry/mass spectrometry (MS/MS) 

or tandem MS experiments. The table 2.2.2.2.1 explain the characteristics of the various 

mass analyzers.  

2.2.2.3. Tandem mass spectrometry  

In a classic MS/MS experiment, two mass analyzers are used to determine the parent and 

product ions. Typically, the first mass analyzer is set to select the desired ion (i.e., the parent 

ion), which then dissociates and generates product ions. The second mass analyzer is used 

to evaluate the product ions. Collisions with a target gas introduced into the mass 

spectrometer (collision-induced dissociation, CID), collisions with a surface (surface-

induced dissociation, SID), or photodissociation can dissociate ions in MS/MS experiments. 

CID is the most common dissociation method due to its ease of implementation. Argon and 

nitrogen are the typical collision gases. 
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Table 2.2.2.2.1: Description of the mass analyzers.  

Mass Analyzer 

Quantity Being 

Measured 

 

Mass 

Range 

(Da) 

 

Mass 

Resolutiona 

 

Dynamic 

rangeb 

 

Magnetic sector 
Momentum per 

charge 
> 104 > 104 > 106 

Quadrupole Path stability > 103 Unit resolution > 104 

Ion trap Path stability > 103 Unit resolution > 103 

Time-of-flight Time > 105 > 104 > 103 

FT-ICR Frequency > 105 > 105 > 104 
aMass resolution is defined as m/m, where m is defined as mass difference at full width at 

half-maximum (FWHM). 

bDynamic range is defined as the range of either ion counts or sample concentration over 

which a linear response is obtained. 

 

MS/MS experiments can be conducted with a variety of tandem-in-space or tandem-in-time 

instruments. Multiple mass analyzers, such as triple quadrupole (QQQ) and quadrupole-

TOF (Q-TOF), constitute the tandem-in-space instruments. The majority of tandem-in-time 

instruments are ion-trapping devices, such as the ion trap and FT-ICR. They operate 

sequentially in the scan function to generate MS/MS data; no additional mass analyzer is 

necessary. 

A hybrid of tandem-in-space and tandem-in-time devices, such as the Q-trap (QQ-2D-linear 

trap) and the ion trap-FT-ICR instruments (2D-linear ion trap-FT-ICR), is the third type of 

MS/MS. The Q-trap has a triple quadrupole configuration, with the third quadrupole 

replaced by a 2D-linear ion trap. It is suitable for qualitative and quantitative research. Ion 

Trap-FT-ICR combines the ion accumulation and MSn characteristics of a 2D-linear ion trap 

with the superior mass analysis capability (mass resolution, mass accuracy, and sensitivity) 

of FT-ICR. 

2.3.2.4. Effect of instrumental parameters on ionization efficiency in LC-MS 

The rate at which a substance ionises molecules into charged particles (ion) is known as 

ionisation efficiency. It directly impacts the mass spectrometer's sensitivity and detection 

limit in an LC-MS system. There are number of instrumental factors that are crucial to a 

compound's ability to ionise. The names of these parameters are typically vendor specific. 
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Ionization mode  

Before LC-MS analysis can begin, the mode of ionization (positive or negative) must be 

selected. The mode of ionization depends upon the structure of the analyte. A positive ion 

mode can be employed to generate a protonated or cationized molecule for basic substances 

(such as amines). Whereas a deprotonated molecule forms in the negative ion mode for 

acidic substances. As only a small number of molecules may be ionised in this mode, the 

negative ion MS provides selectivity and sensitivity. To gain structural information, it could 

be essential to conduct both positive ion and negative ion LC/MS investigations on a 

chemical if it can be found as salts (for example, quaternary ammonium salts). 

The choice of ionisation method—ESI or APCI—is another way to choose the ionisation 

mode. In addition, complex structures have a role in this. Most polar compounds respond 

best to ESI, whereas low to moderately polar molecules respond better to APCI. It is possible 

to detect unknown substances by switching between ESI and APCI modes, allowing the 

optimal ionisation technique to be chosen for signal optimisation. 

Ionization voltage  

A high voltage employed in both ESI and APCI, including capillary voltage and corona 

discharge voltage.  In LC-ESI-MS, a capillary voltage, typically 4 to 5 kV, is supplied to 

create a powerful electrical field. A lower voltage, often 2.5 to 3kV, is frequently provided 

to a corona pin in LC-APCI-MS. The sensitivity can be increased by adjusting these high 

voltages. Moreover, the placement of the ESI capillary or the APCI probe should be 

optimised as it may affect the ion signal. 

Cone voltage (orifice voltage) 

Cone (orifice) voltage is a third instrumental parameter that can be employed to create some 

in-source fragmentation in structural determination. It is used to extract ions from the 

atmospheric pressure region of the ion source into the vacuum region of the mass 

spectrometer using a sample cone or orifice. The ions are driven swiftly through this area as 

the cone voltage rises, colliding with solvent vapour and desolvation gas and experiencing 

some fragmentation as a result. Even though there is no mass selection of the parent ions 

during cone voltage fragmentation, some fragment ions can still be successfully produced. 

Cone voltage can be changed in real-world applications to either detect molecular ions of a 

substance (low cone voltage) or get fragmentation data (high cone voltage). 
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Desolvation gas flow and temperature settings 

Desolvation gas flow and temperature setting are two important instrumental factors that 

determine a compound's ability to ionise. A nebulizing gas (N2) going through the ESI probe 

for LC-ESI-MS is typically set between 70 and 90 L/hr to help with the production of liquid 

droplet aerosol from the sample solution. Depending on the solvent flow rate and water 

content of the solvent, the temperature of the ion source block is typically set between 100°C 

and 150°C. 

Using the ion source, a hot desolvation gas (N2) is given to aid in the solvent's evaporation 

and removal. By using a larger flow rate of solvent, a higher flow rate of desolvation gas is 

frequently required. 

2.2.2.5. Effect of flow rate 

The separation and functionality of a mass spectrometer are both impacted by the flow rate 

in LC-MS. Different flow rates are used, depending on the type of column used for 

separation. On a 4.6-mm-i.d. column, the ideal flow rate might be used at 1.0 mL/min. The 

ideal flow rate for a 2.1-mm-i.d. column is 0.2 mL/min. LC capillary columns and traditional 

analytical columns are both compatible with LC-ESI-MS. For flow rates between 0.5 and 

1.0 mL/min, a flow splitting could be necessary for the ESI to perform at its best. The 

concentration dependence is one of ESI's distinctive features. 

The concentration of the sample in solution, not the total amount of sample introduced into 

the source, determines the ESI response. The ESI signals are not diminished because of flow 

splitting. The optimal flow rate entering the ESI source with the flow splitting, however, 

may increase sensitivity, as the desired flow rate for stable ESI spray is about 0.2 mL/min 

or less. 

2.2.2.6. Effect of mobile-phase composition on ionization efficiency in LC-MS  

Choice of solvents 

The best reversed-phase LC solvents for LC-MS include water, acetonitrile, and methanol. 

To keep ion signals stable during LC-MS analysis, all reversed-phase solvents must be 

degassed. Sonification, helium sparging, or vacuum membrane degassing can all be used to 

accomplish this.  
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The source and probe temperatures should be elevated to aid in desolvation in the ion source 

when using solvents with a high water content. Because ESI requires a polar mobile phase 

for ionisation, normal-phase solvents including dichloromethane, hexane, toluene, and other 

hydrocarbons are not appropriate for ESI-MS. These solvents for the normal phase and the 

typical solutes they contain are sufficiently volatile for APCI analysis and are compatible 

with APCI-MS. 

Choice of mobile phase additives.  

In HPLC, mobile-phase additives are employed to regulate pH and achieve effective 

separations. Also, they need to work under ESI or APCI circumstances. Acetic acid and 

formic acid, with typical concentrations ranging from 0.1% to 1%, are the most ideal 

additions in LC-MS if the pH of the mobile phase needs to be decreased for improved LC 

separations. Remember that adding acids will prevent ionization from occurring in the 

negative ion mode. Under acidic conditions, weakly acidic chemicals might not generate 

deprotonated ions. Ammonium hydroxide (0.1% to 1%) is appropriate if the pH of the 

mobile phase needs to be raised to improve LC separations. In the negative ion mode, weakly 

acidic substances can be ionized successfully. Another addition, triethylamine, is basic and 

may help to improve the ionization of other substances in the negative ion mode. 

Triethylamine should be avoided because it may prevent other chemicals from ionizing in 

the positive ion mode. 

Ammonium acetate (0.1 M) is a typical volatile salt used in LC/MS to buffer mobile phases. 

It is employed in place of nonvolatile salts like phosphates because these salts have a 

propensity to precipitate in the ion source, block the source, and prevent analytes from 

ionizing. 

Inorganic acids and surfactants/detergents are a couple of other additions that are 

inappropriate for LC-MS (sulfuric acid or phosphoric acid). While the latter can lead to 

corrosion of metal components in the source, the former tend to restrict the ionisation of 

other chemicals. Trifluoroacetic acid (TFA) acts as an ion-pairing agent, reducing ESI 

signals in the positive ion mode and possibly suppressing ionisation entirely in the negative 

ion mode. TFA is frequently used for protein and peptide analysis at concentrations lower 

than 0.1%. 
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Adduct formation. 

Impurities in the sample solution and mobile phase additives can complicate the LC-MS 

mass spectral analysis. Common examples of noncovalent complexes include protonated 

dimeric ions [2M + H+]. Other frequent adduct ions include multimeric ions ([3M + H+], 

[2M + Na+], etc.), complex cations ([M + NH4
+], [M + Na+], [M + K+], etc.), solvent adduct 

ions ([M + H2O + H+], [M + CH3OH + H+], [M + CH3CN + H+], [M + Cl], [M + CH3COO], 

etc.). This adducts ions creation can offer extra details on how to determine the molecular 

weight of unknowns. However, extra alkali metal cations may need to be eliminated before 

analysis since they can prevent other compounds from ionising. If protonation does not 

happen easily in particular circumstances, it could be essential to introduce a tiny amount of 

cation source to the sample to promote complex cations. 

Effect of analyte concentration  

The ESI response is concentration-dependent. Up to a maximum concentration of around        

10-5 M, there is a linear response to concentration. The ESI response plateaus once the 

analyte concentration crosses this threshold. This is because ESI intensity is inversely related 

to ion surface concentration. Higher concentrations will not result in an increase in the total 

number of surface charges available for ion production since the droplet surface is totally 

saturated at about 10-5M. This will influence the high concentration end of LC-ESI-MS 

quantitation. The sensitivity of the LC-MS system, which includes effective ion 

transfer/detection and reduction of chemical noise in the system, determines the detection 

limit for the low concentration end. 

 

2.3. In-silico methods for prediction of ADMET45-49  

Animal testing is the practise of using nonhuman animals in research. The number of 

vertebrate animals used in animal studies each year is thought to be in the tens of millions 

on a global scale. In vivo models, also known as animal testing in toxicity, provide doses 

for specific species and are used to extrapolate findings to human health or the environment. 

As previously stated, it is not always clear how to extrapolate data from one species to 

another. For instance, there can be significant differences between the lethal doses for mice 

and rats. 
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Even before computers became widely available, researchers looked at how to build a model 

that connects a chemical structure to the action. As computers are used and have silicon in 

their hardware, the phrase "in silico" currently refers to the techniques devoted to achieving 

this goal. The most popular in silico techniques are the QSAR (Quantitative Structure 

Activity Relationships) techniques, which are based on the idea that all actions are controlled 

by the molecular structure. 

2.3.1. QSAR 

The construction of a QSAR model using quantitative data aims to correlate the response 

variable of interest with chemical descriptors computed or even measured from the 

molecules themselves. In the 1940s, Corwin Hansch developed what are now known as 

QSAR approaches by analysing congeneric sequences of compounds and formulating the 

QSAR equation: 

𝒍𝒐𝒈
𝟏

𝒄
= 𝒂𝒑 + 𝒃𝒔 + 𝒄𝐄𝐬 + 𝐜𝐨𝐧𝐬𝐭 

Where, C is effect concentration, P=octanol-water partition coefficient, S= Hammett 

substituent constant (electronic) and Es= Taft’s substituent constant.  

The QSAR techniques occasionally go by more precise names, such as QSPR (quantitative 

structure property relationship) or QSTR (quantitative structure toxicity relationship). For 

physicochemical parameters such the boiling point, solubility, and logP, QSPR is utilised. 

They all establish a relationship between a collection of independent variables (often 

calculated attributes or descriptors) and a dependent variable (the effect or response). These 

are statistical models that can be used to completely in silico anticipate the outcomes for 

unobserved data items. Instead of from an experiment, it is feasible to compute them from a 

model. 

2.3.1.1. Molecular descriptors  

Since statistical analyses of the molecules frequently involve molecular structures, the 

production of useful data from these structures is crucial to cheminformatics. Calculating 

molecular descriptors which describe the local or global prominent properties of the 

molecule—can be done in a variety of ways. Many categories of descriptors include the 

following. 
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Constitutional descriptors 

They are based upon the number and types of atoms, bonds, and functional groups.  

Geometric descriptors  

They give molecular surface area and volume, moments of inertia, shadow area projections, 

and gravitational indices. 

Topological indices  

They are dependent upon the topology of the molecular graph. The description is produced 

using only the structural data. Examples include the Randic index (a measure of a molecule's 

branching) and the Wiener index (the total number of bonds between all nodes in a molecular 

network). 

Physiochemical descriptors  

The physical properties of molecules are estimated using physicochemical descriptors. 

Molecular weight, hydrogen bond acceptors, donors, and partition coefficients, expressed as 

logP, are a few examples. The calculation of logP determines the general lipophilicity (or 

hydrophobicity) of the material and predicts the logarithm of the partition coefficient 

between octanol and water. 

Electrostatic descriptors  

Electrostatic descriptors like partial atomic charges and other depends upon the likelihood 

of formation of hydrogen bonds. 

 Quantum chemical descriptors  

These descriptors are related to the molecular and orbitals and their characteristics.  

2.3.1.2. Model construction  

Classification and regression are two extensively used supervised learning techniques for 

creating models in cheminformatics and toxicology. By using classification methods, new 

items, in this case molecules, are divided into two or more categories, often physiologically 

active or inactive. Regression approaches make an effort to link molecules with continuous 

data, such as a measured biological response variable, in order to develop a model that can 

be used to predict a continuous numeric value for new and unidentified molecules. 
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Partial Least Squares, Linear Discriminant Analysis, Naive Bayesian Classifier, Decision 

Trees, Recursive Partitioning, and Support Vector Machines are the techniques most 

frequently used for classification modelling, while Multiple Linear Regression, Partial Least 

Squares, Support Vector Machines, and Artificial Neural Networks are the techniques most 

frequently used for regression modelling. 

2.3.1.3. Model acceptability  

The leave-one-out cross-validation method is frequently used in published QSAR models, 

which also compute the cross-validated determination coefficient R2, or q2. The 

determination coefficient is defined as follows, if ypi and yi are the expected and observed 

property values, and ypim and yim, respectively, are the average values of the predicted and 

observed property values. 

𝑅2 = 1(
𝑠𝑢𝑚(𝑦𝑝𝑖 − 𝑦𝑖)

2

𝑠𝑢𝑚(𝑦𝑝𝑖
2 − 𝑦𝑖

𝑚)
2) 

An indication or even the strongest evidence that the model is highly predictive is a high 

value of q2 (for example, q2 > 0.5). 

2.3.1.4. Model interpretation  

The approaches used in interpretation of QSAR are classified into two categories; machine 

learning (ML) dependent and ML-agnostic. Further based on the level of interpretation, 

approaches are classified as feature or structure based. Commonly used QSAR interpretation 

approaches are described in the following table: 
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Table 2.3.1.4.1: QSAR interpretation approaches  

 ML-dependent ML-agnostic 

Feature-based 

Regression coefficients 

Rule extraction Layer-wise 

relevance propagation 

(LRP) CAM, GRAD-CAM 

Sensitivity analysis Partial 

derivatives Feature 

importance by permutation 

Integrated gradients 

Shapley sampling values 

Structural 

Attention weights of 

attention-based (graph) 

neural networks 

Universal approach of 

structural Interpretation 

Similarity maps 

Computational matched 

molecular pairs/series 
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Chapter 3  

Research Envisaged 

The ICH and the US-FDA have issued a number of guidelines for registration applications 

pertaining to the content and qualification of impurities that may be present in drug 

substances and drug products.  

The ICH considers degradation products to be an impurity and has developed practical 

guidelines for the content and qualification of degradation products. The guidelines Q1A 

(R2), Q3A(R2), and Q3B(R2) require the execution of forced decomposition studies under 

a variety of stress conditions, such as pH, light, oxidation, and dry heat, in order to determine 

the degradation pathways that support the inherent stability of the drug and the suitability of 

the proposed validated SIAM for analysing stability samples. 

ICH guidelines were initially pertinent only to New Drug Applications (NDA). However, 

the FDA has extended this to include generic products. Due to this, impurity profiling 

became a primary activity for all pharmaceutical companies engaged in the regulatory and 

generic drug industries. 

3.1. Objectives of the proposed research work  

The research work carried out can be broadily segregated into three parts;  

First part involves development of HPLC method to monitor the drug degradation 

behaviour, stress studies as per the ICH guidelines, optimization of HPLC method (if 

necessary), and validation of HPLC method. 

Second part involves characterization of the DPs by using LC-MS and LC-MS/MS 

techniques. 

Lastly, in-silico approaches were used to predict the ADMET properties of the DPs.  
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3.1.1. Pimozide 

Pimozide is an official drug as per European Pharmacopoeia (EP) and United States 

Pharmacopeia and National Formulary (USP-NF). Literture survey showed couple of  

bioanalytical methods, a HPLC method for estimation of pimozide in bulk and tablet dosage 

form and a stability-indicating HPTLC method. However, there was a research gap 

regarding a systematic development of SIAM, characterization of DPs by LC-MS and LC-

MS/MS and in-silico ADMET predictions of DPs. Hence, the work is carried out to address 

the research gap. 

3.1.2. Felbamate 

Felbmate is an official drug in USP-NF. There are HPLC, LC-MS, capillary electrophoresis 

and gas chromatography methods available for analysis of felbmate in plasma and 

formulation. There was also a single UHPLC method for separation of process impurities of 

felbamate. However, the said method lacks in stress studies, identification of degradation 

studies and in-silico ADMET prediction. Hence, attempts were made to address these issues. 

3.1.3. Haloperidol 

Haloperidol is official in the USP-NF, British, European, and Indian pharmacopoeia. There 

are HPLC methods avaiaible for estimation of haloperidol in dosage forms as a single entity 

or in combination with other active pharmaceutical ingredients and biological fluids. 

However, none of the methods have systematically carried out stability testing of HALO 

under ICH-mandated stress conditions, structural characterization of the degradation 

products by LC-MS and LC-MS/MS and in-silico ADMET prediction. Hence, the work is 

carried out to fill the research gaps. 

3.1.4. Riociguat 

Riociguat is not yet official in any compendia. However, Literature shows  some 

bioanalytical methods for estimation of RIO in plasma, few HPLC methods for estimation 

of RIO in formulation and a single method for estimation of riociguat by UV. Literature also 

revealed a single stability indicating assay method for RIO. However, it lacks in systematic 

approach in SIAM development, toxicity studies and a comparative binding study with 

target receptor. Hence, attempts were made to to address these issues.  
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Chapter 4 

Characterization and in-silico toxicity 

prediction of degradation products of 

pimozide 

 

4.0. Introduction  

Pimozide is an official drug as per European Pharmacopoeia (EP)50 and the United States 

Pharmacopeia and National Formulary (USP-NF).51 Its drug Profile is also available in 

Clark’s analysis of drugs and poisons. 52 

Pimozide treatment is efficacious in managing schizophrenia53. Also, it is approved by 

United States Food & Drug Administration (US-FDA) for relieving the vocal tics 

experienced by a person suffering from Tourette's Disorder54-55. Moreover, recently a report 

is published related to use of pimozide for treatment of intracellular bacterial infections. 56  

The work presented herein focuses on the following objectives:  

1. Conduct of forced degradation studies on pimozide as per the ICH-mandated stress 

conditions.  

2. Development of a stability-indicating assay method (SIAM) for pimozide. 

3. Validation of the SIAM as per the ICH guidelines. 

4. Structural characterization of the degradation products by liquid chromatography 

coupled with  mass and tandem mass spectrometry. 
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5. Prediction of absorption, distribution, metabolism, excretion, and toxicity (ADMET) 

profiling using in-silico studies.  

4.1. Drug profile52 

4.1.1 Pimozide (PIMO) 

Chemical structure:  

 

 

 

 

 

 

IUPAC name: 1-[1-[4,4-Bis(4fluorophenyl) butyl] piperidin-4-yl]-1,3-dihydro-2H- 

benzimidazole- 2-one.    

Molecular formula: C28H29F2N3O. 

Melting point: 214-218℃ 

pKa: 7.3 

LogP: 5.349 

Description: A colorless microcrystalline powder.  

Solubility: Insoluble in water, soluble 1 in 1000 parts of ethanol, methanol, ether, 1 in 10 

parts of chloroform, and 1 in 100 parts of acetone.  

Drug category: Neuroleptic. 
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Listed impurities of pimozide in monograph: EP, USP-NF 

A. 1-(piperidin-4-yl)-1,3-dihydro-2H-benimidazole-2-one. 

 

 

 

 

B. 1-[1-[(4RS)-4-(4-flurophenyl)-4-phenylbutyl]piperidin-4-yl]-1,3-dihydro-2H-

benzimidazol-2-one.  

 

 

 

 

C. 1-[1-[(4RS)-4-(2-flurophenyl)-4-(4-flurophenyl)butyl]piperidin-4-yl]-1,3-dihydro-

2H-benimidazol-2-one. 

  

 

 

  

D. 1-[1-[4,4-bis(4-flurophenyl)butyl]-1,2,3,6-tetrahydropyridin-4-yl]-1,3-dihydro-2H-

benzimidazol-2-one. 
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E. 1-[1-[4,4-bis(4-flurophenyl0butyl]piperidin-4-yl-1-oxide]-1,3-dihydro-2H-

benimidazol-2-one.  

 

 

 

 

 

Clinical Pharmacology: 

Dopamine is a neurotransmitter that controls several cerebral functions like mood, reward, 

locomotive function, learning, and motivation.57 

The primary action of most antipsychotic drugs, including PIMO is to attach to the D2 

receptor making it unavailable for dopamine. After PIMO attaches to the receptor, its 

dissociation from the receptor takes longer time due to the higher dissociation constant. This 

result exhibhits inhibitory activity towards the receptor.  

Pharmacokinetics:  

PIMO has good absorption through the gastrointestinal tract (GIT). Once absorbed, studies 

have revealed that its hepatic first-pass metabolism is very high resulting in reduced 

systemic availability. Its volume of distribution is very high with an apparent elimination 

half-life of 24 h. The elimination of PIMO is through the renal route without formation of 

any active metabolite57-58. 

Toxicity:  

PIMO is a known inhibitor of specific isoforms of the cytochrome P450 enzyme system, 

namely, CYP3A, CYP1A2, and CYP2D6. Administration of PIMO with other CYP3A 

inhibitors like clarithromycin can result in fatal cardiac arrhythmias.  
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4.2 Literature survey                                           

A thorough search was conducted to check for the various analytical methods available for 

PIMO. Information about various physiochemical properties was collected and is listed 

under section 4.1 (drug profile ). European Pharmacopoeia mentions five process impurity 

for pimozide (A-E). The process impurity E (N-oxide) is a known degradation product of 

PIMO.  

Besides the compendial methods, there were a few bioanalytical methods reported for the 

estimation of PIMO in plasma.59-61 There was also an HPLC method for estimating PIMO 

in bulk and tablet dosage form62 and a couple of stability-indicating methods using HPTLC 

and UV.63-64 However, none of the methods had extensively carried out stability testing of 

PIMO under ICH-mandated stress conditions and subsequent structural characterization of 

the degradation products.  

The following table summarizes the chromatographic conditions used by various analytical 

methods using HPLC.  
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Table 4.2.1:  Summary of HPLC methods available for determination of PIMO by HPLC

  
Type of 

method 
Column Type Mobile Phase composition Flow rate Detector used References 

1 USP-NF and EP. 

 HPLC 
C18, 100mm × 

4.6mm, 3  µm   

Mixture of ammonium acetate (32mM) and 

tetrabutylammonium hydrogen sulfate (32 mM) in 

water [A]: acetonitrile[B], (Tmin/A:B (v/v) - 

T0/80:20;T10/70:30;T15/70:30;T20/80:20;T25/80:20 ) 

2.0mL 

/min 
UV, 280nm 50,51 

2 
Title: Quantitative determination of pimozide in human plasma by liquid chromatography-mass spectrometry and 

its application in a bioequivalence study 
 

 LC-MS 

Thermo Hypersil-

HyPURITY 

C18,150mm×4.6mm, 

5 µm 

ammonium acetate (5 mM,  pH adjusted to 3.5 with 

acetic acid):methanol:acetonitrile, 39:5:56 (v/v/v) 

 

 

0.22 

mL/min 

MS 60 

3 
Title: Sensitive assay for pimozide in human plasma using high-performance liquid chromatography with 

fluorescence detection application to pharmacokinetic studies 
 

 HPLC 

 

Vydac C18, 150mm× 

4.6mm, 5 µm 

sodium dihydrogen phosphate (50mM,  pH adjusted 

to 3.0 with 1% phosphoric acid):acetonitrile 

1.0 

mL/min 

 

Fluorescence, 

excitation 

wavelength-

285nm, 

emission 

wavelength 

320nm 

61 

4 Title: RP-HPLC method for estimation of an antipsychotic drug - pimozide 

 HPLC 

Grace Smart RP-18 

column, 250mm× 

4.6mm, 5 µm 

Acetonitrile: Disodium Hydrogen phosphate (50 

mM, pH  adjusted to 6.2  with 1 % orthophosphoric 

acid), 60:40, (v/v) 

1.0 

mL/min 
UV, 280nm 62 
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4.3. Present work and discussion 

4.3.1. Development of HPLC method to monitor drug degradation 

behavior of pimozide 

4.3.1.1. Selection of chromatographic methods 

All the published HPLC methods including compendial methods employ reverse-phase 

chromatography (RPC) approach for detection and quantification of PIMO. Due to this, it 

was decided to develop the HPLC method using RPC approach.  

4.3.1.2. Selection of stationary phase 

The compendial and the reported HPLC methods preferred use of a C18 column as a 

stationary phase for PIMO.  C18 is the most popular column for the initial exploratory run 

for a drug molecule. It’s got the highest carbon load among the RPC column resulting in 

stronger retention42. So, Phenomenex C18 (150mm ×4.6mm, 5µm) column was selected as 

a stationary phase due to availability.  

4.3.1.3. Selection of wavelength for analysis 

During the initial HPLC runs, the diode array detector (DAD) was set to scan the entire UV 

range (200-400nm) to determine the wavelength of maximum absorbance (λmax) of PIMO. 

The UV spectrum obtained is depicted in figure 4.3.1.3.1. The UV spectrum showed two 

wavelength maxima, one at 210 nm and other at 280 nm. The wavelength maxima at              

280 nm was selected for further analysis. The preference was given to the higher wavelength 

to obtain stable baseline during the HPLC analysis.  

 

 

 

 

 

 

Figure 4.3.1.3.1: UV spectrum of PIMO having concentration (10 µg/mL in acetonitrile) 
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4.3.1.4. Selection and optimization of mobile phase for monitoring degradation of 

PIMO 

The primary objectives were to develop a simple, robust, isocratic, and mass-friendly              

RP-HPLC (reverse-phase high-performance liquid chromatography) method to monitor the 

drug degradation behaviour. The method was also required to have a capacity factor (K’) in 

the range of 4-10 65,31. The selection of stated range of  K’ allows efficient separation of 

polar and non-polar DPs and enhances the robustness of the method.  

The reported methods for PIMO used isocratic elution with the most preferred organic 

component of the mobile phase being acetonitrile. The aqueous component of the mobile 

phase mainly consisted of phosphate or acetate buffer with a pH in range of 3.5 to 6.  

The pKa of PIMO is 7.3. In acidic pH, PIMO exists in an ionized form. Generally, it is 

advised to set the pH of the mobile phase ± 1.5 units away from the pKa of the drug to 

convert the drug predominantly into one of its ionic form. Taking this as a guideline, initial 

exploratory runs were taken at acidic pH away from the pKa of the drug to observe the 

retention behaviour of the drug . Ammonium acetate (10 mM, pH 3.7, adjusted with acetic 

acid) was selected as the aqueous component along with acetonitrile. Moreover, ammonium 

acetate is a volatile buffer having compatibility with mass detector. It is a salt of weak acid 

and weak base, its solution has pH 7. The buffer does not have significant buffer capacity at 

pH 7 but it exhibit buffer capacity near pH 4.75 ± 1 (pKa of acetic acid) and pH 9.25 ± 1 

(pKa of ammonia).66 

The preliminary trial was taken by using a mobile phase ratio (70:30, v/v) of acetonitrile and 

ammonium acetate buffer (10 mM, pH  3.7). The chromatogram obtained is shown in figure 

4.3.1.4.1.  

The above trial resulted in a very sharp peak close to the void volume. Early elution of the 

drug was attributed to higher composition of the organic component. To get desired retention 

time, subsequent trials were conducted with gradual decrease in the organic phase 

composition.  

Trials involving a change in organic phase from 70 to 50 % did not yield desired retention. 

However, when organic phase was reduced to 45 %, a significant change in retention time 

was observed. The chromatogram obtained is seen in figure 4.3.1.4.2 
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Figure 4.3.1.4.1: Chromatogram of PIMO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium acetate buffer (pH 3.7, adjusted with acetic acid), 70:30 (v/v), flow rate: 

1mL/min; wavelength: 280nm, Column:  Phenomenex C18 (150mm ×4.6mm, 5µm)) 

 

 

 

 

 

 

 

 

 

Figure 4.3.1.4.2: Chromatogram of PIMO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium acetate buffer (pH 3.7, adjusted with acetic acid), 45:55 (v/v); flow rate: 

1mL/min; wavelength: 280nm; Column:  Phenomenex C18 (150mm ×4.6mm, 5µm)) 
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The said modification did not result in desired value of K’. Due to this, the mobile phase 

percentage was further decreased to 40%. The resulting chromatogram is depicted in figure 

4.3.1.4.3.  

 

 

 

 

 

 

 

 

 

Figure 4.3.1.4.3: Chromatogram of PIMO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium acetate buffer (pH 3.7, adjusted with acetic acid), 40:60 (v/v); flow rate: 

1mL/min; wavelength: 280nm; Column: Phenomenex C18 (150mm ×4.6mm, 5µm)) 

 

This modification resulted in the desired value of  K’ (4.5). The peak had a retention time of 

7.5 min, number of theoretical plates (NTP) > 3000, and symmetry factor was < 2. The 

summary of the chromatographic conditions adopted for the developed HPLC method to 

monitor the drug degradation behavior was as follows;    

Mobile phase: Acetonitrile: ammonium acetate buffer (pH = 3.7, adjusted with acetic acid), 

40:60 (v/v).  

Column: Phenomenex C18 (150 mm ×4.6 mm, 5µm). 

Wavelength: 280 nm. 

Flow rate: 1 mL/min. 

 

4.3.2. Forced degradation studies 

The stability of the drug was probed as per the guidance provided in the ICH Q1A(R2) 

guideline. The drug was tested under hydrolytic (acidic, basic, and neutral), oxidative, 
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thermal, and photolytic conditions. The stressed samples were subjected to HPLC analysis 

using optimized chromatographic conditions, and the chromatogram obtained was compared 

with blank stored under normal condition (blank untreated), blank subjected to stress 

conditions like the drug (blank treated), and the drug solution stored under normal condition 

(standard untreated)   

4.3.2.1. Hydrolytic degradation   

Hydrolytic degradation was performed using acidic, basic, and neutral conditions. The 

degradation studies were carried out at room temperature in order to get desired degradation 

of the drug. The degradation studies were also carried out at higher temperature ( 70 ℃, 7 

h), in case, no degradation was observed at room temperature. The concentration of the 

stressors was also optimized from low to high depending upon the degradation behaviour of 

the drug. Periodically, samples were withdrawn, neutralized, and diluted to the desired 

concentration and injected into HPLC using optimized chromatographic conditions.   

Acid degradation 

Acid degradation was carried out at room temperature by exposing drug solution to 0.1 N /1 

N HCl for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 1 N HCl at 70℃ for 7 hours since no degradation was observed at room 

temperature. After applying the stress conditions, the samples were neutralized by using 

equal strength of base (NaOH).  The neutralized samples were diluted to get the desired 

concentration and injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under acidic conditions, and no degradation was 

observed. 

Base degradation 

Base degradation was carried out at room temperature by exposing drug solution to 0.1 N /1 

N NaOH for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 1 N NaOH at 70℃ for 7 hours since no degradation was observed at 

room temperature. After applying the stress conditions, the samples were neutralized by 

using equal strength of acid (HCl).  The neutralized samples were diluted to get the desired 

concentration and injected into HPLC using optimized chromatographic conditions.  
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The drug showed resilience to degradation under basic conditions, and no degradation was 

observed. 

Neutral degradation 

Neutral degradation was carried out at room temperature by exposing drug solution to water 

for 48 hours in a volumetric flask to get desired degradation of the drug. The studies were 

repeated by heating the drug solution with water at 70℃ for 7 h since no degradation was 

observed at room temperature. Samples were diluted to get the desired concentration and 

injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under neutral basic condition, and no degradation 

was observed. 

4.3.2.2. Oxidative degradation  

Oxidative degradation was carried out at room temperature by exposing drug solution to 

15% H2O2 for 48 hours in a volumetric flask to get desired degradation of the drug. The 

studies were repeated by heating the drug solution with 15% H2O2 at 70℃ for 7 hours to 

enhance the concentration of DPs. However, it led to formation of secondary DPs. Samples 

were diluted to get the desired concentration and injected into HPLC using optimized 

chromatographic conditions.  

The drug was susceptible towards degradation under oxidative stress. The drug degraded      

~ 27% at room temperature for 48 h and led to formation five degradation products. The 

representative chromatogram is shown in figure 4.3.2.2.1.  

4.3.2.3. Thermal degradation  

Thermal degradation was carried out by exposing the drug in sealed ampoule to dry heat at  

70 ℃ for 7 days using hot air oven. A control sample was maintained by placing drug into 

a separate glass ampoule stored at room temperature. After the stress period, the sample was 

diluted with diluent to get the desired concentration and injected into HPLC using optimized 

chromatographic conditions.  

The drug did not show degradation under thermal conditions 
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Figure 4.3.2.2.1:   Chromatogram of Pimozide (100 µg/mL) treated with 15% H2O2 at 

room temperature for 48 h (isocratic). (mobile phase, Acetonitrile: ammonium acetate 

buffer (pH 3.7, adjusted with acetic acid), 40:60 (v/v); flow rate: 1mL/min; wavelength:  

280nm; Column: Phenomenex C18 (150mm ×4.6mm, 5µm))    

 

4.3.2.4. Photolytic degradation 

Photolytic degradation studies were carried out in the solid and liquid states using 

photostability chamber. Solid state stress studies were carried out by spreading the drug as 

a thin layer inside a petri dish while, liquid state stress studies were carried out by placing 

drug solution inside a volumetric flask. Both the samples were exposed to ICH Q1B 

mandated dose of light. In addition, solid-state studies were also carried out by exposing the 

drug placed inside a volumetric flask to sunlight for 7 days. 

The chromatogram obtained from photolytic stressed samples did not show degradation. 

 

4.3.3. Development and Optimization of the stability-indicating assay 

method 

During the stress studies, it was observed that the unknown peak 1 (tR = 1.9 min) eluted very 

close to the void volume with peak symmetry value of 2.67. The unknown peak 2 (tR = 2.3 

min) had NTP < 1000. Moreover, Rs of unknown peak 2 and 3 (tR = 3.0 min) was < 0.75, 

which made it a critical band pair.   
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All the above problems were resolved by changing the elution mode form isocratic to 

gradient. The obtained chromatogram and the details of the gradient program is depicted in 

figure 4.3.3.1.    

 

Figure 4.3.3.1:   Chromatogram of Pimozide (100 µg/mL) treated with 15% H2O2 at 

room temperature for 48 h. (Mobile phase, acetonitrile(A): ammonium acetate buffer(B) 

(pH=3.7, adjusted with acetic acid), (Tmin/A:B (v/v) - 

T0/15:85;T30/45:55;T35/15:85;T40/15:85); flow rate: 1mL/min; wavelength: 280nm; 

Column:  Phenomenex C18 (150mm ×4.6mm, 5µm)) 

  

The UV spectra of the individual degradation products was recorded using the diode array 

detector and overlain with the UV spectra of the drug as shown in 4.3.3.2. 

The summary of the chromatographic conditions of the optimized HPLC method was as 

follows 

Mobile phase: Acetonitrile(A): ammonium acetate buffer(B) pH 3.7, adjusted with acetic 

acid, Tmin/A:B (v/v) - T0/15:85;T30/45:55;T35/15:85;T40/15:85. 

Column: Phenomenex C18 (150 mm ×4.6 mm, 5 µm). 

Wavelength: 280 nm. 

Flow rate: 1 mL/min. 
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Figure 4.3.3.2: Overlain of UV spectra of PIMO with its oxidative DPs. 

 

4.3.4. Validation of the developed stability-indicating assay method 

(SIAM) 

HPLC method validation is required to ensure that the method achieves an adequate standard 

of specificity, accuracy, and precision. The developed SIAM was validated as per the 

guidance of the ICH Q2 guideline. The parameters considered during the validation process 

is summarized in table 4.3.4.1.  

4.3.4.1. Specificity and selectivity 

The specificity of the HPLC method was expressed in terms of resolution between the 

closely eluting peaks. It is evident from figure 4.3.3.1 that the peaks were well resolved with 

a resolution value greater than one which confirms the specificity of the method. The 

method's selectivity was determined by measuring % peak purity value acquired using data 

acquisition software. The  peak purity(%) was > 99% which indicates that the method is 

selective. 
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Table 4.3.4.1: Validation parameters and acceptance criteria  

Sr.No Validation Parameters Acceptance Criteria 

1 Specificity Resolution > 1 

2 Selectivity Peak purity (%) > 99 

3 Linearity Correlation coefficient not less than 0.999 

4 
Accuracy (across the 

specified range) 
Recovery (%) between 98.0 to 102% 

5 
Precision 

(intraday & interday) 
RSD (%) of replicate injections not more than 2.0 

6 Robustness 

1) Resolution between adjacent peak should 

not be less than 1.0 

2) Numbers of theoretical plates of analyte 

peak should not be less than 2000. 

3) Asymmetry of peak should not be more 

than 2.0 

 

4.3.4.2. Linearity and range 

The linearity was established in triplicate by taking five incremental concentrations in a 

range of 10-100 µg/mL. The graph was plotted between the average area under peak v/s 

concentration. The data obtained was subjected to regression analysis. The calculated value 

of the corelation coefficient (r2) was 0.999. The linearity plot and the data pertaining to 

linearity is given in figure 4.3.4.2.1 and table 4.3.1.2.1. The representative chromatogram at 

each concentration level is seen in figure 4.3.4.2.2. 

 

   

 

 

 

 

 

Figure 4.3.4.2.1: Linearity graph of PIMO 
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Table 4.3.1.2.1: Linearity data for PIMO  

 

 

 

 

 

 

 

 

 

 

 

Chromatogram no 1 

 Chromatogram no 2 

Sr. 

No. 

Concentration 

(µg/mL) 
Peak area RSD(%) 

  Injection 1 Injection 2 Injection 3 Average  

1 10 52393 52168 53301 52621 1.13 

2 30 178008 174202 176127 176112 1.08 

3 50 341701 333421 333892 336338 1.38 

4 80 530609 534444 533177 532743 0.36 

5 100 671200 674701 671944 672615 0.27 

10µg/mL 

30µg/mL 



66 

 

 

Chapter 4 

  

 

  

Chromatogram no 3  

 

 

 

  Chromatogram no 4 

50µg/mL 

80µg/mL 
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Chromatogram no 5 

Figure 4.3.4.2.2: Representative chromatograms at concentration level 10, 30, 50, 80 and 

100 µg/mL. 

4.3.4.3. Accuracy 

The accuracy was expressed in terms of recovery (%) of the spiked standard drug and was 

done by the standard addition method The stressed sample were separately spiked with 

standard  drug with  concentrations 40  µg/mL (80%), 50 µg/mL (100%) and 60 µg/mL 

(120%) of the target assay concentration (50 µg/mL) and injected in triplicate. The average 

recovery at each level was between 98 to 102 %, with the mean recovery of 101.3 %. The 

data of recovery studies is shown in table 4.3.4.3.1. 

Table 4.3.4.3.1: Recovery studies for PIMO (n=3) 

Spiked drug 

concentration 

(µg/mL) 

Recovered concentration 

(µg/mL)  ± S. D, % R.S.D. 
Recovery (%) 

40 40.6 ± 0.26, 0.64 101.5 

50 50.8 ± 0.10, 0.19 101.6 

60 61.1 ± 0.19, 0.31 101.8 

 

100µg/mL 
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The representative chromatogram obtained at each level of accuracy study is shown in figure 

4.3.4.3.1.  

 

 

Chromatogram no 6 

 

 

Chromatogram no 7 

 

80% 

100% 
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Chromatogram no 8 

Figure 4.3.4.3.1: Representative chromatograms obtained at each level of accuracy studies 

at 80, 100, and 120% 

4.3.4.4. Precision 

Intra and inter-day precision studies were performed at three concentration levels of 30, 50, 

and 100 µg/mL in triplicate. The % RSD at each level was found to be < 2% inferring that 

the method was precise. The precision data is seen in the following table.  

Table 4.3.4.4.1: Precision data obtained during intra-day and inter-day studies 

Concentration 

(µg/mL) 

Intraday (n=3) 

Mean peak area ± SD; 

%RSD 

Inter-day (n =3) 

Mean peak area ± SD; %RSD 

30 178008 ± 1906;1.1 168221 ± 3111 ;1.8 

50 336338 ± 4650.5;1.4 343607 ± 1021.7;0.3 

100 672615 ± 1844.4;0.3 676497 ± 4107.9;0.6 

 

 

120% 
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4.3.4.5. Robustness 

The robustness of the HPLC method was established to understand the HPLC methods 

tolerance to deliberate change in the chromatographic parameters. For this purpose, the 

following changes were carried out to observe its effect on the developed method.  

1) The pH of the mobile phase (± 0.5 of the optimized value.) 

2) Flow rate (± 0.1ml of the optimized flow rate) 

3) Mobile phase composition (± 1% strength of the optimized ratio) 

4) Wavelength (± 3 units of the optimized wavelength) 

The results of the robustness studies are depicted in the tables below.  

Table 4.3.4.5.1: Data pertaining to robustness studies 

Peak Theoretical plates Asymmetry Resolution 

pH 3.2 

DP1 28064 0.91 1.22 

DP2 43810 0.95 4.65 

DP3 39349 0.87 18.21 

DP4 126640 0.91 13.29 

DP5 146292 0.97 10.33 

PIMO 149392 1.69 -- 

 

pH 4.2 

DP1 33083 1.04 1.52 

DP2 45994 0.82 4.83 

DP3 40786 0.92 18.40 

DP4 120756 1.03 13.30 

DP5 146518 0.97 10.39 

PIMO 147768 1.70 -- 

Peak Theoretical plates Asymmetry Resolution 

Flow rate 0.9ml/min 

DP1 23134 0.95 1.70 

DP2 46073 0.74 5.06 

DP3 40643 0.90 17.46 

DP4 123731 0.95 12.84 

DP5 135825 1.06 10.17 

PIMO 152135 1.72 -- 
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Peak Theoretical plates Asymmetry Resolution 

Organic phase +1% of the optimized ratio 

DP1 24397 0.89 1.56 

DP2 28041 0.85 6.67 

DP3 50469 1.03 19.56 

DP4 106723 0.84 12.82 

DP5 118570 1.03 9.96 

PIMO 133233 1.37 -- 

Organic phase -1% of the optimized ratio 

DP1 32194 0.84 1.80 

DP2 45331 1.01 7.14 

DP3 65199 1.13 18.97 

DP4 109297 1.01 12.64 

DP5 143908 0.93 10.07 

PIMO 147957 1.40 -- 

 

Peak Theoretical plates Asymmetry Resolution 

 Wavelength (277 nm) 

DP1 28748 0.91 1.79 

DP2 28553 0.79 6.50 

DP3 53082 1.01 19.42 

DP4 124440 0.92 13.03 

DP5 126591 0.92 9.87 

PIMO 136265 1.34 -- 

Wavelength (283 nm) 

DP1 26643 0.90 1.79 

DP2 28893 0.84 6.48 

DP3 52598 1.02 19.35 

DP4 124716 1.01 13.03 

DP5 125739 0.93 9.85 

PIMO 136076 1.34 -- 

 

Flow rate 1.1ml/min 

DP1 21780 1.02 2.43 

DP2 32666 0.79 4.94 

DP3 45794 0.99 18.50 

DP4 96548 1.05 11.99 

DP5 112473 1.08 9.79 

PIMO 144714 1.52 -- 
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4.3.5. Characterization of the degradation products by mass and tandem 

mass spectrometry 

The structural characterization of the DPs was carried out using LC-MS and LC-MS/MS. 

The LC-MS and LC-MS/MS spectra were recorded in positive electro spray ionization 

mode(+ESI). The optimized parameters of LC-MS/MS studies are depicted in table 4.3.5.1  

Table 4.3.5.1:  The optimized parameters of LC-MS/MS studies.  

Parameter Value 

Dying, sheath, and nebulizing gas Nitrogen 

Vcap 4000 V 

Fragmentor 50 V 

Skimmer 45 V 

Octopol RF peak 750 V 

Drying gas flow 11 L/min 

Sheath gas flow 11 L/min 

Nebulizing gas 25 psi 

Sheath gas temp 400℃ 

 

Based on the MS and the MS/MS data the most probable structure for degradation products 

was postulated along with its fragmentation pathway.  

 

4.3.5.1. PIMO 

The molecular weight of PIMO is 461.2351 g/mole. The LC-MS spectra recorded in the 

+ESI mode showed molecular peak ion at m/z 462.2380. The MS/MS spectra of PIMO 

showed peaks at m/z 328.1889 and 201.1028. PIMO loses C7H6N2O fragment with 

theoretical mass 134.0480 (1,3-dihydro-2H-benzo[d]imidazol-2-one) to yield fragment with 

m/z 328.1889. Further cleavage of this fragment forms the fragment with m/z 109.0452 ((4-

fluorophenyl) methylium). This fragment forms a tropylium carbocation which confers 

stability due to the conjugation of positive charge with pi electrons67. The radical cation with 

m/z 201.1028 is formed due to loss of bis-4-flurophenyl-butyl moiety from the drug and 

subsequent collapse of the piperidine ring.  
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The MS, MS/MS spectra, and the fragmentation pattern for PIMO is shown in the following 

figures.  

 

Figure 4.3.5.1.1: MS spectra of PIMO 

 

Figure 4.3.5.1.2: MS/MS spectra of PIMO 
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Figure 4.3.5.1.3: MS/MS fragmentation pattern of PIMO 

4.3.5.2. DP1 

The protonated ion peak for DP1 was seen at m/z 428.1978. The MS/MS spectra showed 

three fragment ion peaks at m/z 276.1383, 230.1279, and 201.1008. The fragment with m/z 

276.1383 is created due to the loss of the benzimidazole fragment and the formation of the 

5-membered heterocyclic pyrrolidine from piperidine. The loss of C15H18  from DP1 forms 

the fragment with m/z 230.1279. The fragment at m/z 201.1008 is seen in the fragmentation 

of the drug and is formed via a similar mechanism. This fragment loses the pyrrole ring to 

form a fragment with m/z 149.0754.  
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The most likely mechanism for the formation of DP1 is the loss of both fluorine moieties 

followed by the reduction of a ketone to form secondary alcohol.  

DP1 of PIMO was identified as 1-(1-(4,4-diphenylbutyl) piperidin-4-yl)-2,3-dihydro-1H-

benzo[d]imidazole-2-ol. The RDB value for the proposed structure was 13.5, and the error 

in mmu was -7.18 . The MS, MS/MS spectra, and the fragmentation pattern for DP1 is shown 

in the following figures. 

 

 

 

Figure 4.3.5.2.1: M.S. spectra of DP1. 

 

 

Figure 4.3.5.2.2: MS/MS spectra of DP1. 
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Figure 4.3.5.2.3: MS/MS fragmentation pathway of DP1. 

4.3.5.3. DP2 

The molecular ion peak for DP2 was seen at m/z 404.2140. DP2 showed fragment ion peaks 

at m/z 326.1704 and 387.1868. The fragment with m/z 326.1704 is formed due to the loss of 

C6H6 (theoretical mass = 78.0470).  

The fragment with m/z 387.1868 is formed due to conversion of five membered ring to four 

membered ring along with loss of a nitrogen. The Loss of C2H2 from this fragment creates a 

secondary fragment with m/z 361.2073.  
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Based on the structure DP2 was assigned the name as 1-(1-(4,4-diphenylbut-1-en-1-yl)-1,4- 

dihydropyridin-4-yl)-1H-benzo[d]imidazole. The RDB value and error in mass was 

calculated to be 17.5 and 0.19 respectively.  

 

 

 

 Figure 4.3.5.3.1: MS spectra of DP2. 

 

 

 

 

Figure 4.3.5.3.2: MS spectra of DP2. 
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Figure 4.3.5.3.3: MS/MS fragmentation pathway of DP2.  

4.3.5.4. DP3 

The molecular ion peak for DP3 was seen at m/z 444.2088. The formation of DP3 was 

attributed to the dehalogenation of a single fluorophenyl moiety. The MS/MS spectra 

showed peaks at m/z 427.2042, 326.1699, 149.0750, and 109.0444. The formation of the 

tropylium cation (m/z 109.0444) is like that of the drug.  

The fragment with m/z 427.2042 was formed due to cleavage of imidazole ring. Loss of a 

fluorophenyl moiety from DP3 forms the fragment with m/z 326.1699. This fragment further 

loses but-3-en-1-ylbenzene (C10H10) to form a secondary fragment with m/z 196.1072.  

At the same time, the fragment with m/z 149.0750 is formed due to the cleavage of the bond 

connecting benzimidazole moiety to piperidine. DP3 was identified as the process impurity 

B (EP) having IUPAC name 1-(1-(4-(4-flurophenyl)-4-phenylbutyl) piperidie-4-yl)-1,3-

dihydro-2H-benzo[d]imidazole-2-one. The RDB value for the predicted structure was 13.5 
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and error in mmu was -3.58. The MS, MS/MS spectra and the proposed fragmentation 

pathway for DP3 are seen in the figures below.  

 

 

Figure 4.3.5.4.1: MS spectra of DP3. 

 

 

 

Figure 4.3.5.4.2: MS/MS spectra of DP3. 
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Figure 4.3.5.4.3: MS/MS fragmentation pathway of DP3. 

 

4.3.5.6. DP4 

The molecular ion peak for DP4 was observed at m/z 324.1552. The CID-MS/MS spectra 

showed three major fragments with m/z 203.0658, 135.0596, and 109.0442. 

The fragment with m/z 203.0658 is formed due to the loss of a fragment with a theoretical 

mass of 121.0892 and molecular formula C8H11N. This fragment further loses a 

fluorobenzene moiety to create a fragment with m/z 109.0442. 

The radical cation with m/z 135.0596 has formed due to the loss of Bis-(4-fluorophenyl) 

moiety. 

DP4 is formed by the degradation of N-oxide (DP5) by cope’s reaction in which an amine 

oxide undergoes cleavage to yield an alkene and hydroxylamine. The intermediate formed 
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undergoes peroxide-mediated dehydrogenation to yield DP4. The proposed route for 

formation is depicted in figure 4.3.5.6.4. 

DP4 was designated IUPAC name as 1-(4,4-bis(4-fluorophenyl) but-1-en-1-yl)-1,2-

dihydropyridine. The RDB value for the predicted structure was 11.5 and error in mmu was 

-0.06. The MS, MS/MS spectra, and the fragmentation pathway is shown in the figures 

below 

 

 

Figure 4.3.5.6.1: MS spectra of DP4 

 

. 

Figure 4.3.5.6.2: MS/MS spectra of DP4. 
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Figure 4.3.5.6.3: MS/MS fragmentation pathway of DP4. 

 

Figure 4.3.5.6.4: Proposed mechanism form formation of DP4. 

4.3.5.7. DP5 

The quasi-molecular ion peak for DP5 was seen at m/z 478.2298. It had a molecular weight 

of sixteen amu higher than PIMO, indicating the formation of N-oxide. Tertiary amines are 
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known for their propensity to form N-oxides. The MS/MS spectra showed two major 

fragments at m/z 326.1709 and 230.1276.  

The fragment with m/z 326.1709 is formed due to loss of benzimidazole moiety from PIMO. 

This fragment further breaks down to give fragment with m/z 109.0438. The loss of 4,4′-

Bis(fluorophenyl) propyl moiety fragment creates the fragment with m/z 230.1276. This 

fragment undergoes cleavage to form a radical cation with m/z 201.1009 which, further 

fragments to produce another fragment with m/z 149.0754.  

DP5 was identified as the impurity E (EP) having IUPAC name 1-(4,4-bis(4-

fluorophenyl)butyl)-4-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)piperidine-1-oxide. 

The RDB value of the proposed structure was 14.5, and error in mmu was -0.03. The MS, 

MS/MS spectra, and fragmentation pattern are depicted in the figures below.  

 

 

Figure 4.3.5.7.1. MS spectra of DP5. 

 

Figure 4.3.5.7.2. MS/MS spectra of DP5. 
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Figure 4.3.5.7.3. MS/MS fragmentation pathway of DP5. 

 

The Summary of the MS and MS/MS data along with other attributes is summarized in table 

4.3.5.1.  
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Table 4.3.5.1: Summary of Mass data of PIMO and its degradation products 

Compound 
Experimental 

mass 

Most likely 

molecular 

formulae 

Theoretical 

mass 
R.D.B 

Error 

in mmu 

Fragments Most probable 

molecular 

formulae for 

fragments. 

Experimental 

mass 

Theoretical 

mass 

DP1 428.1978 C28H34N3O
+ 428.2696 13.5 -7.18 

276.1383 

230.1279 

201.1008 

149.0754 

276.1747 

230.1288 

201.0902 

149.0709 

C20H22N
+ 

C13H16N3O
+ 

C11H11N3O 

C8H9N2O
+ 

DP2 404.2140 C28H26N3
+ 404.2121 17.5 0.19 

387.1868 

361.2073 

326.1704 

387.1856 

361.1699 

326.1652 

C28H23N2
+ 

C26H21N2
+ 

C22H20N3
+ 

DP3 444.2088 C28H31FN3O
+ 444.2446 13.5 -3.58 

427.2042 

326.1699 

196.1072 

149.0750 

109.0444 

427.2180 

326.1652 

196.0869 

149.0709 

109.0448 

C28H28FN2O
+ 

C22H20N3
+ 

C12H10N3
+ 

C8H9N2O
+ 

C7H6F
+ 

DP4 324.1552 C21H20F2N
+ 324.1558 11.5 -0.06 

203.0658 

135.0596 

109.0442 

203.0667 

135.1048 

109.0448 

C13H9F2
+ 

C9H13N 

C7H6F
+ 

DP5 478.2298 C28H30F2N3O2
+ 478.2301 

14.5 

 
-0.03 

326.1709 

230.1276 

201.1009 

149.0754 

109.0438 

326.1715 

230.1288 

201.0902 

149.0709 

109.0448 

C21H22F2N
+ 

C13H16N3O
+ 

C11H11N3O 

C8H9N2O
+ 

C7H6F
+ 

PIMO 462.2380 C28H30F2N3O
+ 462.2351 14.5 0.29 

328.1889 

201.1028 

109.0452 

328.1871 

201.0902 

109.0448 

C21H24F2N
+ 

C11H11N3O 

C7H6F
+ 
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4.3.6. In-silico ADMET studies of PIMO and its DPs  

The in-silico absorption, distribution, metabolism, excretion and toxicity profile (ADMET) 

of the drug and its DPs was investigated by using various opensource tools like the pkCSM68-

69 webserver and software packages like ToxTree70 and OSIRIS property explorer71. 

pKCSM constructs its prediction based on compounds general properties viz. molecular, 

toxophores and pharmacophores. Its prediction algorithms employ a distance-based graph 

signature approach to arrive at a prediction. pKCSM predicts properties like intestinal 

absorption, P-glycoprotein (PgP) inhibition, blood-brain barrier permeability, inhibition of 

various isoforms of cytochrome P-450 enzyme system, ames toxicity and hepatotoxicity. 

The output obtained from pkCSM provides values for certain parameters e.g. intestinal 

absorption, which can be interpreted based on the literature available for pkCSM while 

output for certain parameters is categorical in the form of yes/No.    

ToxTree is an offline utility that uses a decision-based approach to predict a selected 

endpoint (in-vitro mutagenicity (Ames test) alerts by I.S.S.). Depending upon the structural 

features, it classifies compounds into low risk, intermediate risk, and high risk72-73.  

OSIRIS depends upon a set of precomputed set of structural fragments. The fragment sets 

were prepared by shredding compounds from RTECS (Registry of Toxic Effects of 

Chemical Substances) database known to have toxicity.  

Since all the tools mentioned above use different approaches, databases to compute results, 

two levels of screening were done to avoid missing of any structural alert for mutagenicity. 

For this purpose, Primary screening was done by pKCSM while ToxTree and OSRIS was 

used for secondary screening.  

 pKCSM 

PIMO, DP2, and DP3 had absorption (% absorbed) above 85%. While. DP1, DP4, and DP5 

above 90%. All the compounds were predicted to act as PgP substrates. DP3, DP4, and DP5 

had log BB value > 0.3, indicating that they readily cross the blood-brain barrier.  

Regarding metabolism, PIMO, and its DPs inhibited specific isoforms of the cytochrome 

P540 enzyme system. The details are expressed categorically in table 4.3.6.1. PIMO, DP1, 
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DP3, and DP5 turned out positive for Ames toxicity and PIMO, DP3 and DP5 for 

hepatotoxicity. 

Toxtree and OSIRIS property explorer  

ToxTree scans molecules for fragments known to have toxic potential. However, it did not 

raise any warning for the compounds mutagenicity. This was also reiterated by OSIRIS 

property explorer, which further cleared them for tumorigenic, irritant, or reproductive risk
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Table 4.3.6.1: Summary of pKCSM predictions 

 

 

 

 

Compound 

Intestinal 

absorption 

(%absorbed) 

PgP 

Substrate 

B.B.B. 

Permeability 

(log BB) 

CYP1A2 

inhibitor 

CYP2C19 

inhibitor 

CYP2C9 

Inhibitor 

CYP2D6 

Inhibitor 

CYP3A4 

Inhibitor 

AMES 

toxicity 

Hepato 

toxicity 

Pimozide 88.38 yes 0.095 Yes No Yes Yes Yes Yes Yes 

DP1 90.13 yes 0.035 Yes No No Yes No Yes No 

DP2 86.22 Yes 0.536 Yes Yes Yes Yes Yes No No 

DP3 88.31 Yes 0.115 Yes No Yes Yes Yes Yes Yes 

DP4 92.44 Yes 1.302 Yes Yes Yes Yes No No No 

DP5 90.98 Yes 1.079 Yes Yes Yes Yes Yes Yes Yes 
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4.4 Experimental work 

4.4.1. Instrumentation  

Table 4.4.1.1: List of instruments 

Sr.no. Instrument Make and specification 

1 HPLC 

LC-4000, Jasco, Japan. Made up of a model CO-4061 

temperature controlled column compartment, a model 

PU 4180 quaternary pump system with inline degasser, 

a model AS-4050 autosampler, Chromenav (version, 

2.01.06) data acquisition software, LC-NET II interface 

box, Acer workstation computer running Microsoft 

windows 7 professional operating system. 

2 Column Phenomenex C18 (150mm ×4.6mm, 5µm). 

3 Sonicator Citizon, Vadodra, India. 

4 pH meter Digital pH meter, Elico, India. 

5 Precision balance Wensar digital, Chennai, India. 

6 
Double distillation 

assembly 
Bhanu scientific instruments, Bangalore, Karnataka. 

7 Hot air oven Universal, Ambala, India. 

8 

Constant 

temperature water 

bath 

Generic. 

9 
Photostability 

chamber 
Newtronics lifecare Pvt.Ltd, Mumbai,India. 

10 MS system Agilent 1200 series HPLC system, 6200 series QTOF. 

11 
Workstation for in-

silico studies 

Intel i7 5820k based workstation computer running 

windows 10 professional operating system with 32 GB 

of ram, ToxTree (version, 3.1.0-1851-1525442531402), 

OSIRIS property explorer. 

 

 

4.4.2. Chemicals and reagents  

1. Acetonitrile (HPLC grade): Qualigen, Mumbai, Maharashtra 

2. Hydrochloric acid: Molychem, Thane, Mumbai.  

3. Hydrogen peroxide: Molychem, Thane, Mumbai. 

4. Ammonium acetate: Molychem, Thane, Mumbai. 

5. Water (HPLC grade): Finar, Ahmedabad, Gujarat.  
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6. Sodium Hydroxide: Finar, Ahmedabad, Gujarat. 

 

4.4.3. Chemicals and reagents  

Pimozide was obtained as a gift sample from Intas pharmaceutical Ltd, Ahmedabad, Gujarat, 

India.  

 

4.4.4. Solution preparation  

4.4.4.1. Preparation of stock solution of PIMO  

PIMO (50 mg) was weighed on a precision balance and transferred into a calibrated 50 mL 

volumetric flask. To it, 20 mL of acetonitrile was added and the contents were sonicated for 

5 min. The volume was made to mark with acetonitrile (HPLC grade) to get a solution having 

a concentration of 1000 µg/mL.  

4.4.4.2. Preparation of ammonium acetate buffer (pH 3.7)  

Ammonium acetate (770.8 mg) was weighed and transferred into 1000 mL HPLC grade 

water and mixed thoroughly. Solution was then filtered through a 0.45 µ membrane filter 

under vacuum and the pH was adjusted to 3.7 with glacial acetic acid. 

4.4.4.3. Preparation of diluent  

Ammonium acetate buffer and acetonitrile were mixed in a ratio of 50:50 (v/v) and sonicated 

for five minutes to prepare the diluent. 

4.4.4.4. Preparation of 0.1 N hydrochloric acid 

Concentrated hydrochloric acid (0.85 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 0.1 N hydrochloric acid.  

4.4.4.5. Preparation of 1 N hydrochloric acid 

Concentrated hydrochloric acid (8.5 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 0.1 N hydrochloric acid.  

4.4.4.6. Preparation of 0.1 N sodium hydroxide 
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Sodium hydroxide flakes (400 mg) was dissolved with the aid of sonication in 50 mL of 

HPLC grade water using 100 mL volumetric flask. The volume was made up to mark with  

HPLC grade water to get 0.1 N sodium hydroxide solution.  

4.4.4.7. Preparation of 1 N sodium hydroxide 

Sodium hydroxide flakes (4000 mg) was dissolved with the aid of sonication in 50 mL of 

HPLC grade water using 100 mL volumetric flask. The volume was made up to mark with  

HPLC grade water to get 0.1 N sodium hydroxide solution.  

4.4.4.8. Preparation of 15% hydrogen peroxide 

Hydrogen peroxide (15%) was prepared by diluting 5 mL of 30% hydrogen peroxide to       

10 mL with HPLC grade water using 10 mL volumetric flask.  

 

4.4.5. Forced degradation studies  

The forced degradation studies were performed to get substantial degradation of drug. The 

drug was stressed under conditions viz. acidic, basic, neutral, oxidative, thermal, and 

photolytic. To get an accurate representation, four samples were prepared under each 

condition excluding thermal and photolytic; blank under normal condition (blank untreated), 

blank under stress condition (blank treated), drug solution under normal condition 

(standard), and drug under the stress condition. For thermal and photolytic conditions, the 

chromatogram obtained were compared with the chromatogram of drug stored under normal 

conditions. 

4.4.5.1. Hydrolytic degradation 

The hydrolytic degradation was conducted under acidic, basic, and neutral condition. The 

stock solution of drug (1 mL) was mixed with 0.1 mL of 0.1 N / 1 N HCl in 10 mL volumetric 

flask and the solution was kept under stress for 48 h. In order to accelerate the degradation 

the study was caried out at 70 ℃ for 7 h using 1 N HCl. After the stress period the samples 

were neutralized by using equal strength of sodium hydroxide and the volume was made to 

mark with diluent to get a concentration of 100 µg/mL of PIMO. For base and neutral 

hydrolysis, a similar methodology was used. The samples treated with base were neutralized 



92 

 

 

Chapter 4 

using corresponding strength of hydrochloric acid. All the samples were analysed using  

HPLC under optimized chromatographic conditions.   

4.4.5.2. Oxidative degradation 

Stock solution PIMO (1 mL) was allowed to mix with 0.1 mL of oxidant (15% hydrogen 

peroxide) for 48 h in 10 mL volumetric flask. The volume was made up to mark with diluent 

to get a concentration of 100 µg/mL and samples were analysed using HPLC under 

optimized chromatographic conditions.  

4.4.5.3. Thermal degradation 

PIMO (100 mg) was sealed in a glass ampoule and heated in an oven at 70 ℃ for 7 hours. 

After the stress period, the contents of the ampoules were diluted with diluent to get a 

concentration of 100 µg/mL. In similar fashion, one sample of PIMO was kept at room 

temperature as control. The samples were analysed using HPLC under optimized 

chromatographic conditions.  

4.4.5.4. Photolytic degradation 

Photolytic degradation was carried out in solid and liquid state. Two samples were prepared 

for solid state degradation study. In first case, the drug was spread as a thin layer inside a 

petri dish and kept in a photostability chamber along with control sample covered with 

aluminium foil. In the second case, 10 mg of drug was taken into 10 mL volumetric flask 

and exposed to sunlight for 7 days along with control sample in aluminium foil.  

Photolytic degradation in liquid state was carried out by keeping 1 mL stock solution of 

PIMO in volumetric flask inside a photostability chamber along with a control sample 

covered using aluminium foil.   

The samples that were kept in the photostability chamber were exposed to ICH-mandated 

dose of light (1.2 million lux h of overall illumination and 200 wh/m2 of integrated near U.V. 

energy). After the exposure period, the samples were diluted up to the mark to get      100 

µg/mL concentration of drug using diluent and analysed using HPLC under optimized 

chromatographic conditions.  
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4.4.6. Validation studies  

The developed and optimized HPLC method was validated as per the relevant ICH 

guideline.  

4.4.6.1. Specificity and selectivity  

The specificity of the HPLC method was ascertained by the resolution values obtained 

between the nearest eluting peaks of degradation product and peak of drug and degradation 

product. The method's selectivity for the individual component was done through the % peak 

purity value obtained through the data acquisition software. The degradation samples were 

mixed in equal proportion and injected into HPLC. 

4.4.6.2. Linearity and range 

A series of dilutions (5 levels) were prepared in range of 10-100 µg/mL. At each level the 

sample was injected in triplicate, and the average area was obtained. The average area was 

plotted against the concentration to obtain a simple linear regression equation and the 

correlation coefficient. Five incremental concentration ( 10, 30, 50, 80 and 100 µg/mL) were 

prepared by accurately withdrawing 0.1, 0.3, 0.5, 0.8 and 1 mL of stock solution of PIMO 

(1000 µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  

4.4.6.3. Accuracy 

The accuracy of the HPLC method was determined by the standard addition method. The 

degraded sample was spiked at 80%, 100%, and 120% of the target assay concentration      

(50 µg/mL) with  standard drug solution. At each level, the sample was injected in triplicate, 

and the average % recovery was computed. Spiked samples were prepared by accurately 

transferring 0.4, 0.5 and 0.6 mL of stock solution of PIMO to degraded sample and making 

the volume to 10 mL.  

4.4.6.4. Precision 

Precision (intra and inter) of the HPLC method was done at 30, 50, and 100 µg/mL. At each 

level, the sample was injected in triplicate, and the % relative standard deviation was 

determined (% RSD). Three incremental concentration (30, 50, and 100 µg/mL) were 

prepared by accurately withdrawing 0.3, 0.5, and 1 mL of stock solution of PIMO (1000 

µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  
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4.4.7. In-silico studies 

The in-silico studies were done using open-source options like the pKCSM webserver, 

ToxTree and OSIRIS property explorer.  

The structures of the degradation products were sketched using Marvin by ChemAxon. The 

structures were copied as smiles and fed into the pKCSM webserver. ADMET prediction 

mode was selected which uploads the task for processing.  

Toxtree accepts the structure in the form of SMILES which were generated similarly as 

discussed above. The decision tree (In vitro mutagenicity (Ames test) alerts by ISS)  was 

selected from the method tab, and the estimate button was clicked.  

OSIRIS property explorer accepts SMILES or CAS no as input and runs predictions.  
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Characterization and in-silico toxicity 

prediction of degradation products of 

felbamate 

 

5.0. Introduction  

Felbamate is an official drug in the United States Pharmacopeia and National Formulary 

(USP-NF). Its profile is also available in Clark’s Analysis of Drugs and Poisons. 

Felbamate is a second-generation antiepileptic agent74. It is used in treatment of partial 

seizures in adults, and in children with generalized seizures caused because of Lennox-Gast 

taut syndrome75-76.  

The work presented herein focuses on the following objectives:  

1. Conduct of forced degradation studies on felbamate as per the ICH-mandated stress 

conditions.  

2. Development of a stability-indicating assay method (SIAM) for felbamate. 

3. Validation of the SIAM as per the ICH guidelines. 

4. Structural characterization of the degradation products by liquid chromatography 

coupled with mass and tandem mass spectrometry. 

5. Prediction of absorption, distribution, metabolism, excretion, and toxicity (ADMET) 

profile using in-silico studies.  
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5.1. Drug profile52 

5.1.1 Felbamate (FMTE) 

Chemical structure:  

 

 

 

 

 

 

IUPAC name: 2-phenyl-1,3-propanediol dicarbamate.    

Molecular formula: C11H14N2O4. 

Melting point: 151-152℃ 

pKa: 14.98 (predicted by Marvin, Chemaxon) 

LogP: 0.76 

Description: White, odourless powder.  

Solubility: Sparingly soluble in methanol, acetone, ethanol and chloroform. Freely soluble 

in dimethyl sulfoxide, dimethylformamide, and 1-methyl-2-pyrrolidinone.  

Drug category: Anti-convulsant. 
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Listed impurities of FMTE in monograph: USP-NF  

A. 3-hydroxy-2-phenylpropyl carbamate. 

 

 

 

 

 

 

B.  Phenylethyl carbamate. 

 

 

 

 

 

 

Clinical pharmacology:  

Studies have established that the anti-convulsant activity of FMTE is primarily through 

inhibitory effect on GABAA receptor. Its secondary action involves inhibition of glycine 

facilitated activation of the NMDA receptor.  

The GABAA receptor controls the passage of chloride ions through the ion channel. 

Whereas, the calcium and the sodium passage are controlled by the NMDA receptor. 

Extracellular magnesium binds to NMDA receptor blocking the transport of cations across 

the membrane. These voltage -dependent channels manage neuronal excitability and 

stabilization77-80.  

Pharmacokinetics:   

Studies have shown that FMTE is metabolised by the cytochrome P-450 enzymes in liver. 

Subsequently it undergoes glucuronidation. Roughly fifty percent of the absorbed FMTE is 
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excreted in urine. There are 3 main metabolites of FMTE: 3-carbamoyloxy-2-

phenylpropanoic acid, 2-(4-hydoxyphenol)-1,3-propanediol dicarbamate and 3-

carbamoyloxy-2-phenylpropanoic acid. The secondary metabolite is 2-hydroxy-2-phenyl-

1,3-propanediol monocarbamate. However, no therapeutic activity is reported for any of 

these metabolites. 

Toxicity:  

Anorexia, headache, nausea, insomnia, and GIT disturbances are common adverse effects 

of felbamate therapy however, they are reversible post discontinuation or dose reduction. 

Two rare but severe idiosyncratic harmful effects of felbamate seen during phase four 

clinical trials were aplastic anaemia and hepatic toxicity76.  

5.2. Literature survey 

A literature survey was carried out to find out the different physiochemical properties and 

analytical methods available for the drug. The various physiochemical properties for it are 

listed under section 5.1 (drug profile). FMTE is official in USP-NF51 and its monograph 

mentions two process impurities.  

There are only some bioanalytical and analytical methods for estimation and quantification 

of FMTE in plasma81-85 and formulations86; these methods mainly use high-performance 

liquid chromatography (HPLC), hyphenated techniques (LC-MS), capillary electrophoresis 

and gas chromatography.  

A single UHPLC method for felbamate and related impurities is available 87. However, it 

lacks in stress studies, identification of DPs and in-silico ADMET prediction.  

A summary of the various HPLC method is shown in the table 5.2.1.  
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Table 5.2.1: Summary of HPLC methods available for determination of FMTE by HPLC 

 

 

  
Type of 

method 
Column Type Mobile Phase composition Flow rate Detector used References 

1 USP method. 

 HPLC 
L1, 150mmX4.6mm, 

5µm 
Acetonitrile: methanol: water (126:84:790, v/v/v) 1.8ml/min UV,210nm 51 

2 
Title: An automated analytical method for the determination of felbamate in human plasma by robotic sample 

preparation and reversed-phase high performance liquid chromatography. 
 

 HPLC 
Hypersil C18, 

150mmX4.6mm, 5µm 

Phosphate buffer (0.015M, pH 6.5 adjusted using 

85% phosphoric acid): Acetonitrile (79:21, v/v) 
1ml/min - 81 

3 
Title: Rapid and sensitive LC–MS/MS method for determination of felbamate in mouse plasma and tissues and 

human plasma. 
 

 LC-MS 

Xbridge Phenyl, 

50mmX4.6mm, 

2.5µm 

Ammonium acetate (10 mM) [A]: Acetonitrile [B], 

(Tmin/A:B (v/v) -T0/90:10; 

T1.5/15:85;T3/15:85;T3.25/90:10;T490:10) 

 

1ml/min MS 82 

4 Title: Validation of a liquid chromatographic method for the determination of felbamate in tablets.  

 HPLC 

Nova-Pack C18, 

150mmX3.9mm, 

4µm. 

Acetonitrile: Water (1:4, v/v) 1.2ml/min UV,210nm  

5 Title: Drug Monitoring and Toxicology: A simple procedure for the monitoring of felbamate by HPLC-UV detection. 

 HPLC 

Microsorb-MV C18, 

250mmX4.6mm, 

5µm. 

Phosphate buffer (50 mM, pH 6.9 adjusted using 

phosphoric acid): Methanol: Acetonitrile 

(64:18:18,v/v/v) 

1.0ml/min UV,210nm 83 
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Table 5.2.1: Summary of HPLC methods available for determination of FMTE by HPLC (Conti…) 

 

 

 

 

 

 

  
Type of 

method 
Column Type Mobile Phase composition Flow rate Detector used References 

6 Title: Chromatographic procedures for the determination of felbamate in serum. 

 HPLC 

Zorbax C18, 

250mmX4.6mm, 

5µm. 

Acetonitrile: Methanol: Tetrahydrofuran: Phosphate 

buffer (210:410:500:280, v/v/v/v) 
1.5ml/min UV,254nm 84 

7 Title: Felbamate measured in serum by two methods: HPLC and capillary electrophoresis.  

 HPLC 
Merck C8, 

125mmX4mm, 5µm. 
Phosphate buffer (20mM, pH 6.1): Acetonitrile 1.8ml/min UV,205nm 85 
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5.3. Present work and discussion  

5.3.1. Development of HPLC method to monitor the drug degradation 

behaviour of FMTE 

5.3.1.1. Selection of chromatographic methods  

Most of the published methods have use RPC for identification and quantification of FMTE. 

Due to this, it was decided to develop the HPLC method using RPC approach.  

5.3.1.2. Selection of stationary phase  

The compendial method depicted under monograph and other reported methods for FMTE 

were developed using C18 column as stationary phase. Hence, preference was shown 

towards Agilent XDB C18 column (150mm × 4.6mm, 5 µm) due to availability. 

5.3.1.3. Selection of wavelength of analysis   

During the initial scouting runs, the diode array detector (DAD) was set to scan the entire 

UV range (200-400 nm) to determine the wavelength of maximum absorbance (λmax) of 

FMTE. The UV spectrum obtained is depicted in figure 5.3.1.3.1. The UV spectrum showed 

a wavelength maximum at 206 nm. Hence, 206 nm was selected for further analysis.  

 

  

 

 

 

 

 

 

 

Figure 5.3.1.3.1: UV spectrum of FMTE having concentration (10 µg/mL in acetonitrile)  
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5.3.1.4. Selection and optimization of mobile phase for monitoring degradation of 

felbamate  

The objectives of the HPLC method development were to develop a simple, robust, isocratic, 

and mass friendly method with k’ in-between 5 to 10. The reported methods for FMTE 

mainly consisted of phosphate (pH 6-7) and ammonium acetate buffers as the aqueous 

portion of the mobile phase and acetonitrile was the preferred organic component.  

The pKa of FMTE was determined by using mavin sketch88. The software has shown pKa 

= 14.98. The high pKa value for FMTE is due to the two amine groups which gets ionized 

in acidic pH. Initial runs were carried out using ammonium formate buffer solution (10 mM, 

pH 3.7, adjusted using formic acid) to obtain retention of ionized form of FMTE. 

Ammonium formate provides buffer capacity at pKa value of 3.7 and 9.2 due to the pKa 

values of formic acid and ammonium ion respectively. 

The first trial was conducted on Agilent XDB C18 column (150mm × 4.6mm, 5 µm) using 

acetonitrile and ammonium formate (10mM, pH adjusted to 3.7 with formic acid) in ratio of 

80:20 (v/v). However, the drug lacked the desired retention and eluted close to the void 

volume. To enhance the retention of the drug, the percentage of organic phase was 

successively decreased to 20%. The decrease in organic phase improved tR of the drug to 6.1 

min. Though, the retention behaviour of the drug improved, NTP (< 2000) was not in 

acceptable range. The chromatogram of the trial is depicted in figure 5.3.1.4.1.  

It was decided to change the chromatographic column from Agilent XDB C18 column 

(150mm × 4.6mm, 5 µm) to a Phenomenex C8 column (250 × 4.6mm, 5 µm) to increase the 

polarity of the stationary phase. This modification brought all the system suitability 

parameters within the acceptable range (NTP > 3000,  peak asymmetry = 0.8, and a k’ = 

4.3). The chromatogram obtained is shown in figure 5.3.1.4.2. 
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Figure 5.3.1.4.1: Chromatogram of felbamate (10 µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), 80:20 (v/v); flow rate:              

1 mL/min; wavelength: 206 nm; Column: Agilent XDB C18 (150mm ×4.6mm, 5µm))  

  

Figure 5.3.1.4.2: Chromatogram of felbamate (10 µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), 20:80 (v/v); flow rate: 

1mL/min; wavelength: 206nm; Column: Phenomenex C8 column (150 × 4.6mm, 5 µm)) 

 

The optimized chromatographic condition to monitor the drug degradation behaviour was 

as follows.   

Mobile phase: Acetonitrile: ammonium formate buffer (pH 3.7, adjusted with formic acid), 

20:80 (v/v).  
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Column: Phenomenex C8 (250mm ×4.6mm, 5µm). 

Wavelength: 206 nm. 

Flow rate: 1 mL/min. 

5.3.2. Forced degradation studies 

The stability of the drug was probed as per the guidance provided in the ICH Q1A(R2) 

guideline. The drug was tested under hydrolytic (acidic, basic, and neutral), oxidative, 

thermal, and photolytic conditions. The stressed samples were subjected to HPLC analysis 

using optimized chromatographic conditions, and the chromatogram obtained was compared 

with blank stored under normal condition (blank untreated), blank subjected to stress 

conditions like the drug (blank treated), and the drug solution stored under normal condition 

(standard untreated)   

5.3.2.1. Hydrolytic degradation 

Hydrolytic degradation was performed using acidic, basic, and neutral conditions. The 

degradation studies were carried out at room temperature in order to get desired degradation 

of the drug. The degradation studies were also carried out at higher temperature (70 ℃, 7 

h), in case, no degradation was observed at room temperature. The concentration of the 

stressors was also optimized from low to high depending upon the degradation behaviour of 

the drug. Periodically, samples were withdrawn, neutralized, and diluted to the desired 

concentration and injected into HPLC using optimized chromatographic conditions.   

Acid degradation 

Acid degradation was carried out at room temperature by exposing drug solution to 0.1 N 

HCl for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 0.1 N HCl at 70℃ for 7 hours since no degradation was observed at 

room temperature. After applying the stress conditions, the samples were neutralized by 

using equal strength of base (NaOH).  The neutralized samples were diluted to get the 

desired concentration and injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under acidic conditions, and no degradation was 

observed. 
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Base degradation 

Base degradation was carried out at room temperature by exposing drug solution to 0.1 N 

NaOH for 48 hours in a volumetric flask to get desired degradation of the drug. After 

applying the stress conditions, the samples were neutralized by using equal strength of acid 

(HCl).  The neutralized samples were diluted to get the desired concentration and injected 

into HPLC using optimized chromatographic conditions.  

The drug was highly susceptible to degradation under basic conditions with ~ 52 % of 

degradation. Two unknown degradation products were observed (DP1 and DP2) having tR 

of 5.4 and 7.4 min respectively. On heating it was observed that after 2 h drug degrades 

entirely with DP1 being the prominent degradation product. The chromatogram obtained 

under the basic condition is seen in figure 5.3.2.1.  

The unknown peaks and FMTE was well resolved in the developed HPLC method with good 

system suitability parameters indicating no further requirement of HPLC method 

optimization. 

 

Figure 5.3.2.1:  Chromatogram of FMTE (100 µg/mL) treated with 0.1 N NaOH at 

room temperature for 48 h. (Mobile phase, acetonitrile: ammonium formate buffer (pH 

3.7, adjusted with formic acid), 20:80 (v/v); flow rate: 1mL/min; wavelength: 206nm; 

Column: Phenomenex C8 column (150 × 4.6mm, 5 µm))    

 

To ascertain the identity of the degradation products their UV spectra acquired using DAD 

detector were overlain with that of the drug. The UV spectra of Drug and DP2 were 
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displaying similarity indicating both have similar structure. Spectra of DP1 showed subtle 

difference to that of drug. The overlain spectra can be seen in figure 5.3.2.2.  

Figure 5.3.2.2: Overlain of UV spectra of FMTE with its DPs      

 

Neutral degradation  

Neutral degradation was carried out at room temperature by exposing drug solution to water 

for 48 hours in a volumetric flask to get desired degradation of the drug. The studies were 

repeated by heating the drug solution with water at 70℃ for 7 h since no degradation was 

observed at room temperature. Samples were diluted to get the desired concentration and 

injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under neutral basic condition, and no degradation 

was observed. 

5.3.2.3. Thermal degradation 

Thermal degradation was carried out by exposing the drug in sealed ampoule to dry heat at  

70 ℃ for 7 days using hot air oven. A control sample was maintained by placing drug into 

a separate glass ampoule stored at room temperature. After the stress period, the sample was 

diluted with diluent to get the desired concentration and injected into HPLC using optimized 

chromatographic conditions.  

The drug did not show degradation under thermal conditions. 
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5.3.2.2. Oxidative degradation 

Oxidative degradation was carried out by stressing FMTE in presence of 15% H2O2 at room 

temperature for 48 h. The drug was also heated with 15% H2O2 for 7 h at 70 ℃ to promote 

degradation. After the stress period, diluent was added to get the required concentration and 

the sample analysed by HPLC. 

FMTE was resilient to oxidative degradation, and no unknown peaks were observed in the 

chromatogram of the stressed samples. 

5.3.2.4. Photolytic degradation 

Photolytic degradation studies were carried out in the solid and liquid states using 

photostability chamber. Solid state stress studies were carried out by spreading the drug as 

a thin layer inside a petri dish while, liquid state stress studies were carried out by placing 

drug solution inside a volumetric flask. Both the samples were exposed to ICH Q1B 

mandated dose of light. In addition, solid-state studies were also carried out by exposing the 

drug placed inside a volumetric flask to sunlight for 7 days. 

The chromatogram obtained from photolytic stressed samples did not show degradation. 

 

5.3.3. Validation of developed Stability indicating assay method (SIAM)  

HPLC method validation is required to ensure that the method achieves an adequate standard 

of specificity, accuracy, and precision. The developed SIAM was validated as per the 

guidance of the ICH Q2 guideline. The parameters considered during the validation process 

is summarized in table 5.3.3.1.  

5.3.3.1. Specificity and selectivity 

The specificity of the HPLC method was expressed in terms of resolution between the 

closely eluting peaks. It is evident from figure 6.3.2.2.1.   that the peaks were well resolved 

with a resolution value greater than one which confirms the specificity of the method. The 

method's selectivity was determined by measuring % peak purity value acquired using data 

acquisition software. The peak purity(%) was > 99% which indicates that the method is 

selective. 
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Table 5.3.3.1: Validation parameters and acceptance criteria 

Sr.No. Validation Parameters Acceptance Criteria 

1 Specificity Resolution > 1 

2 Selectivity Peak purity (%) > 99 

3 Linearity Correlation coefficient not less than 0.999 

4 
Accuracy (across the 

specified range) 
Recovery (%) between 98.0 to 102% 

5 
Precision 

(intraday & interday ) 
RSD (%) of replicate injections not more than 2.0 

6 Robustness 

1) Resolution between adjacent peak should 

not be less than 1.0 

2) Numbers of theoretical plates of analyte 

peak should not be less than 2000. 

3) Asymmetry of peak should not be more 

than 2.0 

 

5.3.3.2. Linearity and range 

The linearity was established in triplicate by taking seven incremental concentrations in a 

range of 20-120 µg/mL. The graph plotted between the average area under peak v/s 

concentration. The data obtained was subjected to regression analysis. The calculated value 

of the corelation coefficient (r2) was 0.999. The linearity plot and the data pertaining to 

linearity is given in figure 5.3.3.2.1 and table 5.3.3.2.1. The representative chromatogram at 

each concentration level is seen in figure 5.3.3.2.2. 

 

 

 

 

 

 

 

 

Figure 5.3.3.2.1: Linearity graph of FMTE 
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Table 5.3.3.2.1: Linearity data for FMTE   

 

 

 

 

Chromatogram no 1 

 

 

Sr. 

No. 

Concentration 

(µg/mL) 
Peak area RSD(%) 

  Injection 1 Injection 2 Injection 3 Average  

1 20 236029 231317 237425 234924 1.4 

2 40 489423 488537 491739 489900 0.3 

3 50 638398 632948 622891 631412 1.2 

4 60 742047 748355 762420 750941 1.4 

5 80 977779 979726 985593 981033 0.4 

6 100 1269315 1283746 1286440 1279834 0.7 

7 120 1521497 1542356 1531239 1531697 0.7 

20µg/mL 
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Chromatogram no 2 

 

 

 

 

 

Chromatogram no 3 

 

 

40µg/mL 

50µg/mL 
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Chromatogram no 4 

 

 

 

 

Chromatogram no 5 

 

60µg/mL 

80µg/mL 
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Chromatogram no 6 

 

 

 

 

Chromatogram no 7 

Figure 5.3.3.2.2: Representative chromatograms at concentration level 20, 40, 50, 60, 80, 

100 and 120 µg/mL. 

 

100µg/mL 

120µg/mL 
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5.3.3.3. Accuracy 

The accuracy was expressed in terms of recovery (%) of the spiked standard drug and was 

done by the standard addition method. The stressed sample were separately spiked with 

standard drug with  concentrations 40  µg/mL (80%), 50 µg/mL (100%) and 60 µg/mL 

(120%) of the target assay concentration (50 µg/mL) and injected in triplicate. The average 

recovery at each level was between 98 to 102 %, with the mean recovery of 100.2 %. The 

data and representative chromatogram of recovery studies is seen in table 5.3.3.3.1 and 

figure 5.3.3.3.1. 

Table 5.3.3.3.1: Recovery studies for FMTE (n=3) 

Spiked drug 

concentration 

(µg/mL) 

Recovered concentration 

(µg/mL) ± S. D, % R.S.D. 
Recovery (%) 

40 40.4 ± 0.4, 1.0 100.9 

50 49.4 ± 0.6,1.3 98.9 

60 60.4 ± 0.5,0.9 100.8 

 

 

 

 

Chromatogram no 8 

 

80% 
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Chromatogram no 9 

 

Chromatogram no 10 

Figure 5.3.3.3.1. Representative chromatograms of recovery studies at 80%,100% and 

120% 

 

100% 

120% 
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5.3.3.4. Precision  

Intraday and inter-day precision studies were carried out at 3 concentration levels. 40, 80, 

and 120 µg/mL in triplicate. The % RSD at each level was found to be < 2% inferring that 

the method was precise.  

Table 5.3.3.4.1: Precision data obtained during intra-day and inter-day studies 

Concentration 

(µg/mL) 

Intraday 

Mean peak area± SD; %RSD 

Inter-day 

Mean peak area ± SD; %RSD 

40 489900 ± 1353, 0.3 491919 ± 10430, 0.3 

80 631412 ± 4068, 0.4 633906 ± 9433, 1.5 

120 750941 ± 10430, 1.4 743905 ± 4482, 0.6 

 

5.3.3.5. Robustness 

The robustness of the HPLC method was established to understand the HPLC methods 

tolerance to deliberate change in the chromatographic parameters. For this purpose, the 

following changes were carried out to observe its effect on the developed method.  

1) The pH of the mobile phase (±0.5 of the optimized value.) 

2) Flow rate (±0.2ml of the optimized flow rate) 

3) Mobile phase composition (±2% of the optimized ratio) 

4) Wavelength (±3 units of the optimized wavelength) 

The results of the robustness studies are depicted in the tables below.  

Table 5.3.3.5.1: Data pertaining to robustness studies.  

Peak Theoretical plates Peak asymmetry Resolution 

pH 3.2 

DP1 4136 1.0 5.6 

DP2 6085 1.0 7.2 

FMTE 7859 1.0 -- 

pH 4.2 

DP1 4448 0.9 5.7 

DP2 6235 1.0 7.2 

FMTE 8037 1.0 -- 
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Peak Theoretical plates Peak asymmetry Resolution 

0.8mL/min 

DP1 3608 0.9 5.3 

DP2 5194 0.9 6.7 

FMTE 6681 0.9 -- 

1.2mL/min 

DP1 3798 1.0 5.6 

DP2 5560 1.0 7.1 

FMTE 7230 1.0 -- 

 

Peak Theoretical plates Peak asymmetry Resolution 

Organic phase +2% of the optimized ratio 

DP1 4003 1.0 4.6 

DP2 5173 1.0 5.7 

FMTE 6464 1.0 - 

Organic phase -2% of the optimized ratio 

DP1 3751 0.9 6.6 

DP2 5941 0.9 8.7 

FMTE 8176 1.0 - 

 

Peak Theoretical plates Peak asymmetry Resolution 

Wavelength (203 nm) 

DP1 4120 1.0 5.6 

DP2 5944 1.0 7.0 

FMTE 7468 1.0 -- 

Wavelength (209 nm) 

DP1 4081 1.0 5.5 

DP2 5886 1.0 7.0 

FMTE 7552 1.0 -- 

 

5.3.4. Characterization of the degradation products by mass and tandem 

mass spectrometry 

The structural characterization of the oxidative degradation products of FMTE wad done by 

LC-MS and LC-MS/MS studies. The LC-MS and LC-MS/MS spectra were captured in 

positive electro spray ionization mode(+ESI). The optimized parameters of LC-MS/MS 

studies are depicted in table 5.3.5.1  
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Table 5.3.5.1:  The optimized parameters of LC-MS/MS studies 

Parameter Value 

Dying, sheath, and nebulizing gas Nitrogen 

Vcap 3100 V 

Fragmentor 150 V 

Skimmer 45 V 

Octopol RF peak 750 V 

Drying gas flow 11 L/min 

Sheath gas flow 10 L/min 

Nebulizing gas 25 psi 

Sheath gas temp 295℃ 

 

5.3.4.1. FMTE 

FMTE has molecular weight of 238.0953 g/mole. The LC-MS spectra captured in + ESI 

showed a peak at m/z 239.1029. The formation of a sodium adduct (M+Na)+ peak at m/z 

261.0855 confirmed the presence of the molecular ion. The MS/MS spectra of FMTE 

showed two major fragment ions at m/z 178.0857 and 117.0697. The fragment with m/z 

178.0857 is formed due to the loss of the carbamic acid fragment having exact mass 61.0163. 

This Fragment furthers losses another carbamic acid moiety to form fragment with m/z 

117.0697. The MS, MS/MS spectra and the fragmentation pathway for FMTE is seen in 

figures 5.3.4.1.1 to 5.3.4.1.3. 

Figure 5.3.4.1.1: MS spectra of FMTE 
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Figure 5.3.4.1.2: MS/MS spectra of FMTE. 

 

 

 

 

 

 

 

 

 

Figure 5.3.4.1.3: MS/MS fragmentation pathway of FMTE. 

5.3.4.2. DP2 

The protonated peak for DP2 was seen at m/z 218.0794. Partial hydrolysis of carbamate 

moieties in presence of a strong nucleophile followed with cyclization leads to the formation 

of DP2. The MS/MS of DP2 showed peaks with m/z 202.8967, 159.9556, 118.9924 and 

96.9581. DP2 loses an oxygen atom to form fragment with m/z 202. 8967.This fragment in 

the subsequent step loses CO2 to yield a fragment with m/z 159.9556. Further loss of 1,2-

oxazirene from the preceding fragment forms fragment with m/z 118.9924. In the last step, 

the fragment with m/z 96.9581 is formed due to conversion of phenyl cyclopropane ring to 

cycloheptane.  
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DP2 of FMTE was identified as 6-(1,2-oxaziren-3-yl)-5-phenyl-4H-1,3-dioxin-2-one. RDB 

for it was found to be 8.5 and error in mmu -3.46. The MS, MS/MS spectra and the 

fragmentation pathway for DP2 of FMTE is seen in figures 5.3.4.2.1 to 5.3.4.2.3.    

 

  

Figure 5.3.4.2.1: MS spectra of DP2. 

 

 

Figure 5.3.4.2.2: MS/MS spectra of DP2. 

5.3.4.3. DP1 

The MS spectra for DP1 showed a peak at m/z 117.0701. This was like the fragment formed 

from the drug. So, it was proposed that DP1 share a similar structure to fragment with m/z 

117.0701. DP1 is formed to due to total hydrolysis of the carbamate moieties followed by 

cyclization.  

DP1 of FMTE was identified as cyclopropyl benzene. The mass spectra for DP1 is seen in 

figure 5.3.4.3.1. The RDB and error in mmu for the structure was 5.5 and -0.02 respectively. 
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Figure 5.3.4.2.3: MS/MS fragmentation pathway of DP2. 

 

Figure 5.3.4.3.1: MS spectra of DP1. 

The Summary of the mass data is seen in table 5.3.4.1.  
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Table 5.3.4.1: Summary of mass data of FMTE and its degradation products 

 

 

 

Compound 
Experimental 

mass 

Most likely 

molecular 

formulae 

Theoretical 

mass 
RDB 

Error 

in 

mmu 

Major fragments Most likely 

molecular formulae 

for fragments 

Experimental 

mass 

Theoretical 

mass 

Felbamate 239.1029 C11H15N2O4
+ 239.1026 5.5 -0.03 

178.0857 

117.0697 

178.0863 

117.0699 

C10H12NO2
+ 

C9H9
+ 

DP-2 218.0794 C11H8NO4
+ 218.0448 8.5 -3.46 

202.8967 

159.9556 

118.9924 

96.9581 

202.0499 

160.0757 

117.0699 

97.1012 

C11H8NO3
+ 

C10H10NO+ 

C9H9
+ 

C7H13+ 

DP-1 117.0701 C9H9
+ 117.0699 5.5 -0.02 -- -- -- 
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5.3.5. In-silico ADMET studies of FMTE and its DPs.  

The In-silico ADMET predictions were performed by using opensource tools like the 

pkCSM webserver, ToxTree and OSIRIS property explorer. 

pkCSM 

FMTE was predicted to have intestinal absorption of 68% while both the degradation 

products were above 95%. None of them possessed the ability to bind to p-glycoprotein and 

cause its inhibition. DP1 had log BB value of > 0.3 indicating that it would readily cross the 

brain blood barrier. FMTE and DP2 had value > -1 showing that they do not readily pass 

through the blood brain barrier.  

CYP1A2 was inhibited by DP1 and DP2 while CYP3A4 is inhibited only by DP2. Other 

isoforms of the cytochrome P450 enzyme system does not seem to be affected by FMTE 

and its degradation products. DP2 was predicted to possess genotoxic potential and FMTE 

hepatotoxicity. The Summary of the pkCSM  is shown in the table 5.3.5.1.  

ToxTree and OSIRIS property explorer 

ToxTree could not detect any genotoxic fragments in the drug structure thus freeing them of 

toxic potential. A similar inference pertaining to genotoxicity was drawn by OSIRIS 

property explorer. Further it cleared them for tumorigenic, irritant, and reproductive risks.  
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Table 5.3.5.1: Summary of pkCSM predictions 

 

Compound 
Intestinal absorption 

(%absorbed) 

PgP 

Substrate 

BBB 

Permeability 

(log BB) 

CYP1A2 

inhibitor 

CYP2C19 

inhibitor 

CYP2C9 

Inhibitor 

CYP2D6 

Inhibitor 

CYP3A4 

Inhibitor 

AMES 

toxicity 

Hepato 

toxicity 

           

Felbamate 67.85 No -0.206 No No No No No No Yes 

DP1 96.10 No 0.516 Yes No No No No No No 

DP2 95.16 No 0.125 Yes No No No Yes Yes No 
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5.4 Experimental work 

5.4.1. Instrumentation  

Table 5.4.1.1: List of instruments  

Sr.no. Instrument Make and specification 

1 HPLC 

LC-4000, Jasco, Japan. Made up of a model CO-4061 

temperature-controlled column compartment, a model 

PU 4180 quaternary pump system with inline degasser, 

a model AS-4050 autosampler, Chromenav (version, 

2.01.06) data acquisition software, LC-NET II interface 

box, Acer workstation computer running Microsoft 

windows 7 professional operating system. 

2 Column Phenomenex C18 (150mm ×4.6mm, 5µm). 

3 Sonicator Citizon, Vadodra, India. 

4 pH meter Digital pH meter, Elico, India. 

5 Precision balance Wensar digital, Chennai, India. 

6 
Double distillation 

assembly 
Bhanu scientific instruments, Bangalore, Karnataka. 

7 Hot air oven Universal, Ambala, India. 

8 

Constant 

temperature water 

bath 

Generic. 

9 
Photostability 

chamber 
Newtronics lifecare Pvt.Ltd, Mumbai,India. 

10 MS system Agilent 1200 series HPLC system, 6200 series QTOF. 

11 
Workstation for in-

silico studies 

Intel i7 5820k based workstation computer running 

windows 10 professional operating system with 32 GB 

of ram, ToxTree (version, 3.1.0-1851-1525442531402), 

OSIRIS property explorer. 

 

 

5.4.2. Chemicals and reagents  

1. Acetonitrile (HPLC grade): Qualigen, Mumbai, Maharashtra 

2. Hydrochloric acid: Molychem, Thane, Mumbai.  

3. Hydrogen peroxide: Molychem, Thane, Mumbai. 

4. Ammonium formate: Molychem, Thane, Mumbai. 

5. Water (HPLC grade): Finar, Ahmedabad, Gujarat.  

6. Sodium Hydroxide: Finar, Ahmedabad, Gujarat. 
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5.4.3. Chemicals and reagents  

Felbamate was obtained as a gift sample from Cadila healthcare limited, Ahmedabad, 

Gujarat, India.  

 

5.4.4. Solution preparation  

5.4.4.1. Preparation of stock solution of FMTE 

FMTE (50 mg) was weighed on a precision balance and transferred into a calibrated 50 mL 

volumetric flask. To it, 20 mL of acetonitrile was added, and the contents were sonicated for 

5 min. The volume was made to mark with acetonitrile (HPLC grade) to get a solution having 

a concentration of 1000 µg/mL.  

5.4.4.2. Preparation of ammonium Formate buffer (pH=3.7)  

Ammonium formate (630 mg) was weighed and transferred into 1000 mL HPLC grade water 

and mixed thoroughly. Solution was then filtered through a 0.45µ membrane filter under 

vacuum and the pH was adjusted to 3.7 with formic acid. 

5.4.4.3. Preparation of diluent  

Ammonium formate buffer and acetonitrile were mixed in a ratio of 50:50 (v/v) and 

sonicated for five minutes to prepare the diluent. 

5.4.4.4. Preparation of 0.1 N hydrochloric acid 

Concentrated hydrochloric acid (0.85 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 0.1 N hydrochloric acid.  

5.4.4.5. Preparation of 0.1 N sodium hydroxide 

Sodium hydroxide flakes (400 mg) was dissolved with the aid of sonication in 50 mL of 

HPLC grade water using 100 mL volumetric flask. The volume was made up to mark with 

HPLC grade water to get 0.1 N sodium hydroxide solution.  

5.4.4.8. Preparation of 15% hydrogen peroxide 

Hydrogen peroxide (15%) was prepared by diluting 5 mL of 30% hydrogen peroxide to 10 

mL with water in 10 mL volumetric flask. 
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5.4.5. Forced degradation studies  

The forced degradation studies were performed to get substantial degradation of drug. The 

drug was stressed under conditions viz. acidic, basic, neutral, oxidative, thermal, and 

photolytic. To get an accurate representation, four samples were prepared under each 

condition excluding thermal and photolytic; blank under normal condition (blank untreated), 

blank under stress condition (blank treated), drug solution under normal condition 

(standard), and drug under the stress condition. For thermal and photolytic conditions, the 

chromatogram obtained were compared with the chromatogram of drug stored under normal 

conditions. 

5.4.5.1. Hydrolytic degradation 

The hydrolytic degradation was conducted under acidic, basic, and neutral condition. The 

stock solution of drug (1 mL) was mixed with 0.1 mL 0.1 N HCl in 10 mL volumetric flask 

and the solution was kept under stress for 48 h. In order to accelerate the degradation, the 

study was caried out at 70 ℃ for 7 h using 0.1 N HCl. After the stress period the samples 

were neutralized by using equal strength of sodium hydroxide and the volume was made to 

mark with diluent to get a concentration of 100 µg/mL of FMTE. For base and neutral 

hydrolysis, a similar methodology was used. The samples treated with base were neutralized 

using corresponding strength of hydrochloric acid. All the samples were analysed using 

HPLC under optimized chromatographic conditions.   

5.4.5.2. Oxidative degradation 

Stock solution FMTE ( 1 mL) was allowed to mix with  0.1 mL of oxidant (15% hydrogen 

peroxide) for 48 h in 10 mL volumetric flask. The volume was made up to mark with diluent 

to get a concentration of 100 µg/mL and samples were analysed using HPLC under 

optimized chromatographic conditions. 

5.4.5.3. Thermal degradation 

FMTE (100 mg) was sealed in a glass ampoule and heated in an oven at 70 ℃ for 7 hours. 

After the stress period, the contents of the ampoules were diluted with diluent to get a 

concentration of 100 µg/mL. In similar fashion, one sample of FMTE was kept at room 

temperature as control and samples were analysed using HPLC under optimized 

chromatographic conditions.  
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5.4.5.4. Photolytic degradation 

Photolytic degradation was carried out in solid and liquid state. Two samples were prepared 

for solid state degradation study. In first case, the drug was spread as a thin layer inside a 

petri dish and kept in a photostability chamber along with control sample covered with 

aluminium foil. In the second case, 10 mg of drug was taken into 10 mL volumetric flask 

and exposed to sunlight for 7 days along with control sample in aluminium foil.  

Photolytic degradation in liquid state was carried out by keeping 1 mL stock solution of 

FMTE in volumetric flask inside a photostability chamber along with a control sample 

covered using aluminium foil.   

The samples that were kept in the photostability chamber were exposed to ICH-mandated 

dose of light (1.2 million lux H of overall illumination and 200 wh/m2 of integrated near 

U.V. energy). After the exposure period, the samples were diluted up to the mark to get      

100 µg/mL concentration of drug using diluent and analysed using  HPLC under optimized 

chromatographic conditions.  

 

5.4.6. Validation studies  

The developed and optimized HPLC method was validated as per the relevant ICH 

guideline.  

5.4.6.1. Specificity and selectivity  

The specificity of the HPLC method was ascertained by the resolution values obtained 

between the nearest eluting peaks of degradation product and peak of drug and degradation 

product. The method's selectivity for the individual component was done through the % peak 

purity value obtained through the data acquisition software. The degradation samples were 

mixed in equal proportion and injected into HPLC.  

5.4.6.2. Linearity and range 

A series of dilutions (7 levels) were prepared in range of 20-120 µg/mL. At each level the 

sample was injected in triplicate, and the average area was obtained. The average area was 

plotted against the concentration to obtain a simple linear regression equation and the 

correlation coefficient. Five incremental concentrations (20, 40, 50, 60, 80, 100 and 120 

µg/mL) were prepared by accurately withdrawing 0.2, 0.4, 0.5, 0.6, 0.8, 1.0 and 1.2 mL of 
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stock solution of FMTE (1000 µg/mL) and diluting it to 10 mL using diluent in a volumetric 

flask.  

5.4.6.3. Accuracy 

The accuracy of the HPLC method was determined by the standard addition method. The 

degraded sample was spiked at 80%, 100%, and 120% of the target assay concentration      

(50 µg/mL) with  standard drug solution. At each level, the sample was injected in triplicate, 

and the average % recovery was computed. Spiked samples were prepared by accurately 

transferring 0.4, 0.5 and 0.6 mL of stock solution of FMTE to degraded sample and making 

the volume to 10 mL.  

5.4.6.4. Precision 

Precision (intra and inter) of the HPLC method was done at 40, 80, and 120 µg/mL. At each 

level, the sample was injected in triplicate, and the % relative standard deviation was 

determined (% RSD). Three incremental concentrations (40, 80, and 120 µg/mL) were 

prepared by accurately withdrawing 0.4, 0.8, and 1.2 mL of stock solution of FMTE (1000 

µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  

 

5.4.7. In-silico studies 

The in-silico studies were done using open-source options like the pkCSM webserver, 

ToxTree and OSIRIS property explorer.  

The structures of the degradation products were sketched using Marvin by ChemAxon. The 

structures were copied as smiles and fed into the pkCSM webserver. ADMET prediction 

mode was selected which uploads the task for processing.  

Toxtree accepts the structure in the form of SMILES which were generated similarly as 

discussed above. The decision tree (In vitro mutagenicity (Ames test) alerts by ISS)  was 

selected from the method tab, and the estimate button was clicked.  

OSIRIS property explorer accepts SMILES or CAS no as input and runs predictions. 
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Chapter 6 

Characterization and in-silico toxicity 

prediction of degradation products of 

haloperidol 

 

6.0. Introduction  

Haloperidol is an official in the USP-NF, British, European, and Indian pharmacopoeia (IP) 

89-90. Its drug Profile is also available in Clark’s analysis of drugs and poisons.  

Haloperidol is a neuroleptic drug that is used to treat psychotic disorders, prophylaxis of 

nausea and vomiting, and postoperative recovery91-92. 

The work presented herein focuses on the following objectives:  

1. Conduct of forced degradation studies on haloperidol as per the ICH-mandated stress 

conditions.  

2. Development of a stability-indicating assay method (SIAM) for haloperidol. 

3. Validation of the SIAM as per the ICH guidelines. 

4. Structural characterization of the degradation products by liquid chromatography 

coupled with mass and tandem mass spectrometry. 

5. Prediction of absorption, distribution, metabolism, excretion, and toxicity (ADMET) 

profile using in-silico studies.  
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6.1. Drug profile52 

6.1.1 Haloperidol (HALO) 

Chemical structure:  

 

 

 

 

 

 

IUPAC name: 4-[4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl]-1-(4-fluorophenyl) butan-1-one 

Molecular formula: C21H23CIFNO2 

Melting point: 148-149℃ 

pKa: 8.3 

LogP: 3.23 

Description: White or almost white powder 

Solubility: Water solubility (1.4mg/100mL); freely soluble in methanol, chloroform, 

benzene, acetone, and dilute acids 

Drug category: Neuroleptic 
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Listed impurities of HALO in monograph: USP-NF, BP  

A. 1-(4-flurophenyl)-4-(4-hydroxy-4-phenylpiperidin-1yl)butan-1-one. 

 

 

 

 

 

B. 4-[4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl]-1-(2-flurophenyl)butane-1-one. 

 

 

C. 4-[4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl]-1-(3-ethyl-4-flurophenyl)butane-1-

one.  

 

 

 

 

D. 4-[4-(4-chlorphenyl)-4-hydroxypiperidin-1yl]-1-[4-{4-(4-chlorophenyl)-4-

hydroxypiperidin-1-yl} phenyl]butan-1-one. 
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E. 4-[4-(4’-chlorophenyl)-4-hydroxypiperidin-1-yl]-1-(4-flurophenyl)butane-1-one.  

 

 

 

 

 

 

F. 4-[4-(3’-chlorobiphenyl-4-yl)-4-hydroxypiperidin-1-yl]-1-(4-flurophenyl)butan-1-

one.  

 

 

 

 

Clinical pharmacology:  

HALO shows antipsychotic activity by antagonizing the D2 receptor in the mesolimbic and 

the mesocortical areas of the brain. 

Schizophrenia is a mental disorder caused due to imbalance of neurotransmitter in the brain 

(hyper-dopaminergic state) in the limbic system of the brain. HALO improves the psychotic 

symptoms (delusions and hallucination) by thwarting the production of dopamine and 

restoring balance. HALO is also known for anti-emetic activity which is due to the blockage 

of the D2 receptor in the chemoreceptive trigger zone93-94.  

Pharmacokinetics:   

HALO undergoes transformation in-vivo to form various metabolites like; 4-(4-

chlorophenyl)-4-hydroxypiperidine, p-fluorobenzoylpropionic acid, reduced haloperidol 

(major metabolite), haloperidol glucuronide and pyridinium metabolites.  
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CYP3A4, CYP2D6, uridine di-phosphoglucose glucuronosyltransferase are involved in the 

biotransformation of HALO. Its clearance is by glucuronidation and formation of reduced 

HALO which is devoid of any biological activity95-96.  

Toxicity:  

Sparse incidents of QT interval extension, sudden death and torsades de pointes (TdP) have 

been reported for HALO. More commonly observed contraindications of HALO is 

hypersensitivity, Parkinson disease, severe central nervous system depression and coma. 

HALO can also cause dysphoria which is a condition characterized by a sense of 

dissatisfaction, distress and general uneasiness92-93, 97.  

6.2. Literature survey 

A detailed literature survey was carried out to find out the various physiochemical properties 

and the analytical method available for HALO. The physiochemical properties have been 

discussed under the preceding section 6.1. HALO is an official drug in USP-NF, British 

pharmacopoeia (BP), EP, and the Indian pharmacopoeia (IP). They all used a similar method 

for the identification of related substances comprising of 50mM solution of 

tetrabutylammonium hydrogen sulphate and acetonitrile in gradient elution on a C18 

column.  

Literature also revealed a few HPLC method for estimation of HALO in dosage forms as a 

single entity or in combination with other active pharmaceutical ingredients and biological 

fluids.  

All the reported methods used a C18 column for separation. The buffer used varied 

depending upon the purpose of the analytical method. The bioanalytical methods, especially 

those conjugated with mass spectrometry used volatile buffer like ammonium formate with 

pH mostly adjusted between 3 to 7.  

However, none of the methods have systematically carried out stability testing of HALO 

under ICH-mandated stress conditions, structural characterization of DPs by mass and 

tandem mass spectrometry, and in-silico ADMET studies of DPs.  

A summary of the available methods is seen in the table 6.2.1. 
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Table 6.2.1: Summary of the HPLC methods available for determination of HALO by HPLC 

 

Sr.No Type of method Column type Mobile Phase composition Flow rate Detector used References 

1 USP-NF, British and European Pharmacopoeia (related substance method) 

 HPLC 

Base deactivated (BDS)  

endcapped C18, 

150×4.6mm, 3µm 

Tetrabutylammonium 

hydrogen sulfate (50mM) 

[A]: Acetonitrile[B], 

T(min)/A:B= T0/90:10; 

T2/90:10; T17/50:50; 

T22/50:50  

1.5 mL/min UV,230 50,51,90 

2 Indian Pharmacopoeia (related substance method) 

 HPLC 

Base deactivated (BDS)  

endcapped C18, 

150×4.6mm, 3µm 

Tetrabutylammonium 

hydrogen sulfate (50mM) 

[A]: Acetonitrile[B], 

T(min)/A:B= T0/90:10; 

T15/50:50; T20/50:50; 

T25/90:10 

1.5 mL/min UV,230 89 

3 Title: Development and validation of stability indicating assay method of Haloperidol in Oral Solution 

 HPLC 
Restek Pinnacle II C18, 

250 ×4.6mm, 5µ 

Methanol: Tetrabutyl 

aamonium hydrogen sulphate 

(55:45, v/v) 

1ml/min UV, 254nm 98 

4 
Title: Stability indicating method development and validation for the determination of haloperidol and benzhexol by RP-

HPLC 

 HPLC 
Kromasil C18, 

250×4.6mm, 5µ 

OPA: Acetonitrile (48:52, 

v/v) 
1.0ml/min UV, 210nm 99 
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Table 6.2.1: Summary of the HPLC methods available for determination of HALO by HPLC (Conti…)

Sr.No 
Type of 

method 
Column type Mobile Phase composition Flow rate Detector use References 

 
Title: Determination of haloperidol and its reduced metabolite in human plasma by liquid chromatography-mass 

spectrometry with electrospray ionization 

 LC-MS 
Nucleosil C18, 

150×1mm 

2mM Ammonium formate(pH 3.0): 

Acetonitrile(55:45,v/v) 
-- MS 91 

5 Title: Development and validation of a new HPLC method for in-vitro studies of Haloperidol in solid lipid nanoparticles 

 HPLC 
Cosmosil C18 , 

250×4.6mm, 5µ 

Potassium dihydrogen 

phosphate:Acetonitrile:TEA(10:90:0.1, 

v/v/v) 

2ml/min UV,230nm 100 

5 
Title: Rapid determination of haloperidol and its metabolites in human plasma by HPLC using monolithic silica column and 

solid-phase extraction 

 HPLC 

Chromolith 

Performance C18, 100 

×4.6mm, 5µ 

100 mM Sodium phosphate(pH 3.5): 

Acetonitrile(80:20, v/v) 
2mL/min UV,230nm 101 

6 
Title: High-performance liquid chromatographic method with diode array detection for quantification of haloperidol levels in 

schizophrenic patients during routine clinical practice 

 HPLC 
Thermo C18 column Water(pH 2.5 with 0.1% acetic acid): 

Acetonitrile(50:50,v/v) 
1.6mL/min UV, 240nm 102 

7 
Title: Determination of haloperidol in biological samples with the aid of ultrasound-assisted emulsification microextraction 

followed by HPLC-DAD 

 HPLC 

Capital C18 

column,250×4.6mm, 

5µ 

20 mM monobasic potassium 

phosphate(pH 4):methanol(60:40,v/v) 
-- UV,264nm 103 
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6.3. Present work and discussion  

6.3.1. Development of HPLC method to monitor the drug degradation 

behaviour of HALO 

6.3.1.1. Selection of chromatographic methods  

All the published HPLC methods for HALO use RPC approach for detection and 

quantification of HALO. Due to this, it was decided to develop the HPLC method using 

RPC approach.  

6.3.1.2. Selection of stationary phase 

The compendial method depicted under monograph and other reported methods for HALO 

were developed using C18 column as stationary phase. Hence, preference was shown 

towards HiQsil C18 column (250 × 4.6mm, 5µm) due to availability. 

6.3.1.3. Selection of wavelength of analysis   

During the initial scouting runs, the diode array detector (DAD) was set to scan the entire 

UV range (200-400nm) to determine the wavelength of maximum absorbance (λmax) of 

HALO. The UV spectrum obtained is depicted in figure 6.3.1.3.1. The UV spectrum showed 

a wavelength maximum at 246nm. Hence, 246nm was selected for further analysis.  

 

  

 

 

 

 

 

 

Figure 6.3.1.3.1: UV spectrum of HALO having concentration (10 µg/mL in acetonitrile) 
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6.3.1.4. Selection and optimization of mobile phase for monitoring degradation of 

HALO 

The objectives of the HPLC method development were to develop a simple, robust, isocratic, 

mass friendly HPLC method with capacity factor (k’) value in-between 4-10. The 

compendial methods used gradient elution mode comprising of 50mM tetra butyl 

ammonium hydrogen sulfate (TBAHS) with acetonitrile as mobile phase. Other reported 

methods mostly used phosphate buffer (3.5-4 range) for estimation of HALO in formulation 

while the volatile buffers like  acetic acid (pH 2.5) and ammonium formate (pH 3) were used 

for bioanalytical methods.  

The pKa of HALO is 8.3. The acidic pH converts HALO into ionized form. Hence, it was 

decided to carry out trials with the buffer maintained in acidic pH. Ammonium formate 

(10mM, pH adjusted to 3.7 with formic acid) was used along with acetonitrile in isoractic 

elution mode.  

The preliminary trial was taken on HiQsil C18 column (250 × 4.6mm, 5µm) using the 

ammonium formate buffer (10mM, pH adjusted to 3.7 with formic acid) and acetonitrile in 

ratio of 40:60 (v/v). This trial yielded a chromatogram seen in figure 6.3.1.4.1.   

 

Figure 6.3.1.4.1: Chromatogram of HALO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), 60:40 v/v; flow rate: 

1mL/min; wavelength:  246nm; Column: HiQsil C18 column (250 × 4.6mm, 5µm)) 
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The tR for HALO was 4.3 min with NTP>2000, symmetry < 2.0 and   k’ = 1.0. Hence, further 

trials were taken by systematically decreasing the strength of the organic phase to obtain the 

desired retention of the drug.  

Decreasing the composition of acetonitrile to 40 % resulted in the retention time for HALO 

of 10.4 min, NTP > 2000, k’ = 3.7. This trial resulted in increasing peak symmetry > 2. The 

chromatogram obtained is seen in figure 6.3.1.4.2.   

 

Figure 6.3.1.4.2: Chromatogram of HALO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), 40:60 v/v; flow rate: 

1mL/min; wavelength:  246nm; Column: HiQsil C18 column (250 × 4.6mm, 5µm)) 

  

It’s often observed that HPLC columns use stationary phases with significant silanol 

activity. Silanol activity can be reduced by using the columns designed for basic samples 

(base deactivated columns [BDS]) or by using higher buffer concentration ( >10mM). Band 

tailing can also be controlled by addition of an organic modifies like triethylamine (TEA). 

TEA behaves like a competing base reducing the availability of free silanols to interact with 

analyte of interest. However, the TEA concentration should be kept as low as possible 

because higher concentration significantly increases the equilibration time and is difficult to 

wash off from the columns42,104-106.  

Before procuring a BDS column other approaches to reduce tailing were deliberated like 

increasing buffer concentration and using organic modifier. Increasing the concentration of 

buffer was ruled out as recommended buffer concentration for mass spectrometry is 1-10 
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mM44. Hence, use of organic modifier was considered. Trial was taken by using ammonium 

formate buffer (pH 3.7), acetonitrile and TEA in the ratio of 60:40:0.1 (v/v/v). The 

chromatogram obtained is seen in figure 6.3.1.4.3.  

 

 

Figure 6.3.1.4.2: Chromatogram of HALO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), TEA 40:60:0.1(v/v/v); flow 

rate: 1mL/min; wavelength: 246nm; Column: HiQsil C18 column (250 × 4.6mm, 5µm)) 

 

The above trial resulted in retention time of 8.9 min for HALO, NTP > 2000 and peak 

symmetry value <  2. It was observed that addition of TEA was effective in curtailing band 

tailing. This method was adopted to monitor the drug degradation behaviour.  

The summary of the chromatographic conditions to monitor the drug degradation behaviour 

was.  

Mobile phase: acetonitrile: ammonium formate buffer (pH=3.7, adjusted with formic acid), 

TEA 40:60:0.1(v/v/v). 

Column: HiQsil C18 column (150 × 4.6mm, 5µm). 

Wavelength: 246 nm. 

Flow rate: 1mL/min. 
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6.3.2. Forced degradation studies 

The stability of the drug was probed as per the guidance provided in the ICH Q1A(R2) 

guideline. The drug was tested under hydrolytic (acidic, basic, and neutral), oxidative, 

thermal, and photolytic conditions. The stressed samples were subjected to HPLC analysis 

using optimized chromatographic conditions, and the chromatogram obtained was compared 

with blank stored under normal condition (blank untreated), blank subjected to stress 

conditions like the drug (blank treated), and the drug solution stored under normal condition 

(standard untreated)   

6.3.2.1. Hydrolytic degradation 

Hydrolytic degradation was performed using acidic, basic, and neutral conditions. The 

degradation studies were carried out at room temperature in order to get desired degradation 

of the drug. The degradation studies were also carried out at higher temperature ( 70 ℃, 7 

h), in case, no degradation was observed at room temperature. The concentration of the 

stressors was also optimized from low to high depending upon the degradation behaviour of 

the drug. Periodically, samples were withdrawn, neutralized, and diluted to the desired 

concentration and injected into HPLC using optimized chromatographic conditions.   

Acid degradation 

Acid degradation was carried out at room temperature by exposing drug solution to 0.1 N /1 

N HCl for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 1 N HCl at 70℃ for 7 hours since no degradation was observed at room 

temperature. After applying the stress conditions, the samples were neutralized by using 

equal strength of base (NaOH).  The neutralized samples were diluted to get the desired 

concentration and injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under acidic conditions and hence, no 

degradation was observed. 

Base degradation  

Base degradation was carried out at room temperature by exposing drug solution to 0.1 N /1 

N NaOH for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 1 N NaOH at 70℃ for 7 hours since no degradation was observed at 

room temperature. After applying the stress conditions, the samples were neutralized by 
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using equal strength of acid (HCl).  The neutralized samples were diluted to get the desired 

concentration and injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under basic conditions and hence, no degradation 

was observed. 

Neutral degradation 

Neutral degradation was carried out at room temperature by exposing drug solution to water 

for 48 hours in a volumetric flask to get desired degradation of the drug. The studies were 

repeated by heating the drug solution with water at 70℃ for 7 h since no degradation was 

observed at room temperature. Samples were diluted to get the desired concentration and 

injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under neutral basic condition and hence, no 

degradation was observed. 

6.3.2.2. Oxidative degradation 

Oxidative degradation was carried out by stressing HALO in presence of 15% H2O2 at room 

temperature for 48 h. After the stress period, diluent was added to get the required 

concentration and the sample analysed by HPLC. HALO degraded (~ 38%) to form a single 

degradation product (DP1) with tR of 11.1 min. The drug was further stressed by  heating 

with 15% H2O2 at 70℃. In 2 h, there was formation of another degradation product (DP2) 

with tR of 13.3 along with DP1. The peak area for DP1 was significantly higher than DP2 

indicating that DP1 is easier to form. The chromatogram obtained of the oxidative stress 

sample (15% H2O2 , 70℃ for 2 h) is seen in figure 6.3.2.2.1. All the peaks were well 

separated in the developed HPLC method with resolution Rs > 1, hence, no further 

modification was required in the developed HPLC method.  

To ascertain the identity of the degradation products the UV spectra of the degradation 

products acquired using the DAD detector were overlain with that of the drug. The UV 

spectra of the degradation product were found to be identical to the drug indicating close 

resemblance among the drug and  DPs. The overlain spectra is seen in figure 6.3.2.2.2.  
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Figure 6.3.2.2.1:   Chromatogram of HALO (100 µg/mL) treated with 15% H2O2 at 

70℃ for 2h. (Mobile phase, acetonitrile: ammonium formate buffer (pH 3.7, adjusted with 

formic acid), TEA 40:60:0.1(v/v/v); flow rate: 1mL/min; wavelength: 246nm; Column:  

HiQsil C18 column (250 × 4.6mm, 5µm)) 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.2.2.2: Overlain of UV spectra of HALO with its DPs 
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6.3.2.3. Thermal degradation 

Thermal degradation was carried out by exposing the drug stock solution in sealed ampoule 

to dry heat at 70 ℃ for 7 days using hot air oven. A control sample was maintained by 

placing drug into a separate glass ampoule stored at room temperature. After the stress 

period, the sample was diluted with diluent to get the desired concentration and injected into 

HPLC using optimized chromatographic conditions.  

The drug did not show degradation under thermal conditions. 

6.3.2.4. Photolytic degradation 

Photolytic degradation studies were carried out in the liquid state using photostability 

chamber. Stress studies were carried out by placing drug solution inside a volumetric flask. 

Samples were exposed to ICH Q1B mandated dose of light. In addition, photolytic stress 

studies were also carried out by exposing the drug solution placed inside a volumetric flask 

to sunlight for 7 days. 

The chromatogram obtained from photolytic stressed samples did not show degradation. 

 

6.3.3. Validation of developed Stability indicating assay method (SIAM)  

HPLC method validation is required to ensure that the method achieves an adequate standard 

of specificity, accuracy, and precision. The developed SIAM was validated as per the 

guidance of the ICH Q2 guideline. The parameters considered during the validation process 

is summarized in table 6.3.3.1.  

6.3.3.1. Specificity and selectivity 

The specificity of the HPLC method was expressed in terms of resolution between the 

closely eluting peaks. It is evident from figure 6.3.2.2.1.   that the peaks were well resolved 

with a resolution value greater than one which confirms the specificity of the method. The 

method's selectivity was determined by measuring % peak purity value acquired using data 

acquisition software. The peak purity(%) was > 99% which indicates that the method is 

selective. 
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Table 6.3.3.1: Validation parameters and acceptance criteria 

Sr.No. Validation Parameters Acceptance Criteria 

1 Specificity Resolution > 1 

2 Selectivity Peak purity (%) > 99 

3 Linearity Correlation coefficient not less than 0.999 

4 
Accuracy (across the 

specified range) 
Recovery (%) between 98.0 to 102% 

5 
Precision 

(intra day & inter day) 
RSD (%) of replicate injections not more than 2.0 

6 Robustness 

1) Resolution between adjacent peak should 

not be less than 1.0 

2) Numbers of theoretical plates of analyte 

peak should not be less than 2000. 

3) Asymmetry of peak should not be more 

than 2.0 

  

6.3.3.2. Linearity and range 

The linearity was established in triplicate by taking five incremental concentrations in a 

range of 10-110 µg/mL. The graph plotted between the average area under peak v/s 

concentration. The data obtained was subjected to regression analysis. The calculated value 

of the corelation coefficient (r2) was 0.999. The linearity plot and the data pertaining to 

linearity is given in figure 6.3.4.2.1 and table 6.3.1.2.1. The representative chromatogram at 

each concentration level is seen in figure 6.3.4.2.2. 

 

 

 

 

 

 

 

 

Figure 6.3.4.2.1: Linearity graph of HALO 
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Table 6.3.3.2.1: Linearity data for HALO 

Sr. 

No. 

Concentration 

(µg/mL) 
Peak area RSD(%) 

  Injection 1 Injection 2 Injection 3 Average  

1 10 204853 201693 202412 202986 0.8 

2 20 430231 441796 433413 435147 1.3 

3 50 1241625 1215076 1204771 1220491 1.5 

4 75 1793498 1787507 1791607 1791607 0.1 

5 110 2788007 2721324 2735129 2748153 1.2 

 

 

 

 

Chromatogram no 1 

 

 

 

10µg/mL 
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Chromatogram no 2 

 

 

Chromatogram no 3 

  

20µg/mL 

50µg/mL 
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Chromatogram no 4 

 

 

  

Chromatogram no 5 

Figure 6.3.3.2.2: Representative chromatograms at concentration level 10, 20, 50, 75 and 

110 µg/mL 

 

75µg/mL 

110µg/mL 



148    

Chapter 6 

6.3.3.3. Accuracy 

The accuracy was expressed in terms of recovery (%) of the spiked standard drug and was 

done by the standard addition method. The stressed sample were separately spiked with 

standard drug with  concentrations 40  µg/mL (80%), 50 µg/mL (100%) and 60 µg/mL 

(120%) of the target assay concentration (50 µg/mL) and injected in triplicate. The average 

recovery at each level was between 98 to 102 %, with the mean recovery of 100.1 %. The 

data of recovery studies is shown in table 6.3.3.3.1. 

Table 6.3.3.3.1: Recovery studies for HALO (n=3) 

Spiked drug concentration 

(µg/mL) 

Recovered  concentration 

(µg/mL) ±S. D, %RSD, n=3 
Recovery (%) 

40 40.4 ± 0.26, 0.6 101 

50 49.7 ±0 .34,0.6 99.5 

60 59.9 ± 0.91,1.52 99.9 

   

The representative chromatogram obtained at each level of accuracy study is shown in figure 

6.3.4.3.1.  

 

Chromatogram no 6 

80% 
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Chromatogram no 7 

 

 

 

Chromatogram no 8 

Figure 6.3.3.3.1: Representative chromatograms obtained at each level of accuracy studies 

at 80%, 100% and 120% 

 

100% 

120% 
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6.3.3.4. Precision  

Intraday and inter-day precision studies were carried out at 3 concentration levels. 10,50, 

and 75 µg/mL in triplicate. The % RSD at each level was found to be < 2% inferring that 

the method was precise.  

Table 6.3.3.4.1: Precision data obtained during intra-day and inter-day studies 

Concentration 

(µg/mL) 

Intraday (n=3) 

Mean peak area ± SD; %RSD 

Inter-day (n =3) 

Mean peak area ± SD; %RSD 

10 202986 ± 1656, 0.8 203815 ± 2310,1.1 

50 1220491 ± 19014, 1.6 1223161 ± 20765, 1.7 

75 1791607 ± 3555, 0.2 1782827 ± 8952, 0.5 

 

6.3.3.5. Robustness.  

The robustness of the HPLC method was established to understand the HPLC methods 

tolerance to deliberate change in the chromatographic parameters. For this purpose, the 

following changes were carried out to observe its effect on the developed method.  

1) The pH of the mobile phase (±0.5 of the optimized value.) 

2) Flow rate (±0.2ml of the optimized flow rate) 

3) Mobile phase composition (±2% of the optimized ratio) 

4) Wavelength (±3 units of the optimized wavelength) 

The results of the robustness studies are depicted in the tables below.  
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Table 6.3.3.5.1: Data pertaining to robustness studies 

Peak Theoretical plates  Peak asymmetry Resolution 

pH 3.2 

HALO 7606 1.8 5.0 

DP1 9700 1.5 5.4 

DP2 9005 1.1 -- 

pH 4.2 

HALO 7557 1.7 5.1 

DP1 9755 1.3 5.3 

DP2 7873 1.4 -- 

 

Peak Theoretical plates Peak asymmetry Resolution 

0.8mL/min 

HALO 7997 1.8 5.7 

DP1 10671 1.3 6.8 

DP2 13839 1.1 -- 

1.2mL/min 

HALO 7236 1.8 4.7 

DP1 9719 1.3 5.1 

DP2 9593 1.0 -- 

 

Peak Theoretical plates  Peak asymmetry Resolution 

Organic phase +2% above the optimized ratio 

HALO 7237 1.7 4.7 

DP1 9825 1.2 5.2 

DP2 9893 1.0 -- 

Organic phase -2% above the optimized ratio 

HALO 7734 1.8 5.7 

DP1 10793 1.2 5.9 

DP2 8398 1.1 -- 

  

Peak Theoretical plates  Peak asymmetry Resolution 

Wavelength (243 nm) 

HALO 9391 1.5 5.3 

DP1 10668 1.2 6.0 

DP2 11082 1.0 -- 

Wavelength (249 nm) 

HALO 9246 1.6 5.2 

DP1 9789 1.5 5.7 

DP2 10202 1.1 -- 
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6.3.4. Characterization of the degradation products by mass and tandem 

mass spectrometry 

The structural characterization of the oxidative degradation products of HALO was done by 

LC-MS and LC-MS/MS studies. The LC-MS and LC-MS/MS spectra were captured in 

positive electro spray ionization mode(+ESI). The optimized parameters of LC-MS/MS 

studies are depicted in table 6.3.5.1  

Table 6.3.5.1:  The optimized parameters of LC-MS/MS  

Parameter Value 

Dying, sheath, and nebulizing gas Nitrogen 

Vcap 3100 V 

Fragmentor 150 V 

Skimmer 45 V 

Octopol RF peak 750 V 

Drying gas flow 11 L/min 

Sheath gas flow 10 L/min 

Nebulizing gas 25 psi 

Sheath gas temp 295℃ 

 

Based on the MS and the MS/MS data the most probable structure for degradation products 

was postulated along with fragmentation pathway.  

6.3.4.1. HALO 

HALO has molecular mass of 375.9 g/mol. Its molecular ion peak was seen at m/z = 376.1. 

The MS/MS spectra showed fragment ion peaks at m/z value of 165, 122.9, and 95.1. The 

fragment with m/z=165 was formed due to ionization of the piperidine nitrogen followed by 

inductive cleavage. Further of loss of propyl side chain and carbon monoxide (CO) leads to 

the formation of fragment with m/z 122.9 (secondary cation) and 95.1.  

The MS, MS/MS spectra and the fragmentation pathway for HALO is seen in figure 

6.3.4.1.1 to 6.3.4.1.3. 
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Figure 6.3.4.1.1: MS spectra of HALO 

Figure 6.3.4.1.2: MS/MS spectra of HALO 

 

 

Figure 6.3.4.1.3: MS/MS fragmentation pathway of HALO      
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6.3.4.2. DP1 and DP2 

The protonated peaks for DP1 and DP2 were seen at m/z 392.0891 and 392.0879 

respectively, which were 16 amu higher than the m/z of HALO. The MS/MS fragmentation 

patterns for both the DPs were like the drug except the fragment with m/z 95. This indicated 

formation of a pair of N-oxide geometric isomers (cis and trans-N-oxides). Tertiary 

nitrogens are known to have propensity to form N-oxides and in the case of HALO, the 

piperidine nitrogen gets oxidised.  

From the stress studies it was known that DP1 is more easily formed then DP2. Generally, 

the trans isomer is easier to form than its cis counterpart as the substituents are located on 

the opposite side of the rings. Based on this reasoning, DP1 was identified as Trans-

Haloperidol-N-Oxide and DP2 as Cis-Haloperidol-N-Oxide.   

The MS, MS/MS spectra and the fragmentation pattern for DP1 and DP2 is seen in figures 

6.3.4.2.1 to 6.3.4.2.5 and summary of mass data is seen in table 6.3.4.2.1.  

 

 

 

 

 

 

Figure 6.3.4.2.1: MS spectra of DP1 

 

 

 

 

 

 

Figure 6.3.4.2.2: MS/MS spectra of DP1 
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Figure 6.3.4.2.3: MS spectra of DP2 

 

 

 

 

 

Figure 6.3.4.2.4: MS/MS spectra of DP2 

 

Figure 6.3.4.2.5: MS/MS fragmentation pathway of DP1 and DP2
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Table 6.3.4.2.1: Summary of mass data of HALO and its DPs 

Compound 
Experimental 

mass 

Most likely 

molecular 

formulae 

Theoretical 

mass 
RDB 

Error 

in mmu 

Fragments 
Most probable 

molecular 

formulae for 

fragments. 

Experimental 

mass 

Theoretical 

mass 

HALO* 

(TQMS) 
 

376.1 C21H23CIFNO2
+ 376.1 10 -- 

165.0 

122.9 

95.1 

165.1 

123.0 

95.0 

C10H10FO+ 

C7H4FO+ 

C6H4F
+ 

DP1(QTOF) 392.0891 C21H23CIFNO3
+ 392.1423 10 -5.32 

165.0348 

122.9935 

165.0710 

123.0241 

C10H10FO+ 

C7H4FO+ 

DP2(QTOF) 392.0879 C21H23CIFNO3
+ 392.1423 10 -5.44 

165.0347 

122.9929 

165.0710 

123.0241 

C10H10FO+ 

C7H4FO+ 

 

*MS and MS/MS analysis for HALO was done using Triple quad (TQMS). TQMS is not high-resolution mass (HRMS) hence, error in 

 mmu could not be computed. 
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6.3.5. In-silico ADMET studies of HALO and its DPs 

The In-silico ADMET studies were conducted by using pkCSM webserver, ToxTree and the 

OSIRIS property explorer.  

pkCSM 

HALO and its degradation products were predicted to possess intestinal absorption of             

> 89%. None of them had affinity to bind to P-glycoprotein and based on the log BB value 

it was determined that they can pass through the blood brain barrier but not readily. DP1 and 

DP2 inhibited CYP1A2, CYP2C9 and CYP3A4 while HALO inhibited CYP2D6 and 

CYP3A4. With regards to toxicity, HALO was flagged for Hepatotoxic potential whereas, 

none were positive for AMES toxicity (Mutagenicity). The Summary of the pkCSM 

predictions is shown in table 6.3.5.1.  

ToxTree and OSIRIS property explorer 

Second level of screening using ToxTree and OSIRIS did not reveal any new information 

about mutagenic potential of the degradation products. OSIRIS further stated that none of 

them possess any tumorigenic, irritant, and reproductive risks. 
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Table 6.3.5.1: Summary of pkCSM predictions 

 

 

 

  

Compounds 

Intestinal 

absorption 

(% 

absorbed) 

PgP 

Substrate 

BBB 

Permeability 

(log BB) 

CYP1A2 

inhibitor 

CYP2C19 

inhibitor 

CYP2C9 

Inhibitor 

CYP2D6 

Inhibitor 

CYP3A4 

Inhibitor 

Hepatoto

xicity 

Ames 

toxicity 

HALO 89.5 yes 0.112 No No No Yes Yes Yes No 

DP1 91.1 yes -0.144 No Yes Yes No Yes No No 

DP2 91.1 yes -0.144 No Yes Yes No Yes No No 
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6.4 Experimental work 

6.4.1. Instrumentation  

Table 6.4.1.1: List of instruments  

Sr.no. Instrument Make and specification 

1 HPLC 

LC-4000, Jasco, Japan. Made up of a model CO-4061 

temperature controlled column compartment, a model 

PU 4180 quaternary pump system with inline degasser, 

a model AS-4050 autosampler, Chromenav (version, 

2.01.06) data acquisition software, LC-NET II interface 

box, Acer workstation computer running Microsoft 

windows 7 professional operating system. 

2 Column Phenomenex C18 (150mm ×4.6mm, 5µm). 

3 Sonicator Citizon, Vadodra, India. 

4 pH meter Digital pH meter, Elico, India. 

5 Precision balance Wensar digital, Chennai, India. 

6 
Double distillation 

assembly 
Bhanu scientific instruments, Bangalore, Karnataka. 

7 Hot air oven Universal, Ambala, India. 

8 

Constant 

temperature water 

bath 

Generic. 

9 
Photostability 

chamber 
Newtronics lifecare Pvt.Ltd, Mumbai,India. 

10 MS system Agilent 1200 series HPLC system, 6200 series QTOF. 

11 
Workstation for in-

silico studies 

Intel i7 5820k based workstation computer running 

windows 10 professional operating system with 32 GB 

of ram, ToxTree (version, 3.1.0-1851-1525442531402), 

OSIRIS property explorer. 

 

 

6.4.2. Chemicals and reagents  

1. Acetonitrile (HPLC grade): Qualigen, Mumbai, Maharashtra 

2. Hydrochloric acid: Molychem, Thane, Mumbai.  

3. Hydrogen peroxide: Molychem, Thane, Mumbai. 

4. Ammonium formate: Molychem, Thane, Mumbai. 

5. Water (HPLC grade): Finar, Ahmedabad, Gujarat.  

6. Sodium Hydroxide: Finar, Ahmedabad, Gujarat. 
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6.4.3. Working standard  

Haloperidol injections (Serenace®) were purchased from a local pharmacy. 

 

6.4.4. Solution preparation  

6.4.4.1. Preparation of stock solution of HALO  

HALO stock solution was prepared by taking the drug formulation(injection) equivalent to 

25 mg of HALO in 25 ml volumetric flask. To it, 10 mL of acetonitrile was added, and the 

contents were sonicated for 5 minutes. The volume was made to mark with acetonitrile 

(HPLC grade) to get a solution with a concentration of 1000µg/mL.  

6.4.4.2. Preparation of ammonium Formate buffer (pH=3.7)  

Ammonium formate (630 mg) was weighed and transferred into 1000 mL HPLC grade water 

and mixed thoroughly. Solution was then filtered through a 0.45µ membrane filter under 

vacuum and the pH was adjusted to 3.7 with formic acid. 

6.4.4.3. Preparation of diluent  

Ammonium formate buffer and acetonitrile were mixed in a ratio of 50:50 (v/v) and 

sonicated for five minutes to prepare the diluent. 

6.4.4.4. Preparation of 0.1 N hydrochloric acid 

Concentrated hydrochloric acid (0.85 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 0.1 N hydrochloric acid.  

6.4.4.5. Preparation of 1 N hydrochloric acid 

Concentrated hydrochloric acid (8.5 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 0.1 N hydrochloric acid.  

6.4.4.6. Preparation of 0.1 N sodium hydroxide 

Sodium hydroxide flakes (400 mg) was dissolved with the aid of sonication in 50 mL of 

HPLC grade water using 100 mL volumetric flask. The volume was made up to mark with  

HPLC grade water to get 0.1 N sodium hydroxide solution.  
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6.4.4.7. Preparation of 1 N sodium hydroxide 

Sodium hydroxide flakes (4000 mg) was dissolved with the aid of sonication in 50 mL of 

HPLC grade water using 100 mL volumetric flask. The volume was made up to mark with  

HPLC grade water to get 0.1 N sodium hydroxide solution.  

6.4.4.8. Preparation of 15% hydrogen peroxide 

Hydrogen peroxide (15%) was prepared by diluting 5 mL of 30% hydrogen peroxide to 10 

mL with water in 10 mL volumetric flask.  

6.4.5. Forced degradation studies  

The forced degradation studies were performed to get substantial degradation of drug. The 

drug was stressed under conditions viz. acidic, basic, neutral, oxidative, thermal, and 

photolytic. To get an accurate representation, four samples were prepared under each 

condition excluding thermal and photolytic; blank under normal condition (blank untreated), 

blank under stress condition (blank treated), drug solution under normal condition 

(standard), and drug under the stress condition. For thermal and photolytic conditions, the 

chromatogram obtained were compared with the chromatogram of drug stored under normal 

conditions. 

6.4.5.1. Hydrolytic degradation 

The hydrolytic degradation was conducted under acidic, basic, and neutral condition. The 

stock solution of drug (1 mL) was mixed with 0.1 N / 1 N HCl in 10 mL volumetric flask 

and the solution was kept under stress for 48 h. In order to accelerate the degradation, the 

study was caried out at 70 ℃ for 7 h using 1 N HCl. After the stress period the samples were 

neutralized by using equal strength of sodium hydroxide and the volume was made to mark 

with diluent to get a concentration of 100 µg/mL of HALO. For base and neutral hydrolysis, 

a similar methodology was used. The samples treated with base were neutralized using 

corresponding strength of hydrochloric acid. All the samples were analysed using HPLC 

under optimized chromatographic conditions.   

6.4.5.2. Oxidative degradation 

stock solution HALO ( 1 mL) was allowed to mix with  0.1 mL of oxidant (15% hydrogen 

peroxide) for 48 h in 10 mL volumetric flask. The volume was made up to mark with diluent 
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to get a concentration of 100 µg/mL and samples were analysed using HPLC under 

optimized chromatographic conditions. 

6.4.5.3. Thermal degradation 

HALO stock solution was sealed in a glass ampoule and heated in an oven at 70 ℃ for 7 

hours. After the stress period, the contents of the ampoules were diluted with diluent to get 

a concentration of 100 µg/mL. In similar fashion, one sample of HALO was kept at room 

temperature as control and samples were analysed using HPLC under optimized 

chromatographic conditions.  

6.4.5.4. Photolytic degradation 

Photolytic degradation was carried out liquid state. Photolytic degradation was carried out 

by keeping 1 mL stock solution of HALO in volumetric flask inside a photostability chamber 

along with a control sample covered using aluminium foil.   

The samples that were kept in the photostability chamber were exposed to ICH-mandated 

dose of light (1.2 million lux H of overall illumination and 200 wh/m2 of integrated near 

U.V. energy). After the exposure period, the samples were diluted up to the mark to get      

100 µg/mL concentration of drug using diluent  and analysed using  HPLC under optimized 

chromatographic conditions.  

 

6.4.6. Validation studies  

The developed and optimized HPLC method was validated as per the relevant ICH 

guideline.  

6.4.6.1. Specificity and selectivity  

The specificity of the HPLC method was ascertained by the resolution values obtained 

between the nearest eluting peaks of degradation product and peak of drug and degradation 

product. The method's selectivity for the individual component was done through the % peak 

purity value obtained through the data acquisition software. The degradation samples were 

mixed in equal proportion and injected into HPLC.  
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6.4.6.2. Linearity and range 

A series of dilutions (5 levels) were prepared in range of 10-110 µg/mL. At each level the 

sample was injected in triplicate, and the average area was obtained. The average area was 

plotted against the concentration to obtain a simple linear regression equation and the 

correlation coefficient. Five incremental concentration ( 10, 20, 50, 75 and 110 µg/mL) were 

prepared by accurately withdrawing 0.1, 0.2, 0.5, 0.75 and 1.1 mL of stock solution of 

HALO (1000 µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  

6.4.6.3. Accuracy 

The accuracy of the HPLC method was determined by the standard addition method. The 

degraded sample was spiked at 80%, 100%, and 120% of the target assay concentration      

(50 µg/mL) with  standard drug solution. At each level, the sample was injected in triplicate, 

and the average % recovery was computed. Spiked samples were prepared by accurately 

transferring 0.4, 0.5 and 0.6 mL of stock solution of HALO to degraded sample and making 

the volume to 10 mL.  

6.4.6.4. Precision 

Precision (intra and inter) of the HPLC method was done at 10, 50, and 75 µg/mL. At each 

level, the sample was injected in triplicate, and the % relative standard deviation was 

determined (% RSD). Three incremental concentrations (10, 50, and 75 µg/mL) were 

prepared by accurately withdrawing 0.1, 0.5, and 0.75 mL of stock solution of HALO (1000 

µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  
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6.4.7. In-silico studies 

The in-silico studies were done using open-source options like the pkCSM webserver, 

ToxTree and OSIRIS property explorer.  

The structures of the degradation products were sketched using Marvin by ChemAxon. The 

structures were copied as smiles and fed into the pkCSM webserver. ADMET prediction 

mode was selected which uploads the task for processing.  

Toxtree accepts the structure in the form of SMILES which were generated similarly as 

discussed above. The decision tree (In vitro mutagenicity (Ames test) alerts by ISS) was 

selected from the method tab, and the estimate button was clicked.  

OSIRIS property explorer accepts SMILES or CAS no as input and runs predictions.  
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Chapter 7 

Characterization and in-silico toxicity 

prediction of degradation products of 

riociguat. 

 

7.0. Introduction  

Riociguat is mostly used in the treatment of persistent/ chronic thromboembolic pulmonary 

hypertension. It is a stimulator of soluble guanylate cyclase (sGC). It is not yet official in 

any compendia. The new drug application (NDA) for riociguat was filed with US-FDA on 

8th October 2013 by Bayer Healthcare Pharmaceuticals Inc107-109.  

The work presented herein focuses on the following objectives:  

1. Conduct of forced degradation studies on riociguat as per the ICH-mandated stress 

conditions.  

2. Development of a stability-indicating assay method (SIAM) for riociguat. 

3. Validation of the SIAM as per the ICH guidelines. 

4. Structural characterization of the degradation products by liquid chromatography 

coupled with  mass and tandem mass spectrometry. 

5. Prediction of absorption, distribution, metabolism, excretion, and toxicity (ADMET) 

profile using in-silico studies.  
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7.1. Drug profile108 

7.1.1 Riociguat (RIO)  

Chemical structure:  

 

 

 

 

 

 

 

 

IUPAC name: Methyl N- [4,6-Diamino-2- [1-[(2- fluorophenyl)methyl]-1H-pyrazolo[3,4-   

b]pyridin-3-yl]-5-pyrimidinyl]-N-methylcarbamate 

Molecular formula: C20H19FN8O2 

Melting point: 247-251℃ 

pKa: 4.34 

LogP: 2.37 

Description: Yellowish to white crystalline solid 

Solubility: Water solubility (1.4mg/100mL); freely soluble in methanol, chloroform, 

benzene, acetone, and dilute acids 

Drug category: soluble guanylate cyclase (sGC) stimulators 
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Clinical pharmacology: 

Soluble guanylate cyclase is a receptor for nitric oxide (NO). The binding of NO to sGC 

stimulates the synthesis of cyclic guanosine monophosphate, which plays a vital role in 

regulating the vascular tone. 

Pulmonary hypertension is characterized by endothelial dysfunction, irregularities in the 

synthesis of nitric oxide, and inadequate stimulation of sGC. 

Riociguat shows its activity by stimulating sGC to the internal NO. It also directly activates 

sGC by binding at an alternate binding site independent of NO110. 

Pharmacokinetics:   

RIO has high bioavailability through the oral route because of unrestrained absorption and 

little pre-systematic first pass extraction. RIO undergoes N-demethylation catalysed by the 

various isoforms of the cytochrome P-450 enzyme family. CYP1A1 is responsible for 

formation of the active metabolite M1 which possesses 33 % of the biological activity of 

RIO. Metabolite M1, through action of uridine diphosphate glucuronosyltransferase (UGT) 

produces the inactive metabolite M4.  RIO and its metabolites is excreted by both renal and 

bilary / fecal route. Overall, majority of the administered dose is excreted by oxidative 

biotransformation whereas, 9-44 % is excreted unchanged in feces and 4-19 % is excreted 

unchanged in urine by glomerular filtration110. 

Toxicity:  

RIO in rare circumstances, can cause severe adverse reactions like pulmonary hemorrhage 

and fetal toxicity. Other side effects of riociguat includes, hypotension, syncope, dizziness, 

headache, gastrointestinal upset, nausea, vomiting and constipation111.  
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7.2. Literature survey 

A thorough survey of literature was done to collect information about the various 

physiochemical properties and the analytical methods available for RIO. The various 

physiochemical properties of riociguat is discussed in the section 7.1. RIO is not official in 

any of the pharmacopeia. Therefore, no compendial methods are available.   

Literature shows some bioanalytical methods for estimation of RIO in plasma113,115, few 

HPLC methods for estimation of RIO in formulation112,114 and a couple of methods for 

estimation of riociguat by UV117,118. 

Literature also revealed a single stability indicating assay method for RIO. However, it lacks 

in toxicity studies and a comparative binding study with target receptor. The only similarity 

between research worked described in the ensuing chapter and the reported method is 

formation of a base degradation product with m/z 391116. 

 The summary of the chromatographic conditions used by the various HPLC methods is 

described in the following table. 
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Table 7.2.1: Summary of the HPLC methods available for determination of RIO by HPLC 

Sr.No 
Type of 

method 
Column type Mobile Phase composition Flow rate Detector used References 

1 
Title: Development and validation of reverse-phase high-performance liquid chromatography method for quantitative estimation of 

riociguat in tablet dosage 

 HPLC 

Interstil ODS-3 C18 

(250mm ×4.6mm, 

5µm) 

0.2% v/v trifluoracetic acid: acetonitrile (60:40 

v/v) 
1.0 mL/min UV, 245 112 

2 Title: Determination of riociguat and its major human metabolite M-1 in human plasma by stable-isotope dilution LC-MS/MS 

 HPLC 
Purosphere RP-18 

(125 × 4mm, 5µm) 

Ammonium formate [A] (2 mM, pH 6.8): 

acetonitrile [B] 

(Tmin/A:B (v/v) -

T0/95:5;T1/95:5;T1.5/45:55;T3.5/45:55;T3.6/10:90 

T5/10:90, T6/95:5  ) 

1.0 mL/min MS 113 

3 Title: Analytical method development and validation for the determination of riociguat in their formulations by LC-MS/MS  

 HPLC 
Zorbax C18 (50 

×4.6mm, 5µm) 
0.1% formic acid: acetonitrile (15: 85 v/v) 0.5mL/min MS 114 

4 
Title: In vitro and in vivo investigation of metabolic fate of riociguat by HPLC-Q-TOF/MS/MS and in silico evaluation of the 

metabolites by ADMET predictor ™ 

 HPLC 

Sunfire C-18 

column (250 mm× 

4.1mm, 5μm) 

0.1% formic acid [A]: ACN [B],  

(Tmin/A:B (v/v) -

T0/95:5;T4/95:5;T22/55:45;T30/10:90;T40/80:20 

T45/95:5) 

0.8 mL/min MS 115 
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Table 7.2.1: Summary of the HPLC methods available for determination of RIO by HPLC (Conti…) 

Sr.No 
Type of 

method 
Column type Mobile Phase composition Flow rate Detector used References 

5 
Title: Stress degradation studies of riociguat, development of validated stability indicating method, identification, isolation and 

characterization of degradation products by LC-HR-MS/MS and NMR studies. 

 HPLC 

Waters Symmetry 

C18 Column 

(150mm X 4.6 

mm, 5µm) 

Ammonium acetate (10 mM, pH 5.7 adjusted with 

acetic acid): acetonitrile (70:30 v/v) 
1 mL/min UV, 254 nm 116 
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7.3. Present work and discussion  

7.3.1. Development of HPLC method to monitor the drug degradation 

behaviour of RIO 

7.3.1.1. Selection of chromatographic methods  

All the reported HPLC methods for RIO use RPC approach for detection and quantification 

of RIO. Due to this, it was decided to develop the HPLC method using RPC approach. 

7.3.1.2. Selection of stationary phase 

All the reported method used C18 column as a stationary phase for estimation of RIO. So, 

considering the majority of the references Agilent Eclipse Zorbax XDB C18 column 

(150mm × 4.6 mm, 5µm) column was selected as a stationary phase due to availability. 

7.3.1.3. Selection of wavelength of analysis   

During the initial HPLC runs, the diode array detector (DAD) was set to scan the entire UV 

range (200-400nm) to determine the wavelength of maximum absorbance (λmax) of  RIO. 

The UV spectrum obtained is depicted in figure 7.3.1.3.1. The UV spectrum showed two 

wavelength maxima, one at 220 nm and other at 322 nm. The wavelength maxima at              

322 nm was selected for further analysis. The preference was given to the higher wavelength 

to obtain stable baseline during the HPLC analysis.  

 

  

 

 

 

 

 

 

Figure 7.3.1.3.1: UV spectrum of RIO having concentration (10 µg/ mL in acetonitrile) 
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7.3.1.4. Selection and optimization of mobile phase for monitoring degradation of RIO 

The main objectives of the HPLC method development were to develop a simple, robust, 

isocratic, mass friendly HPLC method with capacity factor(K’) value in-between 4-10. The 

reported HPLC methods for estimation of RIO in formulations uses various aqueous phases 

consisting of potassium dihydrogen phosphate (50 mM, pH 5), 0.2% acetic acid and 

ammonium formate (2 mM, pH 6.8) while the bioanalytical methods used ammonium 

formate (2 mM, pH 6.8) and 0.1% formic acid. The most preferred organic phase for all the 

reported methods was acetonitrile.  

The pKa of RIO is 4.3, so in acidic pH it is present in the non-ionized form. For initial HPLC 

trials, the pH of the mobile phase was maintained acidic to enhance the robustness of the 

method. HPLC trials were conducted using ammonium formate (10mM, pH adjusted to 3.7 

with formic acid) as the aqueous, and acetonitrile as the organic components of the mobile 

phase.     

The preliminary trial was taken by using a mobile phase ratio (50:50, v/v) of acetonitrile and 

ammonium formate buffer (10 mM, pH  3.7). The chromatogram obtained is shown in figure 

7.3.1.4.1   

Figure 7.3.1.4.1: Chromatogram of RIO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), 50:50, v/v; flow rate: 

1mL/min; wavelength: 322nm, Column: Agilent Eclipse Zorbax XDB C18 column (150mm 

× 4.6 mm, 5µm)) 
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In the above trial, RIO had a retention time of 2.2 min, NTP > 3000, peak asymmetry < 2, 

and  k’ value was 1.2. Hence, to increase the separation of the drug peak from the void 

volume subsequent trials were conducted by systematically reducing the percentage of 

organic phase.  

When organic phase was reduced to 30 % , retention time for RIO was 8.1 min. This 

modification also resulted in favourable system suitability with k’ value of 7.1, NTP > 3000 

and a peak asymmetry <  2.0. The chromatogram for this trial is depicted in figure 7.3.1.4.2.   

 

Figure 7.3.1.4.2: Chromatogram of RIO (10µg/mL) (Mobile phase, acetonitrile: 

ammonium formate buffer (pH 3.7, adjusted with formic acid), 30:70, v/v; flow rate: 

1mL/min; wavelength: 322nm, Column: Agilent Eclipse Zorbax XDB C18 column (150mm 

× 4.6 mm, 5µm)) 

 

The Summary of the chromatographic conditions used to monitor the drug degradation 

behaviour was as follows; 

Mobile phase: Acetonitrile: ammonium formate buffer (pH  3.7, adjusted with formic acid), 

30:70 (v/v).  

Column: Agilent Eclipse Zorbax XDB C18 column (150mm × 4.6 mm, 5µm).  

Wavelength: 322 nm. 

Flow rate: 1 mL/min. 
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7.3.2. Forced degradation studies 

The stability of the drug was probed as per the guidance provided in the ICH Q1A(R2) 

guideline. The drug was tested under hydrolytic (acidic, basic, and neutral), oxidative, 

thermal, and photolytic conditions. The stressed samples were subjected to HPLC analysis 

using optimized chromatographic conditions, and the chromatogram obtained was compared 

with blank stored under normal condition (blank untreated), blank subjected to stress 

conditions like the drug (blank treated), and the drug solution stored under normal condition 

(standard untreated)   

7.3.2.1. Hydrolytic degradation   

Hydrolytic degradation was performed using acidic, basic, and neutral conditions. The 

degradation studies were carried out at room temperature in order to get desired degradation 

of the drug. The degradation studies were also carried out at higher temperature (70 ℃, 7 

h), in case, no degradation was observed at room temperature. The concentration of the 

stressors was also optimized from low to high depending upon the degradation behaviour of 

the drug. Periodically, samples were withdrawn, neutralized, and diluted to the desired 

concentration and injected into HPLC using optimized chromatographic conditions.   

Acid degradation  

Acid degradation was carried out at room temperature by exposing drug solution to 1 N /2 

N HCl for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 2 N HCl at 70℃ for 7 hours since no degradation was observed at room 

temperature. After applying the stress conditions, the samples were neutralized by using 

equal strength of base (NaOH).  The neutralized samples were diluted to get the desired 

concentration and injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under acidic conditions, and no degradation was 

observed. 

Base degradation 

Base degradation was carried out at room temperature by exposing drug solution to 1 N  

NaOH for 48 hours in a volumetric flask to get desired degradation of the drug. The studies 

were repeated using 1 N NaOH at 70℃ for 7 hours to enhance the concentration of DPs. 

After applying the stress conditions, the samples were neutralized by using equal strength 
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of acid (HCl).  The neutralized samples were diluted to get the desired concentration and 

injected into HPLC using optimized chromatographic conditions.  

The drug was susceptible towards degradation under basic conditions. The drug degraded    

~ 37% at room temperature for 48 h and led to formation two degradation products with tR 

of 7.3 and 8.1 mins respectively. The representative chromatogram is shown in figure 

7.3.2.1.1. 

  

 

Figure 7.3.2.1.1: Chromatogram of RIO (100µg/mL) treated with 1 N NaOH at room 

temperature for 48 h (Mobile phase, acetonitrile: ammonium formate buffer (pH 3.7, 

adjusted with formic acid), 30:70, v/v; flow rate: 1mL/min; wavelength: 322nm, Column: 

Agilent Eclipse Zorbax XDB C18 column    (150mm × 4.6 mm, 5µm)) 

 

Neutral degradation 

Neutral degradation was carried out at room temperature by exposing drug solution to water 

for 48 hours in a volumetric flask to get desired degradation of the drug. The studies were 

repeated by heating the drug solution with water at 70℃ for 7 h since no degradation was 

observed at room temperature. Samples were diluted to get the desired concentration and 

injected into HPLC using optimized chromatographic conditions.  

The drug showed resilience to degradation under neutral basic condition, and no degradation 

was observed. 
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7.3.2.2. Oxidative degradation  

Oxidative degradation was carried out at room temperature by exposing drug solution to 

15% H2O2 for 48 hours in a volumetric flask to get desired degradation of the drug. Samples 

were diluted to get the desired concentration and injected into HPLC using optimized 

chromatographic conditions.  

The drug was susceptible towards degradation under oxidative stress. The drug degraded      

~ 38. 2 % at room temperature for 48 h and led to formation 2 degradation products with tR 

of 3.4 and 5.3 mins respectively. The representative chromatogram is shown in figure 

7.3.2.2.1.  

 

Figure 7.3.2.2.1: Chromatogram of RIO (100µg/mL) treated with 15 % H2O2 at room 

temperature for 48 h (Mobile phase, acetonitrile: ammonium formate buffer (pH 3.7, 

adjusted with formic acid), 30:70, v/v; flow rate: 1mL/min; wavelength: 322nm, Column: 

Agilent Eclipse Zorbax XDB C18 column    (150mm × 4.6 mm, 5µm)) 

 

7.3.2.3. Thermal degradation  

Thermal degradation was carried out by exposing the drug in sealed ampoule to dry heat at  

70 ℃ for 7 days using hot air oven. A control sample was maintained by placing drug into 

a separate glass ampoule stored at room temperature. After the stress period, the sample was 

diluted with diluent to get the desired concentration and injected into HPLC using optimized 

chromatographic conditions.  

The drug did not show degradation under thermal conditions. 
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7.3.2.4. Photolytic degradation  

Photolytic degradation studies were carried out in the solid and liquid states using 

photostability chamber. Solid state stress studies were carried out by spreading the drug as 

a thin layer inside a petri dish while, liquid state stress studies were carried out by placing 

drug solution inside a volumetric flask. Both the samples were exposed to ICH Q1B 

mandated dose of light. In addition, solid-state studies were also carried out by exposing the 

drug placed inside a volumetric flask to sunlight for 7 days. 

The chromatogram obtained from photolytic stressed samples did not show degradation. 

 

7.3.3. Development and optimization of the stability-indicating assay 

method 

During the base degradation studies, it was observed that there was formation of a peak 

group comprising of the drug peak (Rt 8.7) and the base degradation products with Rt of 7.3 

and 8.1 respectively with Rs < 2 among them. The chromatogram of the mixture of base and 

oxidative samples of RIO is shown in figure 7.3.3.1.  

 

 

Figure 7.3.3.1: Chromatogram of mixture of base and oxidative degraded RIO 

(100µg/mL) at room temperature for 48 h (Mobile phase, acetonitrile: ammonium 

formate buffer (pH 3.7, adjusted with formic acid), 30:70, v/v; flow rate: 1mL/min; 

wavelength: 322nm, Column: Agilent Eclipse Zorbax XDB C18 column    (150mm × 4.6 

mm, 5µm)) 
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The separation among the peaks of this group was enhanced by reducing the organic phase 

to 28%. This modification resulted in Rs > 2 among the peaks. The chromatogram obtained 

is depicted in figure 7.3.2.2.2.  

 

Figure 7.3.3.2: Chromatogram of mixture of base and oxidative degraded RIO 

(100µg/mL) at room temperature for 48 h (Mobile phase, acetonitrile: ammonium 

formate buffer (pH 3.7, adjusted with formic acid), 28:72, v/v; flow rate: 1mL/min; 

wavelength: 322nm, Column: Agilent Eclipse Zorbax XDB C18 column (150mm × 4.6 mm, 

5µm)) 

The UV spectra of the individual degradation products was recorded using the diode array 

detector and overlain with the UV spectra of the drug as shown in 7.3.3.3. 

 

 

 

 

 

 

  

 

 

 

Figure 7.3.3.3: Overlain of UV spectra of RIO with its degradation products 
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7.3.4. Validation of the developed stability-indicating assay method 

(SIAM) 

HPLC method validation is required to ensure that the method achieves an adequate standard 

of specificity, accuracy, and precision. The developed SIAM was validated as per the 

guidance of the ICH Q2 guideline. The parameters considered during the validation process 

is summarized in table 7.3.4.1.  

Table 7.3.4.1: Validation parameters and acceptance criteria 

Sr.No Validation Parameters Acceptance Criteria 

1 Specificity Resolution > 1 

2 Selectivity Peak purity (%) > 99 

3 Linearity Correlation coefficient not less than 0.999 

4 
Accuracy (across the 

specified range) 
Recovery (%) between 98.0 to 102% 

5 
Precision 

(intra day & inter day) 
RSD (%) of replicate injections not more than 2.0 

6 Robustness 

1) Resolution between adjacent peak should 

not be less than 1.0 

2) Numbers of theoretical plates of analyte 

peak should not be less than 2000. 

3) Asymmetry of peak should not be more 

than 2.0 

 

7.3.4.1. Specificity and selectivity 

The specificity of the HPLC method was expressed in terms of resolution between the 

closely eluting peaks. It is evident from figure 7.3.3.2 that the peaks were well resolved with 

a resolution value greater than one which confirms the specificity of the method. The 

method's selectivity was determined by measuring % peak purity value acquired using data 

acquisition software. The peak purity(%) was > 99% which indicates that the method is 

selective. 

7.3.4.2. Linearity and range 

The linearity was established in triplicate by taking five incremental concentrations in a 

range of 20-120 µg/mL. The graph plotted between the average area under peak v/s 

concentration. The data obtained was subjected to regression analysis. The calculated value 

of the corelation coefficient (r2) was 0.999. The linearity plot and the data pertaining to 
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linearity is given in figure 7.3.4.2.1 and table 7.3.1.2.1. The representative chromatogram at 

each concentration level is seen in figure 7.3.4.2.2. 

 

Figure 7.3.4.2.1. Linearity graph of RIO 

 

Table 7.3.1.2.1: Linearity data for RIO 

 

 

 

 

y = 20562x - 30676
R² = 0.9994

0

500000

1000000

1500000

2000000

2500000

3000000

0 20 40 60 80 100 120 140

A
b

so
rb

an
ce

Concentration(ppm)

Regression analysis

Sr. 

No. 

Concentration 

(µg/mL) 
Peak area RSD(%) 

  Injection 1 Injection 2 Injection 3 Average  

1 20 404330 409145 409081 407519 0.7 

2 40 778177 782435 780597 780403 0.3 

3 50 982860 978796 978175 979944 0.3 

4 60 1197815 1202105 1181149 1193690 0.9 

5 120 2444889 2442261 2456882 2448011 0.3 
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Chromatogram 1  

 

 

 

 

Chromatogram 2 

 

 

20µg/mL 

40µg/mL 
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Chromatogram 3 

 

 

 

Chromatogram 4  

 

 

50µg/mL 

60µg/mL 
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Chromatogram 5 

Figure 7.3.4.2.2: Representative chromatograms at concentration level 20, 40, 50, 60 and 

120 µg/mL 

7.3.4.3. Accuracy 

The accuracy was expressed in terms of recovery (%) of the spiked standard drug and was 

done by the standard addition method. The stressed sample were separately spiked with 

standard drug with  concentrations 40  µg/mL (80%), 50 µg/mL (100%) and 60 µg/mL 

(120%) of the target assay concentration (50 µg/mL) and injected in triplicate. The average 

recovery at each level was between 98 to 102 %, with the mean recovery of 100.1 %. The 

data of recovery studies is shown in table 7.3.4.3.1.  

Table 7.3.4.3.1: Recovery studies for RIO (n=3) 

Spiked drug 

concentration 

(µg/mL) 

Recovered  concentration 

(µg/mL)  ± S. D, % R.S.D. 
Recovery (%) 

40 40.1 ± 0.53,1.32 100.3 

50 49.8 ± 0.31,0.62 99.5 

60 60.1 ± 0.72,1.21 100.2 

 

120µg/mL 
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The representative chromatogram obtained at each level of accuracy study is shown in figure 

7.3.4.3.1.  

 

 

Chromatogram 6 

 

 

 

Chromatogram 7 

80% 

100% 
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Chromatogram 7 

Figure 7.3.4.3.1: Representative chromatograms obtained at each level of accuracy studies 

at 80, 100, and 120%.   

7.3.4.4. Precision 

Intra and inter-day precision studies were performed at three concentration levels: 40, 50, 

and 60 µg/mL in triplicate. The % RSD at each level was found to be < 2% inferring that 

the method was precise.  

Table 7.3.4.4.1: Precision data obtained during intra-day and inter-day studies. 

 

 

 

Concentration 

(µg/mL) 

Intraday (n=3) 

Mean peak area ± SD; 

%RSD 

Inter-day (n =3) 

Mean peak area ± SD; %RSD 

40 780403 ± 2136,0.3 779370 ± 7088,0.9 

50 979944 ± 2545,0.3 979421 ± 9435,1.0 

60 1193690 ± 11070,0.9 1208794 ± 4358,0.4 

120% 
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7.3.4.5. Robustness 

The robustness of the HPLC method was established to understand the HPLC methods 

tolerance to deliberate change in the chromatographic parameters. For this purpose, the 

following changes were carried out to observe its effect on the developed method.  

1) The pH of the mobile phase (± 0.5 of the optimized value.) 

2) Flow rate (± 0.2 mL of the optimized flow rate) 

3) Mobile phase composition (± 2% strength of the optimized ratio) 

4) Wavelength (± 3 units of the optimized wavelength) 

The results of the robustness studies are depicted in the tables below.  

Table 7.3.4.5.1: Data pertaining to robustness studies 

Peak Theoretical plates Peak asymmetry Resolution 

pH 3.2 

DP1 2538 0.9 7.4 

DP2 6718 0.9 5.1 

DP3 5374 1.0 2.1 

DP4 6029 0.9 2.3 

RIO 6451 1.0 -- 

pH 4.2 

DP1 2368 1.0 7.4 

DP2 6034 1.0 5.1 

DP3 5881 1.1 2..2 

DP4 6522 0.9 2.4 

RIO 6464 1.0 -- 

 

Peak Theoretical plates Peak asymmetry Resolution 

Flow rate 0.8 mL/min 

DP1 2300 0.9 8.9 

DP2 8673 1.1 407 

DP3 5585 1.1 2.0 

DP4 6425 0.9 2.7 

RIO 7025 1.0 -- 

Flow rate 1.2 mL/min 

DP1 2425 0.9 8.6 

DP2 6781 1.0 4.9 

DP3 6452 0.7 1.9 

DP4 5804 0.9 2.6 

RIO 6634 1.0 -- 
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Peak Theoretical plates Asymmetry Resolution 

Organic phase +2 % above the optimized ratio 

DP1 2762 0.9 7.6 

DP2 6215 1.0 3.0 

DP3 4712 1.0 1.6 

DP4 4801 0.9 2.4 

RIO 5566 1.0 -- 

Organic phase -2 % below the optimized ratio  

DP1 2413 0.8 7.2 

DP2 7307 0.9 7.9 

DP3 6349 0.9 2.6 

DP4 6863 1.0 2.1 

RIO 7220 1.0 -- 

Peak Theoretical plates Asymmetry Resolution 

Wavelength (319 nm) 

DP1 2482 0.9 7.4 

DP2 6466 1.0 5.1 

DP3 5457 1.0 2.1 

DP4 6373 0.9 2.4 

RIO 6475 1.0 -- 

 Wavelength (325 nm) 

DP1 2575 0.8 7.3 

DP2 6467 0.9 5.0 

DP3 5261 1.0 2.1 

DP4 5870 0.9 2.3 

RIO 6441 1.0 -- 

 

7.3.5. Characterization of the degradation products by mass and tandem 

mass spectrometry 

The structural characterization of the degradation products was carried out using LC-MS 

and LC-MS/MS. The LC-MS and LC-MS/MS spectra were recorded in positive electro 

spray ionization mode(+ESI). The optimized parameters of LC-MS/MS studies are depicted 

in table 7.3.5.1  

Based on the MS and the MS/MS data the most probable structure for degradation products 

was postulated along with fragmentation pathway.  
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Table 7.3.5.1:  The optimized parameters of LC-MS/MS studies.  

Parameter Value 

Dying, sheath, and nebulizing gas Nitrogen 

Vcap 3100 V 

Fragmentor 150 V 

Skimmer 45 V 

Octopol RF peak 750 V 

Drying gas flow 11 L/min 

Sheath gas flow 10 L/min 

Nebulizing gas 25 psi 

Sheath gas temp 295℃ 

 

7.3.5.1. RIO 

The molecular weight of RIO is 422.1645 g/mole. The LC-MS spectra recorded in the +ESI 

mode showed molecular peak ion at m/z 423.1147, and its MS/MS spectra showed two 

distinct peaks at m/z values of 253.0476 and 109.0163. The cleavage of the pyrimidine ring 

forms the fragment with m/z 253.0476, which further loses the pyrazolo pyridine ring to 

form a fragment with m/z 109.0163.  

The MS, MS/MS spectra, and the fragmentation pattern for RIO is shown in the following 

figures. 

 

 

 Figure 7.3.5.1.1: MS spectra of RIO 

 

m/z 

R
el

a
ti

ve
 a

b
u
n

d
a
n

ce
 



189 

 

 

Chapter 7 

  

Figure 7.3.5.1.2: MS/MS spectra of RIO 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3.5.1.3: MS/MS fragmentation pattern of RIO 

 

7.3.5.2. DP1 

DP1 showed molecular ion peak at m/z 270.0699 and its MS/MS spectra showed peaks at 

m/z values of 109.0157 and 102.0056. The fragment ion (m/z 109.0157) was formed due to 

the ionization of the tertiary nitrogen bridging with fluorobenzene followed by an inductive 

m/z 

R
el

a
ti

ve
 a

b
u
n

d
a
n

ce
 



190 

 

 

Chapter 7 

cleavage, while the fragment ion with m/z 102.0056 was formed due to the breakdown of 

the core pyrazolo pyridine structure.  

DP1 of RIO was identified as 3-(diaziridin-3-yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b] 

pyridine. The RDB value for the proposed structure was 10.5, and the error in mmu was        

–4.51. The MS, MS/MS spectra, and the fragmentation pattern for DP1 is shown in the 

following figures. 

 

 

Figure 7.3.5.2.1: MS spectra of DP1 

 

 

 

Figure 7.3.5.2.2: MS/MS spectra of DP1 
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Figure 7.3.5.2.3: MS/MS fragmentation pathway of DP1 

7.3.5.3. DP2 

DP2 showed protonated ion peak at m/z 315.0581. Its MS/MS spectra showed peaks at m/z 

values of 132.0242, 103.0006, and 109.0159. The fragment with m/z 132.0242 was formed 

due to the cleavage of the pyridine ring. Further loss of CH3N from this fragment results in 

the formation of the fragment with m/z 103.0006. The fragment with m/z 109.0159 was due 

to the formation of diaminopyrimidine cation.  

DP2 was identified as methyl (4,6-diamino-2-(3H-pyrazolo[3,4-b]pyridin-3-yl)pyrimidin-5-

yl)(methyl)carbamate. The RDB value for the proposed structure was 10.5, and the error in 

mmu was –7.31. The MS, MS/MS spectra, and the fragmentation pattern for DP1 is shown 

in the following figures. 
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Figure 7.3.5.3.1: MS spectra of DP2 

 

 

Figure 7.3.5.3.2: MS/MS spectra of DP2 

 

 

 

 

 

 

 

 

 

 

 

 Figure 7.3.5.3.2: MS/MS fragmentation pathway of DP2 
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7.3.5.4. DP3 

The molecular ion peak of DP3 was seen at m/z 351.0962. The MS/MS spectra for DP3 

showed peaks at m/z 109.0829 (diaminopyrimidine cation), 242.0594 (formed due to 

cleavage of the pyrimidine ring) and 109.0156 (loss of pyrazolo pyridine moiety from 

fragment with m/z  242.0594).  

DP3 was identified as 2-(1-(2-fluorobenzyl)-1H-pyrazolo [3,4-b]pyridin-3-yl)pyrimidine 

4,5,6-triamine. The RDB value for the proposed structure was 13.5, and the error in mmu 

was –5.14. The MS, MS/MS spectra, and the fragmentation pattern for DP1 is shown in the 

following figures. 

 

 

Figure 7.3.5.4.1: MS spectra of DP3 

 

 

 

Figure 7.3.5.4.2: MS/MS spectra of DP3 
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Figure 7.3.5.4.2: MS/MS fragmentation pathway of DP3 

7.3.5.5. DP4 

The molecular ion peak for DP4 appeared at m/z value of 391.0876. Its fragment ion peaks 

were seen at m/z values of 109.0156 and 118.0204 due to the formation of (4-flurophenyl) 

methylium and pyrazolo pyridine cations respectively.  

DP4 was identified as 6-amino-2-(1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridin-3-yl)-7-

methyl-7,9-dihydro-8H-purin-8-one. The RDB value for the proposed structure was 15.5, 

and the error in mmu was –5.5. The MS, MS/MS spectra, and the fragmentation pattern for 

DP1 is shown in the following figures. 

The Summary of the MS and MS/MS data along with other attributes is summarized in table 

7.3.5.1.  
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Figure 7.3.5.5.1: MS spectra of DP4 

 

 

Figure 7.3.5.5.2: MS/MS spectra of DP4 

 

 

 

 

 

 

 

 

 

 Figure 7.3.5.5.3: MS/MS fragmentation pathway of DP4
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Table 7.3.5.1: Summary of mass data of RIO and its DPs 

 

Compound 
Experimental 

mass 

Most likely 

molecular 

formulae 

Theoretical 

mass 
RDB 

Error in 

mmu 

Fragments Most probable 

molecular 

formulae for 

fragments. 

Experimental 

mass 

Theoretical 

mass 

DP1 270.0699 
C14H13FN5

+ 

 

270.1150 

 
10.5 -4.51 

109.0157 

102.0056 

109.0448 

102.1026 

C7H6F
+ 

C4H12N3
+ 

DP2 315.0581 C13H15N8O2
+ 315.1312 10.5 -7.31 

132.0242 

103.0006 

109.0159 

132.0556 

103.0291 

109.0509 

C7H6N3
+ 

C6H3N2
+ 

C4H5N4
+ 

DP3 351.0962 C17H16FN8
+ 351.1476 13.5 -5.14 

109.0829 

242.0594 

109.0156 

109.0509 

242.1088 

109.0448 

C4H5N4
+ 

C14H13FN3
+ 

C7H6F
+ 

DP4 391.0876 C19H16FN8O
+ 391.1426 15.5 -5.5 

118.0204 

109.0156 

118.0400 

109.0448 

C6H4N3
+ 

C7H6F
+ 

RIO 423.1147 C20H19FN8O2+ 423.1615 15 -4.68 
253.0476 

109.0163 

253.0884 

109.0448 

C14H10FN4
+ 

C7H6F
+ 
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7.3.6. In-silico ADMET studies of RIO and  its DPs  

Molecular modelling studies  

Molecular modelling studies were performed to assess binding affinities of RIO and its DPs 

with sGC receptor. The following docking protocol was used. 

Using Marvin Sketch88, the structure of RIO and its DPs were sketched and cleaned. The 

soluble guanylate cyclase structure (PDB code:7LGK) was retrieved from the protein data 

bank. Utilizing Discovery studio visualizer119 and Swiss PDB viewer120, respectively, it was 

prepared and minimized. Using a grid receptor generation tool. The native ligand 

downloaded with the protein (Runcaciguat) was used to determine the binding site through 

a grid receptor generation tool. The investigated compounds were optimized and docked 

with the aid of the PyRx virtual screening tool121 and evaluated with the aid of the discovery 

studio visualizer. 

The overall binding affinity for RIO was 9.2 kcal/mole and the binding affinities of DPs (1– 

4) were 8.3, 7.5, 8.9, and 10.2 kcal/mole, indicating that DP4 has a marginally higher binding 

affinity than the intact drug. 

The summary of the binding interactions of the compounds with the receptor is seen in figure 

7.3.6.1 and table 7.3.6.1.  

 

Figure 7.3.6.1: Interaction of RIO(A) and DP4(B) with receptor(7LGK).    
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Table 7.3.6.1: Summary of interactions with the receptor 

Name Interactions. 

 Van der waals Carbon 

hydrogen 

bond 

Conventional 

hydrogen bond 

Pi-Hydrogen bond Pi-sigma Pi-Pi T 

shaped 

Pi-alkyl 

RIO Met 144, His 105, 

LEU 148, Leu 101, 

PHE 97LEU 152 

THR 78, LEU 87, 

TYR  83, LEU 86, 

PHE 112, LEU 4, 

LEU 115, VAL 5, 

TYR 2, MET 1, ARG 

116, PRO 117, TYR 

134,SER 136, LEU 

141 

PRO 118, 

ARG 138. 

-- -- 

LEU 104 TRP 74 VAL 108, 

VAL 75 

DP4 MET 1, TYR 2, LEU 

4, VAL 5, LEU 86, 

TYR 83, THR 78, 

VAL 75, LEU 101, 

LEU 158, PHE120, 

PRO 118, PRO 117 

-- 

ARG 138, ARG 

116 

TRP 74 LEU 87, LEU 

115 

HIS 105 LEU 104, 

VAL 108. 
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pkCSM 

RIO and its DPs were predicted to have intestinal absorption of > 80 %.  Except DP2 all acted 

as PgP substrate. All had log BB value of > -0.3 indicating that they have poor blood brain 

permeability. RIO, DP2, DP3, and DP4 were predicted to possess hepatotoxicity, while DP4 

was flagged for mutagenic potential. Besides, Riociguat also inhibited CYP2C9 and CYP3A4, 

while DP1 inhibited CYP1A2. The summary of the various predictions of pkCSM is shown in 

table 7.3.6.2. 

ToxTree and OSIRIS property explorer 

Screening through ToxTree indicated that RIO, DP2, DP3, and DP4 are mutagenic to the 

presence of the primary aromatic amine in their structure; however, the final screening through 

OSIRIS property explorer returned a negative mutagenic result for all and revealed that they 

do not possess any, irritant, tumorigenic or reproductive risks. 
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Table no 7.3.6.2: Summary of pKCSM predictions  

 

 

 

  

 

 

 

 

Compound Intestinal 

absorption 

(%absorbed) 

PgP 

Substrate 

BBB 

Permeability 

(log BB) 

CYP1A2 

inhibitor 

CYP2C19 

inhibitor 

CYP2C9 

Inhibitor 

CYP2D6 

Inhibitor 

CYP3A4 

Inhibitor 

AMES 

toxicity 

Hepato 

toxicity 

Riociguat 93.8% Yes -0.79 No No Yes No Yes No Yes 

DP1 96% Yes -0.55 Yes No No No No No No 

DP2 81% No -1.087 No No No No No No Yes 

DP3 81.6% Yes -1.547 No No No No No No Yes 

DP4 81.4% Yes -2.134 No No No No No Yes Yes 
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7.4 Experimental work 

7.4.1. Instrumentation  

Table 7.4.1.1: List of instruments.  

Sr.no. Instrument Make and specification 

1 HPLC 

LC-4000, Jasco, Japan. Made up of a model CO-4061 

temperature controlled column compartment, a model 

PU 4180 quaternary pump system with inline degasser, 

a model AS-4050 autosampler, Chromenav (version, 

2.01.06) data acquisition software, LC-NET II interface 

box, Acer workstation computer running Microsoft 

windows 7 professional operating system. 

2 Column Phenomenex C18 (150mm ×4.6mm, 5µm). 

3 Sonicator Citizon, Vadodra, India. 

4 pH meter Digital pH meter, Elico, India. 

5 Precision balance Wensar digital, Chennai, India. 

6 
Double distillation 

assembly 
Bhanu scientific instruments, Bangalore, Karnataka. 

7 Hot air oven Universal, Ambala, India. 

8 

Constant 

temperature water 

bath 

Generic. 

9 
Photostability 

chamber 
Newtronics lifecare Pvt.Ltd, Mumbai,India. 

10 MS system Agilent 1200 series HPLC system, 6200 series QTOF. 

11 
Workstation for in-

silico studies 

Intel i7 5820k based workstation computer running 

windows 10 professional operating system with 32 GB 

of ram, ToxTree (version, 3.1.0-1851-1525442531402), 

OSIRIS property explorer. 

 

 

7.4.2. Chemicals and reagents  

1. Acetonitrile (HPLC grade): Qualigen, Mumbai, Maharashtra 

2. Hydrochloric acid: Molychem, Thane, Mumbai.  

3. Hydrogen peroxide: Molychem, Thane, Mumbai. 

4. Ammonium formate: Molychem, Thane, Mumbai. 

5. Water (HPLC grade): Finar, Ahmedabad, Gujarat.  

6. Sodium Hydroxide: Finar, Ahmedabad, Gujarat. 
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7.4.3. Working standard  

RIO was obtained as a gift sample from MSN laboratories, Hyderabad, India  

 

7.4.4. Solution preparation  

7.4.4.1. Preparation of stock solution of RIO 

RIO (50 mg) was weighed on a precision balance and transferred into a calibrated 50 mL 

volumetric flask. To it, 20 mL of acetonitrile was added and the contents were sonicated for 

5 min. The volume was made to mark with acetonitrile (HPLC grade) to get a solution having 

a concentration of 1000µg/mL.  

7.4.4.2. Preparation of ammonium formate buffer (pH=3.7)  

Ammonium formate (630 mg) was weighed and transferred into 1000 mL HPLC grade water 

and mixed thoroughly. Solution was then filtered through a 0.45µ membrane filter under 

vacuum and the pH was adjusted to 3.7 with glacial acetic acid. 

7.4.4.3. Preparation of diluent  

Ammonium formate buffer and acetonitrile were mixed in a ratio of 50:50 (v/v) and 

sonicated for five minutes to prepare the diluent. 

7.4.4.4. Preparation of 1 N hydrochloric acid 

Concentrated hydrochloric acid (8.5 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 0.1 N hydrochloric acid.  

7.4.4.5. Preparation of 2 N hydrochloric acid 

Concentrated hydrochloric acid (17 mL) was slowly diluted to 100 mL mark using HPLC 

grade water in volumetric flask to get 2 N hydrochloric acid 

7.4.4.6. Preparation of 1 N sodium hydroxide 

Sodium hydroxide flakes (4000 mg) was dissolved with the aid of sonication in 50 mL of 

HPLC grade water using 100 mL volumetric flask. The volume was made up to mark with 

HPLC grade water to get 0.1 N sodium hydroxide solution.  
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7.4.4.8. Preparation of 15% hydrogen peroxide 

Hydrogen peroxide (15%) was prepared by diluting 5 mL of 30% hydrogen peroxide to       

10 mL with HPLC grade water using 10 mL volumetric flask.  

7.4.5. Forced degradation studies  

The forced degradation studies were performed to get substantial degradation of drug. The 

drug was stressed under conditions viz. acidic, basic, neutral, oxidative, thermal, and 

photolytic. To get an accurate representation, four samples were prepared under each 

condition excluding thermal and photolytic; blank under normal condition (blank untreated), 

blank under stress condition (blank treated), drug solution under normal condition 

(standard), and drug under the stress condition. For thermal and photolytic conditions, the 

chromatogram obtained were compared with the chromatogram of drug stored under normal 

conditions. 

7.4.5.1. Hydrolytic degradation 

The hydrolytic degradation was conducted under acidic, basic, and neutral condition. The 

stock solution of drug (1 mL) was mixed with 0.1 mL 1 N / 2 N HCl in 10 mL volumetric 

flask and the solution was kept under stress for 48 h. In order to accelerate the degradation 

the study was caried out at 70 ℃ for 7 h using 2 N HCl. After the stress period the samples 

were neutralized by using equal strength of sodium hydroxide and the volume was made to 

mark with diluent to get a concentration of 100 µg/mL of RIO. For base and neutral 

hydrolysis, a similar methodology was used. The samples treated with base were neutralized 

using corresponding strength of hydrochloric acid. All the samples were analysed using  

HPLC under optimized chromatographic conditions.   

7.4.5.2. Oxidative degradation 

Stock solution RIO ( 1 mL) was allowed to mix with  0.1 mL of oxidant (15% hydrogen 

peroxide) for 48 h in 10 mL volumetric flask. The volume was made up to mark with diluent 

to get a concentration of 100 µg/mL and samples were analysed using  HPLC under 

optimized chromatographic conditions.  

7.4.5.3. Thermal degradation 

RIO (100 mg) was sealed in a glass ampoule and heated in an oven at 70 ℃ for 7 hours. 

After the stress period, the contents of the ampoules were diluted with diluent to get a 
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concentration of 100 µg/mL. In similar fashion, one sample of RIO was kept at room 

temperature as control and samples were analysed using HPLC under optimized 

chromatographic conditions.  

7.4.5.4. Photolytic degradation 

Photolytic degradation was carried out in solid and liquid state. Two samples were prepared 

for solid state degradation study. In first case, the drug was spread as a thin layer inside a 

petri dish and kept in a photostability chamber along with control sample covered with 

aluminium foil. In the second case, 10 mg of drug was taken into 10 mL volumetric flask 

and exposed to sunlight for 7 days along with control sample in aluminium foil.  

Photolytic degradation in liquid state was carried out by keeping 1 mL stock solution of RIO 

in volumetric flask inside a photostability chamber along with a control sample covered 

using aluminium foil.   

The samples that were kept in the photostability chamber were exposed to ICH-mandated 

dose of light (1.2 million lux H of overall illumination and 200 wh/m2 of integrated near 

U.V. energy). After the exposure period, the samples were diluted up to the mark to get      

100 µg/mL concentration of drug using diluent  and analysed using  HPLC under optimized 

chromatographic conditions.  

 

7.4.6. Validation studies  

The developed and optimized HPLC method was validated as per the relevant ICH 

guideline.  

7.4.6.1. Specificity and selectivity  

The specificity of the HPLC method was ascertained by the resolution values obtained 

between the nearest eluting peaks of degradation product and peak of drug and degradation 

product. The method's selectivity for the individual component was done through the % peak 

purity value obtained through the data acquisition software. The degradation samples were 

mixed in equal proportion and injected into HPLC. 
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7.4.6.2. Linearity and range 

A series of dilutions (5 levels) were prepared in range of 20-120 µg/mL. At each level the 

sample was injected in triplicate, and the average area was obtained. The average area was 

plotted against the concentration to obtain a simple linear regression equation and the 

correlation coefficient. Five incremental concentrations (20, 40, 50, 60 and 120 µg/mL) were 

prepared by accurately withdrawing 0.1, 0.2, 0.5, 0.6 and 1.2 mL of stock solution of RIO 

(100 µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  

7.4.6.3. Accuracy 

The accuracy of the HPLC method was determined by the standard addition method. The 

degraded sample was spiked at 80%, 100%, and 120% of the target assay concentration      

(50 µg/mL) with  standard drug solution. At each level, the sample was injected in triplicate, 

and the average % recovery was computed. Spiked samples were prepared by accurately 

transferring 0.4, 0.5 and 0.6 mL of stock solution of RIO to degraded sample and making 

the volume to 10 mL.  

7.4.6.4. Precision 

Precision (intra and inter) of the HPLC method was done at 40, 50, and 60 µg/mL. At each 

level, the sample was injected in triplicate, and the % relative standard deviation was 

determined (% RSD). Three incremental concentration (40, 50, and 60 µg/mL) were 

prepared by accurately withdrawing 0.4, 0.5, and 0.6 mL of stock solution of RIO (1000 

µg/mL) and diluting it to 10 mL using diluent in a volumetric flask.  

 

 7.4.7. In-silico studies 

The in-silico studies were done using open-source options like the pkCSM webserver, 

ToxTree and OSIRIS property explorer.  

The structures of the degradation products were sketched using Marvin by ChemAxon. The 

structures were copied as smiles and fed into the pkCSM webserver. ADMET prediction 

mode was selected which uploads the task for processing.  
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Toxtree accepts the structure in the form of SMILES which were generated similarly as 

discussed above. The decision tree (In vitro mutagenicity (Ames test) alerts by ISS)  was 

selected from the method tab, and the estimate button was clicked.  

OSIRIS property explorer accepts SMILES or CAS no as input and runs predictions.  

The comparative receptor binding studies was done by using PyRx virtual screen tool. The 

sGC structure (PDB id: 7LGK) was downloaded from protein data bank. The protein was 

prepared for docking using standard protocol by using discovery studio visualizer and Swiss 

PDB viewer. The sketched compounds structure were imported in SDF format in PyRx 

virtual screening tool. They were then prepared for docking by converting them to PDBQT 

format and minimized using the inbuilt module. Receptor grid box was generated by using 

the native ligand (Runcaciguat) and docking was carried out.  The binding interactions were 

analyzed using discovery studio visualizer.   
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Summary and conclusion 

 

8.0. Introduction  

Based on the literature review, FMTE, PIMO, RIO and HALO (APIs) were selected as drug 

candidates for the stability testing. RP-HPLC methods were developed for the selected drugs 

to monitor drug degradation behavior. Individual drugs were then subjected to various stress 

conditions mentioned in the ICH Q1A (R2) guideline, and the samples were analyzed by the   

RP-HPLC method. Whenever required HPLC method was optimized by changing the 

chromatographic parameters like; elution mode, the composition of mobile phase, pH, and 

column to get the desired resolution between the drug and the DPs and among the DPs. 

Following the method optimization, the RP-HPLC methods were validated in accordance 

with the ICH Q2 (R1) guideline.  

The developed RP-HPLC method was adopted for the mass spectrometry studies, which 

were used to determine the molecular mass (MS), chemical structure and the fragmentation 

pattern (MS/MS) of the individual DPs. The data thus obtained was used to construct the 

fragmentation pattern of the DPs.  

The structure of the DPs were then scanned through the opensource ADMET prediction 

tools like the pKCSM webserver. Secondary screening for the mutagenic potential was 

performed using freely available offline utilities like ToxTree and the OSIRIS property 

explorer. For the drug riociguat, docking studies were carried out by using PyRx virtual 

screening tool to access the binding affinities between the drug and DPs with the soluble 

guanylate cyclase receptor (PDB code: 7LGK). 
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8.1 Pimozide (PIMO) 

8.1.1. Drug profile 

PIMO is a neuroleptic drug used to treat schizophrenia and relieve the symptoms associated 

with Tourette's disorder. A recent study has also revealed that PIMO therapy can be used to 

treat the intracellular bacterial infection.  

PIMO is colourless, microcrystalline powder, insoluble in water but exhibits varying 

solubility in ethanol, ether, and methanol. Its IUPAC name is 3-[1-[4,4-bis(4-

fluorophenyl)butyl] piperidin-4-yl]- 1H-benzimidazole-2-one.  

PIMO is an official drug in the USP-NF and the EP. The EP lists five process impurities of 

PIMO (A-E).  

 

8.1.2. Mechanism of action 

PIMO's ability to suppress the motor and the phonic tics associated with Tourette’s 

syndrome is due to its dopaminergic blocking activity. The tics are believed to be caused by 

the oversensitivity of the dopamine receptors. PIMO binds to the D2 receptor and causes its 

inhibition in the central nervous system.   

 

8.1.3. Development of a RP-HPLC method for monitoring the drug 

degradation behavior of PIMO 

Authentic literature sources were referred to get an idea about published HPLC methods 

developed for the determination of PIMO. Initially, preference was given to compendial 

methods. The related substances (RS) method in the USP-NF and EP used gradient mode 

(flow rate 2.0 ml/min, λmax 280 nm) of elution with mobile phase made of ammonium acetate 

(32 mM) and tetrabutylammonium hydrogen sulfate (32 mM) as aqueous, and acetonitrile 

as an organic component. Bioanalytical HPLC methods used isocratic mode of elution using 

buffers like ammonium acetate (5 mM, pH 3.5, adjusted using acetic acid, flow rate 0.22 

ml/min, λmax 280 nm) and sodium dihydrogen phosphate (50 mM, pH 3.0, adjusted using 

1% phosphoric acid). HPLC method for estimation of PIMO from bulk drug used disodium 

hydrogen phosphate (50 mM, pH 6.2, adjusted using orthophosphoric acid, flow rate 1.0 
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mL/min, λmax 285 nm) as aqueous component. Common factors among the reported HPLC 

methods were the use of acetonitrile and C18 column for better retention and effective 

separation of the components. Moreover, the wavelength of detection was 280 nm. Based 

on these facts, a HPLC method was designed using ammonium acetate (10 mM, pH adjusted 

to 3.7 with glacial acetic acid, λmax 280 nm) as the aqueous phase and acetonitrile as the 

organic phase. Gradient elution mode was applied for effective separation of polar impurities 

on Phenomenex C18 (150 mm X 4.6 mm, 5µm) column. The pH of buffer was maintained 

at 3.7 to get drug into completely ionized form. Moreover, ammonium acetate is a volatile 

buffer compatible with mass detector. It is a salt of weak acid and weak base, its solution 

has pH 7. The buffer does not have significant buffer capacity at pH 7 but it exhibit buffer 

capacity near pH 4.75 ± 1 (pKa of acetic acid) and pH 9.25 ± 1 (pKa of ammonia).  

The summary of the optimized stability indicating assay method (SIAM) parameters for 

PIMO is provided table 8.1.3.1.  

Table 8.1.3.1: Optimized chromatographic conditions for monitoring the drug degradation 

pattern for PIMO. 

 

8.1.4. Forced degradation studies 

PIMO was stressed under the conditions specified in the ICH guideline Q1A (R2) viz 

hydrolytic (acidic, basic, neutral), oxidative, thermal, and photolytic. The drug exhibited 

stability under hydrolytic, thermal, and photolytic conditions, while it degraded (~ 26 %) 

under oxidative stress condition (15% H2O2 at room temperature for 48 h). Oxidative stress 

condition led to the formation of five DPs named DP 1 to 5 from left to right as per their 

elution order.     

Mobile phase Acetonitrile: Ammonium acetate (10 mM, pH adjusted to 3.7 with 

glacial acetic acid) in gradient elution mode (Tmin/A:B v/v- 

T0/15:85;T30/45:55;T35/15:85;T40/15:85) 

Column  Phenomenex C18 (150 mm X 4.6 mm, 5µm) 

Flow rate 1 mL/min 

Wavelength 280 nm.  
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Among all DPs generated, DP-3, and major degradation product DP-5 were later identified 

as impurity B and impurity E respectively as per USP monograph. DP1, DP2, and DP4 were 

unknown degradation products of PIMO.  

A summary of the applied stress conditions is tabularized in table no 8.1.4.1.  

Table 8.1.4.1: Summary of the stress conditions applied to PIMO.  

Conditions Stressor 
Duration and nature of 

exposure. 
Observation. 

Hydrolysis 

Acid 0.1,1N HCl 

RT (2 days), Heat at 70℃ 

on constant temperature 

water bath for 7 h. 

No degradation. 

Base 
0.1,1N 

NaOH 

RT (2 days), Heat at 70℃ 

on constant temperature 

water bath for 7 h. 

No degradation. 

. 

Neutral water 

RT (2 days), Heat at 70℃ 

on constant temperature 

water bath for 7 h. 

No degradation. 

Oxidation 15% H2O2 RT (2days). 
Formation of 

DPs (1-5) 

Photolysis 

Sunlight 7 days No degradation 

 

Photo-stability chamber 

Fluorescence light 1.2 

million lux hours and UV 

light 200 Whm-2 

No degradation 

Thermal 70℃ 7 days. No degradation. 

RT= room temperature.  

8.1.5. Validation of the HPLC method 

The HPLC methods was validated as per the ICH guideline. The method was found to be 

specific (resolution > 1 among all the peaks) and selective (peak purity > 99%). The 

linearity, range, precision, accuracy, and robustness results are as summarized in table no 

8.1.5.1.  
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Table 8.1.5.1: Summary of validation parameters for PIMO.   

Validation parameters Results. 

Specificity and selectivity 
Resolution >1, peak 

purity> 99% 

Linearity 

Equation of the regression line y=6936.9x-20506 

r2 0.999 

Range (µg/mL) 10-100 

Precision 

Intra-day 

µg/mL 
Mean peak area ± SD; 

%CV 

40 178008 ±1906; 1.1 

50 336338 ±4650; 1.4 

60 672615 ± 1844; 0.3 

Inter-day 

40 168221 ±3111; 1.8 

50 343607 ±1021; 0.3 

60 676497 ± 4107; 0.6 

Accuracy 

Spiked 

concentration 

(Target 

concentration=50 

µg/mL) 

µg/mL 
% recovery mean ± SD, 

%CV 

40 (80%) 40.6 ± 0.26,0.64 

50 (100%) 50.8 ± 0.10,0.19 

60 (120%) 61.1 ± 0.19,0.31 

Robustness 

pH (±0.5), flow rate(±0.1 

mL), mobile phase 

composition(±1%), 

wavelength (± 3nm) of 

optimized value. 

Theoretical plates >2000 

Resolution >1 

Asymmetry <2  

 

8.1.6. Mass studies.  

The structural characterization of the degradation products was carried out using LC-MS 

and LC-MS/MS. The LC-MS and LC-MS/MS spectra were recorded in positive electro 

spray ionization mode (+ESI). 
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The molecular weight of PIMO is 461.2351 g/mole. The LC-MS spectra recorded in the 

+ESI mode showed molecular peak ion at m/z 462.2380. The MS/MS spectra of PIMO 

showed peaks at m/z 328.1889 and 201.1028. PIMO loses C7H6N2O fragment with 

theoretical mass 134.0480 (1,3-dihydro-2H-benzo[d]imidazol-2-one) to yield fragment with 

m/z 328.1889. Further cleavage of this fragment forms the fragment with m/z 109.0452 ((4-

fluorophenyl) methylium). This fragment forms a tropylium carbocation which confers 

stability due to the conjugation of positive charge with pi electrons. The radical cation with 

m/z 201.1028 is formed due to loss of bis-4-flurophenyl-butyl moiety from the drug and 

subsequent collapse of the piperidine ring.  

The protonated ion peak for DP1 was seen at m/z  428.1978. The MS/MS spectra showed 

three fragment ion peaks at m/z  276.1383, 230.1279, and 201.1008. The fragment with m/z 

276.1383 is created due to the loss of the benzimidazole fragment and the formation of the 

5-membered heterocyclic pyrrolidine from piperidine. The loss of C15H18 from DP1 forms 

the fragment with m/z 230.1279. The fragment with m/z 201.1008 is seen in the 

fragmentation of the drug and is formed via a similar mechanism. This fragment loses the 

pyrrole ring to form a fragment with m/z 149.0754. DP1 was identified as 1-(1-(4,4-

diphenylbutyl) piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazole-2-ol. 

The molecular ion peak for DP2 was seen at m/z  404.2140. DP2 showed fragment ion peaks 

at m/z 326.1704 and 387.1868. The fragment with m/z 326.1704 is formed due to the loss of 

C6H6 (theoretical mass = 78.0470). The fragment with m/z 387.1868 is formed due to 

conversion of five membered ring to four membered ring along with loss of a nitrogen. The 

Loss of C2H2 from this fragment creates a secondary fragment with m/z 361.2073. Based on 

the deduced structure DP2 was assigned the name as 1-(1-(4,4-diphenylbut-1-en-1-yl)-1,4- 

dihydropyridin-4-yl)-1H-benzo[d]imidazole. 

The molecular ion peak for DP3 was seen at m/z 444.2088. The formation of DP3 was 

attributed to the dehalogenation of a single fluorophenyl moiety. The MS/MS spectra 

showed peaks at m/z  427.2042, 326.1699, 149.0750, and 109.0444,. The formation of the 

tropylium cation (m/z 109.0444) is like that of the drug. The fragment with m/z 427.2042 

was formed due to cleavage of imidazole ring. Loss of a fluorophenyl moiety from DP3 

forms the fragment with m/z 326.1699. This fragment further loses but-3-en-1-ylbenzene 

(C10H10) to form a secondary fragment with m/z 196.1072. At the same time, the fragment 

with m/z 149.0750 is formed due to the cleavage of the bond connecting benzimidazole 
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moiety to piperidine. DP3 was identified as 1-(1-(4-(4-flurophenyl)-4-phenylbutyl) 

piperidie-4-yl)-1,3-dihydro-2H-benzo[d]imidazole-2-one. 

The molecular ion peak for DP4 was observed at m/z 324.1552. The CID-MS/MS spectra 

showed three major fragments with m/z 203.0658, 135.0596, and 109.0442. The fragment 

with m/z 203.0658 is formed due to the loss of a fragment with a theoretical mass of 

121.0892 and molecular formulae C8H11N. This fragment further loses a fluorobenzene 

moiety to create a fragment with m/z 109.0442. The radical cation with m/z 135.0596 has 

formed due to the loss of bis(4-fluorophenyl) methane moiety. DP4 was designated IUPAC 

name as 1-(4,4-bis(4-fluorophenyl) but-1-en-1-yl)-1,2-dihydropyridine. 

The molecular ion peak for DP5 was seen at m/z 478.2298. It had a molecular weight of 

sixteen amu higher than PIMO, indicating the formation of N-oxide. Tertiary amines are 

known for their propensity to form N-oxides. The MS/MS spectra showed two major 

fragments at m/z 326.1709 and 230.1276. The fragment with m/z 326.1709 is formed due to 

loss of benzimidazole moiety from PIMO. This fragment further breaks down to give 

fragment with m/z 109.0438. The loss of 4,4′-Bis(fluorophenyl) propyl moiety fragment 

creates the fragment with m/z 230.1276. This fragment undergoes cleavage to form a radical 

cation with m/z 201.1009 which, further fragments to produce another fragment with m/z 

149.0754.  DP5 was identified as; 1-(4,4-bis(4-fluorophenyl) butyl)-4-(2-oxo-2,3-dihydro-

1H-benzo[d]imidazol-1-yl) piperidine-1-oxide. 

 

8.1.7. In-silico ADMET studies.  

The in-silico studies were done to access the ADMET profile of the drug and the degradation 

products. The pkCSM webserver was used to predict the ADMET properties like intestinal 

absorption, the extent of binding with p-glycoprotein (PgP), blood-brain permeability, 

inhibition of the various isoforms of the cytochrome P450, AMES toxicity, and 

hepatotoxicity. The secondary screening of the compounds for mutagenicity was carried out 

using ToxTree and OSIRIS property explorer.  

There were a few alerts regarding the inhibition of specific CYP450 enzyme subfamilies. 

PIMO, DP3 and DP5 were flagged to possess hepatotoxicity whereas, PIMO, DP1, DP3, 

and DP5 were positive for genotoxicity.  
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Secondary screening for genotoxicity was done with ToxTree and OSIRIS property 

explorer. However, screening results were negative for the drug and its degradation 

products. OSIRIS property explorer also showed that they did not possess tumorigenic, 

irritant, or reproductive risks.  

 

8.2. Felbamate (FMTE) 

8.2.1 Drug Profile 

FMTE is an anticonvulsant drug used to treat partial seizures, and generalized seizures in 

children due to Lennox-Gas taut syndrome. The IUPAC name for FMTE is 2-phenyl-1, 3-

propanediol.  

It is a white crystalline powder with a very slight solubility in water, slightly soluble in 

alcohol, and freely soluble in organic solvents. 

 

8.2.2 Mechanism of action 

FMTE has anticonvulsant activity due to the inhibitory effect on the GABAA receptor. It 

also inhibits the glycine-mediated triggering of the N-methyl-D-aspartate (NMDA) receptor. 

GABAA receptor controls the transmission of the chloride anion, which is associated with 

inhibitory activities while, the NMDA receptor controls the sodium and the calcium passage.  

These voltage-dependent ion channels functions by controlling the excitability and 

stabilizing the neuronal membrane.  

 

8.2.3. Development of an RP-HPLC method for monitoring the drug 

degradation behavior of FMTE 

A detailed literature search was conducted to find out the available analytical methods for 

FMTE. FMTE is official in the USP-NF. Its compendial method uses octadecylsilane 

column (C18) and isocratic mode of elution (flow rate 1.8 mL/min, λmax 210nm) with mobile 

phase comprising of acetonitrile, methanol, and water (126:84:790, v/v/v). The reported 

bioanalytical HPLC methods use mobile phase consisting of phosphate buffer (15-50mM, 
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pH (6.1-7.4), adjusted by using phosphoric acid) and ammonium acetate (10 mM), as 

aqueous phase and acetonitrile as an organic constituent. There was a report on HPLC 

method for determination of FMTE in tablets which uses mobile phase made up of 

acetonitrile and water. Literature also revealed a single stability-indicating UHPLC method 

that was developed using mobile phase comprised of potassium dihydrogen orthophosphate 

(pH 3.5) and methanol. Based on the information gathered HPLC trials were devised, which 

led to the development of an isocratic HPLC method consisting of ammonium formate (10 

mM, pH 3.7, adjusted with formic acid) and acetonitrile in a ratio of 40: 60 (v/v). The pH 

selected maintains the drug in completely ionized form. Ammonium formate is a volatile 

buffer compatible with mass spectrometry having buffering capacity in pH of 3.77 ± 1 (pKa 

of formic acid 3.77) and pH of 9.25 ± 1(pKa of ammonia 9.25). The optimized stability 

indicating assay method (SIAM) parameters for FMTE and the chromatogram showing 

FMTE and its hydrolytic (basic) degradation products is shown in table 8.2.3.1. 

Table 8.2.3.1: Optimized chromatographic conditions for monitoring the drug degradation 

pattern for FMTE 

 

8.2.4. Forced degradation studies 

The forced degradation studies were carried out under the conditions summarized in table 

8.2.4.1. The drug exhibited degradation (~ 52 %) in the presence of 0.1 N NaOH at room 

temperature for 48 hours and formed two degradation products. Both the degradation 

products were polar and eluted before the drug. At room temperature, DP2 emerged as the 

major degradation product. On heating at 70 ℃ with 0.1 N NaOH, it was observed that after 

2 h, the drug degraded completely, with DP1 being the prominent degradation product.  

FMTE was stable under acidic, neutral, oxidative, photolytic, and thermal conditions.  

 

Mobile 

phase 

Acetonitrile: Ammonium formate (10 mM, pH adjusted to 3.7 with 

formic acid), 40:60 (v/v) 

Column  Phenomenex C8 (250mmX4.6mm, 5µm) 

Flow rate 1 mL/min 

Wavelength 206nm.  
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Table 8.2.4.1: Summary of the stress conditions applied to FMTE 

  RT= room temperature 

 

8.2.5. Validation of the HPLC method 

The HPLC methods was validated as per the ICH guideline. The method was found to be 

specific (resolution > 1 among all the peaks) and selective (peak purity >99%). The linearity, 

range, precision, accuracy, and robustness results are as summarized in table no 8.2.5.1.  

 

 

 

 

Conditions Stressor 
Duration and nature of 

exposure. 
Observation.  

Hydrolysis 

Acid 0.1 HCl 

RT (2 days), Heat at 70℃ on 

constant temperature water 

bath for 7 hours. 

No degradation. 

Base 
0.1 

NaOH 

RT (2 days), Heat at 70℃ on 

constant temperature water 

bath for 7 hours 

Formation of DP1 

and DP2.  

Neutral water 

RT (2 days), Heat at 70℃ on 

constant temperature water 

bath for 7 hours 

No degradation. 

Oxidation 15% H2O2 

RT (2 days), Heat at 70℃ on 

a constant temperature water 

bath for 7 hours 

No degradation. 

Photolysis 

Sunlight 7 days No degradation 

 

Photo-stability 

chamber 

Fluorescence light 1.2 million 

lux hours and UV light 200 

Whm-2 

No degradation 

Thermal 70℃ 7 days. No degradation. 
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Table 8.2.5.1 : Summary of validation parameters for FMTE 

Validation parameters Results. 

Specificity and selectivity 
Resolution >1, peak 

purity> 99% 

Linearity 

Equation of the regression line y=12947x-26459 

r2 0.9991 

Range (µg mL-1) 20-120 

Precision 

Intra-day 

µg/mL 
Mean peak area ± SD; 

%CV 

40 489900 ± 1353, 0.3 

50 631412 ± 4068, 0.4 

60 750941 ± 10430, 1.4 

Inter-day 

40 491919 ± 10430, 0.3 

50 633906 ± 9433, 1.5 

60 743905 ± 4482, 0.6 

Accuracy 

Spiked 

concentration 

(Target 

concentration=50 

µg/mL) 

µg/mL 
% recovery mean ± SD, 

%CV 

40 (80%) 40.4 ± 0.4, 1.0 

50 (100%) 49.4 ± 0.6,1.3 

60 (120%) 60.4 ± 0.5,0.9 

Robustness 

pH (±0.5), flow rate (±0.2 

mL), mobile phase 

composition(±2%), 

wavelength (± 3) of 

optimized value. 

Theoretical plates >2000 

Resolution >1 

Asymmetry < 2 

 

 

8.2.6. Mass studies 

The drug FMTE, and its DPs were subjected for mass spectral analysis. The protonated ion 

peak for FMTE was observed at m/z of 239.1029 in the MS studies carried out in positive 

electrospray ionization (+ESI) mode, which exactly corresponds to its molecular weight 



218 

 

 

Chapter 8 

(238.0953 gm/mole). The drug fragmented during MS/MS to form two ions having m/z 

value of 178.0857 and 117.0697 via successive cleavage of carbamic acid moieties.  

DP1 showed molecular ion peak at m/z 117.0701. This value was a closely matching with 

fragment having m/z 117.0697 in the MS/MS fragmentation of the drug, indicating both 

share a similar structure. DP1 of FMTE was identified as cyclopropyl benzene. 

DP2 showed molecular ion peak at m/z 218.0794 and fragment ions at m/z 202.8967, 

159.9556, 118.9924, and 96.9581. The structure of DP2 and its fragmentation pattern were 

proposed based on this information. It was observed that DP2 followed a different route of 

fragmentation than the drug because of cyclization of carbamic acid side chain under 

alkaline stress condition leading to formation of  a different structure than the drug scaffold. 

DP2 of FMTE was identified as 6-(1,2-oxaziren-3-yl)-5-phenyl-4H-1,3-dioxin-2-one.   

 

8.2.7. In-silico ADMET studies 

In-silico screenings were carried out for the drug FMTE and its two newly discovered 

degradants. Webserver pkCSM was used to study ADMET properties, whereas Toxtree and 

OSIRIS property explorer were used for secondary screening of mutagenic alerts. 

The predictions using pkCSM indicated intestinal absorption of 67.85% for the drug and, 

for its DPs it was > 90%. Both the drug and the DPs were negative for PgP substrate. DP1 

could cross the blood-brain barrier due to a log BB value > 0.3.  

On the metabolism front, DP1 inhibited CYP1A2, and DP2 inhibited CYP1A2 and 

CYP3A4.  

The prediction also showed the drugs hepatotoxic potential, and DP2 possessed a structural 

alert for mutagenicity.  

The predictions of ToxTree showed no mutagenic alert for the drug and its DPs, whereas 

OSIRIS property explorer cleared them from the threat of having tumorigenic, irritant, or 

reproductive hazards. 
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8.3. Haloperidol (HALO) 

8.3.1. Drug profile 

HALO chemically is a butyrophenone derivative with IUPAC name 4-[4-(4-Chlorophenyl)-

4-hydroxypiperidin-1-yl]-1-(4-fluorophenyl) butane-1-one. It is a neuroleptic drug 

frequently used to treat psychotic disorders and also widely used to treat nausea and 

vomiting after administering general anaesthesia.  

HALO has a solubility of 1.4mg/100ml in water. It is freely soluble in chloroform, methanol, 

acetone, benzene, and dilute acids.  

HALO is official in the United States pharmacopeia and the national formulary (USP-NF), 

EP, BP, and IP.  

 

8.3.2. Mechanism of action 

HALO antagonizes the postsynaptic (D2) receptor in the brain's mesolimbic system. This 

action contributes to the anti-delusionary and anti-hallucinogenic effects. The antiemetic 

effect is mediated through the antidopaminergic effect in the chemoreceptive trigger zone 

(CTZ). 

 

8.3.3. Development of RP-HPLC method to monitor the drug degradation 

behavior 

A search of literature was done to study the various methods available for the estimation of 

HALO using an HPLC system. HALO is an official USP-NF, EP, BP, and IP drug. The 

compendial methods used a mixture of tetrabutylammonium hydrogen sulfate (TBAHS) (50 

mM) and acetonitrile as mobile phase in gradient elution mode (1.5 mL/min, λmax = 230nm). 

There were a few bioanalytical methods that used ammonium formate (2 mM, pH 3.0, 

adjusted with formic acid), Sodium phosphate (100 mM, pH 3.5, adjusted with 

orthophosphoric acid), water (pH 2.5, adjusted with 0.1% acetic acid) and monobasic 

potassium phosphate (20 mM, pH 4) as an aqueous component of the mobile phase, while 

the preferred organic component was acetonitrile. There were also a few methods for 

estimating HALO in formulations. All the reported methods used C18 column to carry out 



220 

 

 

Chapter 8 

separation. Based on the information gathered, trials were taken to get the required 

separation using ammonium formate (10mM, pH adjusted to 3.7 with formic acid) and 

acetonitrile on a C18 column. Ammonium formate is a volatile buffer compatible with mass 

spectrometry having buffering capacity in pH of 3.77 ± 1(pKa of formic acid 3.77) and pH 

of 9.25 ± 1(pKa of ammonia 9.25). At the selected pH, the drug is present in the ionized 

form. An ideal separation was achieved using a ratio of 40: 60(v/v) of acetonitrile and buffer, 

but a tailing factor > 2 was observed. The tailing was curtailed by using a 0.1% of organic 

modifier (triethylamine).  

The summary of optimized stability indicating assay method (SIAM) parameters for HALO 

is seen in table 8.3.3.1.  

Table 8.3.3.1: Optimized chromatographic conditions for monitoring the drug degradation 

pattern for HALO 

 

8.3.4. Forced degradation studies 

HALO was stressed under hydrolytic conditions (acidic, basic, and neutral), thermal, 

photolytic, and oxidative stress conditions. The drug showed degradation (~ 38%) in the 

presence of 15% hydrogen peroxide at room temperature for 48 h to form a single 

degradation product (DP1). A further study was carried out by heating the drug with 15% 

H2O2 at 70℃. In 2 h, another degradation product (DP2) appeared along with DP1. The peak 

area for DP1 was significantly higher than DP2 indicating that DP1 is easier to form.  

HALO was stabled under other stress conditions. The summary of the stress conditions 

applied on HALO is seen in table 8.3.4.1.  

 

 

Mobile phase Acetonitrile: Ammonium formate buffer (10mM, pH 3.7) in the ratio 

(40:60, v/v) + Triethylamine (0.1%) 

Column  HiQ sil C18 column (250mm×4.6mm, 5µ) 

Flow rate 1ml/min 

Wavelength 246nm 
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Table 8.3.4.1: Summary of the stress conditions applied to HALO 

RT= room temperature 

 

8.3.5. HPLC method validation 

HPLC method validation was performed as per the ICH guidelines. The developed method 

was found to be specific and selective towards the drug and the degradation products with 

Conditions Stressor 
Duration and nature of 

exposure. 
Observation. 

Hydrolysis 

Acid 
0.1,1N 

HCl 

RT (2 days), Heat at 70℃ on 

constant 

temperature water bath for 7 

hours. 

No degradation. 

Base 
0.1,1N 

NaOH 

RT (2 days), Heat at 70℃ on 

constant 

temperature water bath for 7 

hours 

No degradation. 

Neutral water 

RT (2 days), Heat at 70℃ on 

constant 

temperature water bath for 7 

hours 

No degradation. 

Oxidation 15% H2O2 RT(2days). 

1)Formation of 

DP1 at RT(2days) 

2)Formation of 

DP1 and DP2 at 

70℃ in 2 hours. 

Photolysis 

Sunlight 7 days No degradation 

 

Photo-stability 

chamber 

Fluorescence light 1.2 million 

lux hours and UV light 200 

Whm-2 

No degradation 

Thermal 70℃ 7 days. No degradation. 
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resolution > 1 among the peaks and the peak purity for individual peaks > 99%. The linearity, 

precision, accuracy, and robustness data are summarized in table no 8.3.5.1.  

Table 8.3.5.1: Summary of validation parameters for HALO 

 

8.3.6. Mass studies 

HALO has a molecular weight of 375.1 gm/mole. The molecular ion peak for the same was 

observed at m/z value of 376.1. The MS/MS spectra of HALO showed three peaks, one at 

m/z value of 165.0 (loss of 4-(Chlorophenyl)-4-hydroxypiperidin moiety, C11H13ClNO). 

Validation parameters Results. 

Specificity and selectivity 
Resolution >1, peak 

purity> 99% 

Linearity 

Equation of the regression line y=25346x-63654 

r2 0.9991 

Range (µg/mL) 10-110 

Precision 

Intra-day 

µg/mL 
Mean peak area ± SD; 

%CV 

10 202986 ± 1656, 0.8 

50 1220491 ± 19014, 1.6 

75 1791607 ± 3555, 0.2 

Inter-day 

10 203815 ± 2310,1.1 

50 1223161 ± 20765, 1.7 

75 1782827 ± 8952, 0.5 

Accuracy 

Spiked 

concentration 

(Target 

concentration=50 

µg/mL) 

µg/mL 
% recovery mean ± SD, 

%CV 

40 (80%) 40.4 ± 0.26, 0.6 

 50 (100%) 49.7 ± 0.34,0.6 

 60 (120%) 59.9 ± 0.91,1.52 

Robustness 

pH (±0.5) , flow rate 

(±0.2mL), mobile phase 

composition(±2%), 

wavelength (± 3nm) of 

optimized value. 

Theoretical plates >2000 

Resolution >1 

Asymmetry <1 
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second at m/z value of 122.9 (loss of propyl group) and third at m/z value of 95.1(due to loss 

of carbon monoxide). The protonated peaks for DP1 and DP2 were seen at m/z 392.0891, 

and 392.0879 respectively and both showed fragmentation patterns similar to the drug.   

The molecular mass of DP1 and DP2 were at an m/z value > 16 than the drug indicating the 

formation of a pair of N-oxide geometrical isomers (cis and trans) 

Generally, the trans isomer is easier to form than its cis counterpart as the substituents are 

located on the opposite side of the rings. Since, DP1 was more easily formed, as revealed in 

the stress studies, it was identified as trans- haloperidol-N-oxide and DP2 as cis-haloperidol-

N-oxide. Both oxidative degradation products of HALO were known and reported.  

 

8.3.7. In-silico ADMET studies 

HALO and its oxidative degradation products were predicted to possess intestinal absorption 

> 89% and acted as the substrate for P-glycoprotein (PgP). Based on the log BB value it was 

clear that all would pass through the blood brain barrier but not readily.                                                                                                                                                                                                                                                                                                                            

HALO inhibited CYP2D6 and CYP3A4, while its degradation products inhibited CYP2C19, 

CYP2C9, and CYP3A4. HALO was predicted to possess hepatotoxic potential, while its 

degradation products were safe. None of them were predicted to possess Ames’s toxicity.  

The mutagenic potential of the drug and degradation products were further screened through 

ToxTree and the OSIRIS property explorer. Their predictions were unanimous on the 

negative mutagenic potential of the drug and its degradation products. Also, OSIRIS further 

stated that none possess tumorigenic, irritant, or reproductive risks.  

 

8.4. Riociguat (RIO)  

8.4.1. Drug profile.  

RIO is white to yellowish crystalline powder. It is freely soluble in dimethyl sulfoxide, N,N-

dimethyl formamide; slightly soluble in tetrahydrofuran, and insoluble in water. IUPAC 

name assigned to RIO is Methyl N-[4,6-Diamino-2-[1-[(2-fluorophenyl) methyl]-1H-

pyrazolo[3,4-b] pyridin-3-yl]-5-pyrimidinyl]-N-methylcarbamate.  
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RIO is a soluble guanylate cyclase stimulator (sGC) and is primarily used in treating 

pulmonary hypertension.  

8.4.2. Mechanism of action.  

Soluble guanylate cyclase is a receptor for nitric oxide(NO). The binding of NO to sGC 

stimulates the synthesis of cyclic guanosine monophosphate, which plays a vital role in 

regulating the vascular tone,  

Pulmonary hypertension is characterized by; endothelial dysfunction, irregularities in the 

synthesis of nitric oxide, and inadequate stimulation of sGC. 

RIO shows its activity by stimulating sGC to the internal NO. It also directly activates sGC 

by binding at an alternate binding site independent of NO.  

 

8.4.3. Development and optimization of HPLC method to monitor the drug 

degradation behavior 

RIO is not official in any of the pharmacopoeias hence, no official methods were available. 

A couple of bioanalytical methods were available for estimating RIO in plasma. These 

methods reported use of ammonium formate (2 mM, pH 6.8) and 0.1% formic acid as the 

aqueous component of the mobile phase, while non-bioanalytical methods used; 0.2% 

trifluoracetic acid and ammonium acetate (10mM, pH 5.7, adjusted with acetic acid). The 

most preferred organic phase and the reverse phase column used were acetonitrile and C18. 

Based on the information gathered, HPLC trials were conducted. Desired separation was 

achieved on C18 column using acetonitrile and ammonium formate (10 mM, pH 3.7, 

adjusted with formic acid) in a ratio of 28:72 (v/v). Ammonium formate is a volatile buffer 

compatible with mass spectrometry having buffering capacity in pH of 3.77 ± 1(pKa of 

formic acid 3.77) and pH of 9.25 ± 1(pKa of ammonia 9.25). The drug (pKa=4.3) is present 

in an ionized state at the selected pH. The summary of the optimized stability indicating 

assay method (SIAM) parameters for RIO is seen in tables 8.4.3.1. 

 

 



225 

 

 

Chapter 8 

Table 8.4.3.1: Optimized chromatographic conditions for monitoring the drug degradation 

pattern for RIO 

 

8.4.4. Forced degradation studies 

RIO degraded under hydrolytic (~ 37%) and oxidative (~ 38.2%) conditions in the presence 

of 1 N NaOH and 15% H2O2 for 48 h at room temperature. There was formation of two 

degradation products under each stress condition. DP1 and DP2 were formed under 

oxidative conditions, while DP3 and DP4 were under basic conditions. The oxidative DPs 

of RIO were more polar than the basic DPs. RIO was found to be stable under other 

hydrolytic stress conditions (acid & neutral), thermal and photolytic.   

The summary of the forced degradation conditions applied to RIO is seen in table no 8.4.4.1.  

 

8.4.5. Validation of HPLC method 

The developed HPLC method was found to be specific and selective towards the drug and 

the degradation products. The method was also found to be linear in specified concentration 

range, precise, accurate, and robust. The summary of the validation parameters is seen in 

table 8.4.5.1.  

 

4.4.6. Mass studies 

RIO showed protonated ion peak at 423.1147, and its MS/MS spectra showed two distinct 

peaks at m/z values of 253.0476 and 109.0163. The cleavage of the pyrimidine ring forms 

the fragment with m/z 253.0476, which further loses the pyrazolo pyridine ring to form a 

fragment with m/z 109.0163.  

Mobile phase Acetonitrile : Ammonium formate ( 28:72, v/v) 

(Concentration 10mM, pH of the buffer was adjusted to 3.7 with formic 

acid) 

Column  Agilent Eclipse Zorbax  XDB C18 column (150mmX4.6mm, 5µm)  

Flow rate 1ml/min 

Wavelength 322nm 
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Table 8.4.4.1: Summary of the stress conditions applied to RIO. 

RT= room temperature 

 

MS spectra for DP1 showed the quasi-molecular ion peak at m/z 270.0699 and, on 

fragmentation, produced daughter ions peaks at m/z values of 109.0157 and 102.0056. The 

fragment ion (m/z 109.0157) is formed due to the ionization of the tertiary nitrogen bridging 

with fluorobenzene followed by an inductive cleavage, while the fragment ion with m/z  

102.0056 is formed due to the breakdown of the core pyrazolo pyridine structure. DP1 of 

RIO was identified as 3-(diaziridin-3-yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b] pyridine. 

DP2 showed protonated ion peak at m/z value of 315.0581. its MS/MS spectra showed peaks 

at m/z values of 132.0242, 103.0006, and 109.0159. The fragment with m/z 132.0242 is 

formed due to the cleavage of the pyridine ring. Further loss of CH3N from this fragment 

Conditions Stressor Duration and nature of exposure. Observation.  

Hydrolysis 

Acid 
1N,2N 

HCl 

RT (2 days), Heat at 70℃ on 

constant temperature water bath for 

7 hours.  

No 

degradation.  

Base 1N NaOH RT (2 days).  
Formation of 

DP3 and DP4.  

Neutral water 

RT (2 days), Heat at 70℃ on 

constant temperature water bath for 

7 hours. 

No 

degradation.  

Oxidation 15% H2O2 RT(2days). 
Formation of 

DP1 and DP2.   

Photolysis 

Sunlight 7 days 
No 

degradation 

 

Photo-stability 

chamber 

Fluorescence light 1.2 million lux 

hours and UV light 200 Whm-2 

No 

degradation 

Thermal 70℃. 7 days. 
No 

degradation.  
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results in the formation of the fragment with m/z 103.0006. The fragment with m/z 109.0159 

is due to the formation of diaminopyrimidine cation. DP2 was identified as methyl(4,6-

diamino-2-(3H-pyrazolo[3,4-b] pyridin-3-yl) pyrimidin-5-yl)(methyl)carbamate. 

DP3 showed a molecular ion peak at m/z value of 351.0962 and, on its fragmentation, 

produced peaks at m/z value of 109.0829 (diaminopyrimidine cation), 242.0594 ( formed 

due to cleavage of the pyrimidine ring) and 109.0156 (loss of pyrazolo pyridine moiety from 

fragment with m/z 242.0594). DP3 was identified as 2-(1-(2-fluorobenzyl)-1H-pyrazolo 

[3,4-b] pyridin-3-yl) pyrimidine 4,5,6-triamine. 

Lastly, DP4 appeared at m/z value of 391.0876. Its fragment ion peaks were seen at m/z 

values of 109.0156 and 118.0204 due to the formation of (4-flurophenyl) methylium and 

pyrazolo pyridine cations. DP4 was identified as 6-amino-2-(1-(2-fluorobenzyl)-1H-

pyrazolo[3,4-b] pyridin-3-yl)-7-methyl-7,9-dihydro-8H-purin-8-one.    

DP1, DP2 and DP3 were unknown degradation products of RIO and not reported, while DP4 

was a known degradation product.  

 

8.4.7. In-silico ADMET studies.  

Molecular docking studies were performed to do a comparative study of the binding 

affinities of the drug and the degradation products with the sGC receptor (PDB code: 

7LGK). This study indicated that DP4 has a slightly better binding affinity towards the 

receptor than the intact drug.   

pkCSM predictions revealed that RIO and DP1 has intestinal absorption greater than 90% 

and DP2, DP3 and DP4 greater than 80%. RIO and its degradation products had poor blood-

brain permeability, and except DP2 all behaved as PgP substrates. RIO, DP2, DP3, and DP4 

were predicted to possess hepatotoxicity, while DP4 was flagged for mutagenic potential. 

Besides, RIO also inhibited CYP2C9 and CYP3A4, while DP1 inhibited CYP1A2.  

Screening through ToxTree indicated that RIO, DP2, DP3, and DP4 are mutagenic to the 

presence of the primary aromatic amine in their structure; however, the final screening 

through OSIRIS property explorer returned a negative mutagenic result for all and also 

revealed that they do not possess any, irritant, tumorigenic or reproductive risks.   
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Chapter 8 

 Table 8.4.5.1: Summary of validation parameters for RIO.   

Validation parameters Results. 

Specificity and selectivity 
Resolution >1, peak purity> 

99% 

Linearity 

Equation of the regression line y=20562x-30676 

r2 0.9994 

Range (µg mL-1) 20-120 

Precision 

Intra-day 

µg mL-1 Mean peak area ± SD; %CV 

40 78043 ± 2136 0.3 

50 979944 ± 4068, 0.3 

60 1193960 ± 11070 0.9 

Inter-day 

40 779370 ± 7088, 0.9 

50 979421 ± 9435, 1.0 

60 1208794 ± 4358, 0.4 

Accuracy 

Spiked 

concentration 

(Target 

concentration=50 

µg/mL) 

µg mL-1 
% recovery mean ± SD, 

%CV 

40 (80%) 40.1 ± 0.5, 1.3 

50 (100%) 49.8 ± 0.3,0.6 

60 (120%) 60.1 ± 0.7,1.2 

Robustness 

pH (± 0.5) , flow rate  

(± 0.2mL), mobile 

phase 

composition(±2%), 

wavelength (± 3nm) of 

optimized value. 

Theoretical plates >2000 

Resolution >1 

Asymmetry <1 
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Characterization and In-silico toxicity 
prediction of degradation products 
of felbamate
Rahul S. Chodankar*  and Anand A. Mahajan 

Abstract 

Background: The objective of the work carried out was to assess the toxicity of the degradation products (DPs) for 
the drug felbamate. Stress studies were performed in the condition specified in the international council of harmoni-
zation (ICH) guideline Q1A (R2).

Results: The drug degraded under the alkaline stress conditions to generate two degradation products (DPs). They 
were separated on a Phenomenex C8 column (250 mm × 4.6 mm, 5 µm); mobile phase composition was 10 mM 
ammonium formate (pH adjusted to 3.7 with formic acid) and acetonitrile (80:20, v/v); flow rate and wavelength for 
recording absorbance were 1.0 ml/min and 206 nm, respectively. The structures of the degradation products were 
characterized by LC–MS/MS analysis.

Conclusion: The drug was prone to hydrolysis in the presence of alkali. It was found to be stable under other stress 
conditions, viz., acidic, neutral, thermal, photolytic and oxidative. The structures of the impurities were characterized 
by LC–MS/MS. The drug and the DPs were screened through ADME and toxicity prediction software’s like pkCSM, 
Toxtree and OSIRIS property explorer. Felbamate was flagged for possible hepatotoxicity.

Keywords: Felbamate, Stress studies, In-silico toxicity, Mass spectrometry

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Background
Felbamate is an antiepileptic drug. It is one of the first in 
its class belonging to the second generation. In adults, it 
is used in the treatment of partial seizures [1], while in 
children for generalized seizures due to Lennox-Gas taut 
syndrome [2, 3].

Felbamate is official in the US Pharmacopeia and 
National Formulary (USP-NF) [4]. It is also mentioned 
in Clarke’s Analysis of Drugs and Poisons [5]. Chemi-
cally felbamate is 2-phenyl-1,3-propanediol (Fig. 1). It is 
a white lipophilic powder, very slightly soluble in water, 
slightly soluble in alcohol, but freely soluble in organic 
solvents [6].

Studies have shown that the antiepileptic activity of 
felbamate is attributed primarily due to the inhibitory 
effect on  GABAA receptor. Secondly, it is also known to 
inhibit the glycine-mediated activation of the NMDA 
receptor. ͳe  GABAA receptor is known to modulate the 
chloride channel, whereas the NMDA receptor control 
sodium and calcium passage. Extracellular magnesium 
can bind to NMDA receptors blocking the movement of 
cations across the membrane. ͳese voltage-dependent 
ion channels control neuronal excitability and membrane 
stabilization [7, 8]. After administration, felbamate is 
metabolized in the liver by cytochrome P-450, followed 
by glucuronidation. Approximately half of the absorbed 
felbamate is excreted in the urine. ͳere are three major 
metabolites of felbamate: 2-(4-hydoxyphenol)-1,3-pro-
panediol dicarbamate, 3-carbamoyloxy-2-phenylpropa-
noic acid and 2-hydroxy-2-phenylpropanoic acid. ͳe 
minor metabolite is 2-hydroxy-2-phenyl-1,3-propanediol 
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The investigation’s objective was to access the stability of the drug sub-
stance Pimozide under the stress conditions specified in the International
Conference on Harmonization Q1A(R2) guideline and to separate, identify,
and characterize the degradation products by using liquid chromatography-
tandem mass spectrometry studies without isolating them from the reaction
mixture. It was observed that the drug was susceptible to oxidative degra-
dation (15% hydrogen peroxide, 48 h, room temperature) forming four novel
degradation products while being stable under hydrolytic, Photolytic, and
thermal conditions. The separation of the drug and the degradation prod-
ucts was achieved with good resolution on a Phenomenex C18 column (150
mm × 4.6 mm, 5 µm) using gradient elution. The fragmentation pattern
constructed from the liquid chromatography-quadrupole-time of flight mass
spectrometry data was used for structural characterization of the degrada-
tion products. Lastly, the in-silico absorption, distribution, metabolism, excre-
tion, and toxicity properties prediction was performed by using in-silico tools
like the pKCSM webserver, ToxTree, and OSIRIS property explorer. The pri-
mary screening through the pKCSM webserver exposed the hepatoxic and
the mutagenic potential of Pimozide, 1-(1-(4-(4-fluorophenyl)-4-phenylbutyl)
piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (degradation product 3)
and 1-(4,4-bis(4-fluorophenyl)butyl)-4-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-
1-yl)piperidine 1-oxide (degradation product 5) whereas, 1-(1-(4,4-diphenylbutyl)
piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-2-ol (degradation product 1)
was predicted to only possess mutagenic potential. Secondary screening for
mutagenicity was done by using ToxTree and OSIRIS property explorer.

KEYWORDS
impurity profiling, in-silico toxicity, mass spectrometry, Pimozide, stress study

Article Related Abbreviations: ADMET, absorption, distribution,
metabolism, excretion, and toxicity; CID, collisions induced
dissociation; DP, degradation product; EP, European Pharmacopoeia;
USP, US Pharmacopeia

1 INTRODUCTION

Pimozide is a potent, long-acting neurolep-
tic drug. Its chemical name is 3-[1-[4,4-bis(4-
fluorophenyl)butyl]piperidin-4-yl]- 1H-benzimidazole-2-
one (Figure 1). TEVA Pharma filed a new drug application

Sep Sci plus 2022;5:275–284. © 2022 Wiley-VCH GmbH. 275www.sscp-journal.com
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In the current scenario, the safety aspect related to impurities and their permissible level in the formulation 
has gained worldwide importance. The ICH (International Conference on Harmonization) guidelines and the 
official books have addressed this issue critically as it has tremendous regulatory implications. The present re- 
search work addresses the above-mentioned issue for the drug riociguat and toxicity profiling of its degrada- 
tion impurities. As per ICH Q1A (R2) guideline, the drug was subjected to various stress conditions wherein 
the drug generated three unknown degradants from the four that were detected. The degradants were sepa- 
rated and characterized using LC and LC-QTOF/MS studies. Better separation was achieved on Agilent’s Zor- 
bax XDB column (150 mm × 4.6 mm, 5 µm) using 10 mM ammonium formate (pH adjusted to 3.7 with 
formic acid) and acetonitrile in the ratio of 72:28 (v/v). The flow rate was 1.0 mL/min and detection was 
carried out by using UV detector at 322 nm. The chemical structures of all four degradants and drug were 
subjected for toxicity prediction using in-silico ADMET tools and their relative affinities towards the receptor 
was compared with riociguat by using molecular docking. The degradants were identified as 3-(diaziridin-3- 
yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b] pyridine (DP1), methyl (4,6-diamino-2-(3H-pyrazolo[3,4-b]pyridin-3- 
yl)pyrimidin-5-yl)(methyl)carbamate(DP2), 2-(1-(2-fluorobenzyl)-1H-pyrazolo [3,4-b]pyridin-3-yl)pyrimidine- 
4,5,6-triamine(DP3) and 6-amino-2-(1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridin-3-yl)-7-methyl-7,9-dihydro- 
8H-purin-8-one (DP4). 

1. Introduction 

Riociguat (RIO) is approved by US-FDA for the treatment 
of pulmonary hypertension [1] . RIO is a stimulator of guany- 
late cyclase, which is known to cause relaxation of the vascular 
smooth muscles. Chemically RIO is Methyl N-[4,6-Diamino-2-[1-[(2- 
fluorophenyl)methyl]-1H-pyrazolo[3,4-b]pyridin-3-yl]-5-pyrimidinyl]- 
N-methylcarbamate [2] . 

RIO has high oral bioavailability due to unrestrained absorption and 
negligible pre-systematic first pass extraction. RIO undergoes biotrans- 
formation (N-demethylation) catalyzed by the various isoforms of the 
cytochrome P450. The principal metabolite of RIO named M1 is be- 
lieved to have one-third of its activity. Further, the metabolite M1 gets 
converted into inactive metabolite M4 by action of uridine diphosphate 
glucuronosyltransferase. RIO and its metabolites are predominantly ex- 
creted through biliary, fecal (48–59%) and renal (33–45%) route [3] . 

Abbreviations: HPLC, High performance liquid chromatography; DPs, Degradation products; LC-QTOF, Liquid chromatography-Quadrupole time of flight; RDB, 
Ring double bond equivalent; mmu, Milli mass unit; RRT, Relative retention time; RT, retention time; ADMET, Absorption, Distribution. Metabolism and Excretion 
and Toxicity; CYP1A2, Cytochrome P450 Family 1 Subfamily A Member 2; CYP3A4, Cytochrome P450 Family 1 Subfamily A Member 4; m/z , mass to charge ratio. 
∗ Corresponding author. 

E-mail address: Chodankar.rahul@gmail.com (R.S. Chodankar) . 

Literature survey revealed couple of bioanalytical methods for the esti- 
mation of RIO and its metabolites in plasma [ 4 , 5 ]. Also, methods were 
available for estimation of RIO in bulk drug and pharmaceutical formu- 
lations using UV and HPLC [6–9] . There is a single report about stress 
study of RIO [10] . However, it lacks in toxicity prediction studies of 
drug and degradation impurities using in-silico tools and comparative 
receptor binding studies of degradants with that of RIO using molecular 
docking. The only similarity between present research work with that of 
reported one is formation of a degradation product having m/z = 391 un- 
der alkaline stress. The remaining degradation products having m/z val- 
ues of 351,270 and 315 were unknown. The work presented in the cur- 
rent manuscript involves characterization of all the degradation prod- 
ucts using LC-QTOF/MS, prediction of ADMET properties using in-silico 
tools and comparative receptor binding studies of degradants with that 
of RIO using molecular docking. 

https://doi.org/10.1016/j.jcoa.2022.100058 
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