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A B S T R A C T 
 

The creation of selective, sensitive, and reliable bioanalytical methods for accurately quantifying drugs and their metabolites in 

biological samples is a critical component of successful drug development. These methods ensure that the analytical processes 

used are suitable for biomedical purposes. Bioanalytical method validation encompasses a series of procedures designed to confirm 

that a method employed for quantifying analytes in biological matrices like blood, plasma, serum, or urine is dependable and 

consistent for its intended applications.The data derived from such methods is essential for regulatory submissions, including 

investigational new drug applications (INDs), new drug applications (NDAs), abbreviated new drug applications (ANDAs), biologic 

license applications (BLAs), and their respective supplements. These validated methods play a vital role in human clinical 

pharmacology, bioavailability (BA), and bioequivalence (BE) studies, which require accurate evaluation of pharmacokinetic, 

toxicokinetic, or biomarker concentrations.Therefore, it is crucial to ensure that bioanalytical methods are carefully developed, 

thoroughly validated, and documented to meet the required standards, ensuring reliable results in drug analysis. High-

performance liquid chromatography (HPLC) is a versatile analytical technique, particularly beneficial for identifying and quantifying 

low concentrations of drugs and metabolites in biological matrices. As such, developing and validating HPLC-based bioanalytical 

methods for low-dose drugs offers significant advantages.This article highlights advancements in HPLC-based bioanalytical method 

development and validation for various drugs, emphasizing their documentation and applications. 
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INTRODUCTION 

ioanalysis plays a significant role in the drug 

development process. Today, it has become an 

integral part of toxicological evaluations as well as 

pharmacokinetic and pharmacodynamic studies during drug 

development. (1-4)A bioanalytical method involves a series 

of steps, including the collection, processing, storage, and 

analysis of a biological matrix to detect and quantify specific 

chemical compounds. Bioanalytical Method Validation 

(BMV) is a process that ensures a quantitative analytical 

method is appropriate for biomedical applications. It involves 

performing a minimum set of validation experiments to 

confirm the reliability and quality of the method, yielding 

satisfactory results. Assessing the stability of analytes in 

biological samples collected during clinical studies, along 

with the stability of essential assay reagents, including 

analyte stock solutions, is a critical aspect of bioanalytical 

method validation. This process encompasses all procedures 

necessary to demonstrate that the method used for 

quantitative analysis of analytes in biological matrices, such 

as blood, plasma, serum, or urine, is dependable and 

reproducible for its intended purpose. (5) 

1. Bioanalysis concept: 

Bioanalysis involves identifying and quantifying analytes in 

various biological samples, including blood, plasma, serum, 

saliva, urine, feces, skin, hair, and organ tissues. It 

encompasses not only the measurement of small molecules 

like drugs and their metabolites but also the detection and 

characterization of larger molecules such as proteins and 

peptides.In pharmaceutical companies, bioanalysis plays a 

vital role in supporting drug discovery and development. It is 
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instrumental in conducting toxicokinetic (TK), 

pharmacokinetic (PK), and pharmacodynamic (PD) studies 

for new drug candidates. Furthermore, bioanalysis is widely 

utilized in clinical, preclinical, and forensic toxicology 

laboratories.This field holds significant importance across 

diverse research domains, including new drug development, 

forensic investigations, doping control, and the identification 

of biomarkers for diagnosing various diseases. As a result, 

bioanalysis has become an essential discipline in advancing 

scientific research and healthcare. The bioanalysis process 

involves preplanning, sample collection, sample preparation, 

analysis, calibration, data evaluation, and reporting. In 

modern bioanalysis, proper sample preparation and the use of 

hyphenated instrumentation are essential to ensure accurate, 

efficient, and reliable. (6-8). 

 

Figure 1: Bioanalytical work flow 

The fundamental parameters of validation encompass all 

criteria that ensure the quality of data, including selectivity, 

sensitivity, calibration model, accuracy, precision, stability, 

lowerlimit of quantification (LLOQ), recovery, linearity, 

limit of detection, reproducibility, and ruggedness. Validated 

bioanalytical methods produce results used by quality control 

laboratories to verify the identity, purity, quality, potency, 

and bioavailability of drug products. 

When a study involves sample analysis across multiple 

laboratories, it is crucial to validate the bioanalytical method 

at each site. Providing adequate validation data for different 

labs helps ensure inter-laboratory consistency and reliability. 

Often, existing bioanalytical techniques are adapted to meet 

the specific requirements of an analytical procedure. 

Therefore, establishing well-defined and validated 

bioanalytical methods is critical for obtaining reliable and 

interpretable results. 

Biological matrices, such as plasma or urine, contain high 

levels of endogenous substances, while the drug 

concentrations are often low. Additionally, endogenous 

compounds may share structural similarities with the target 

drug, complicating the analysis. To address this, the drug 

must be isolated in its pure form using appropriate extraction 

techniques.Advances in modern analytical instruments and 

extraction methods have led to significant progress in 

bioanalytical method development and validation. High-

performance liquid chromatography (HPLC) has proven to be 

an effective tool for identifying and quantifying drugs and 

their metabolites in biological fluids like plasma, serum, and 

urine. Successful HPLC analysis requires selecting suitable 

detectors, stationary phases, eluents, and proper programming 

for separation. 

Among detectors, the UV/VIS detector is the most versatile 

and widely used in HPLC due to its excellent linearity and 

ability to provide rapid quantitative analysis against a single 

standard of the drug. This review highlights the development 

and validation of bioanalytical methods using HPLC, with a 

focus on efficient sample preparation techniques. (9) 

2. Method development 

Before initiating bioanalytical method development, several 

critical factors must be considered. These include the 

analyte's chemical structure, pKa value, solubility 

characteristics, stability, and adsorption tendencies to 

materials like plastic or glass. 

Bioanalytical method development can be divided into two 

primary stages: 

1. Sample preparation – ensures a clean extract with high 

extraction efficiency. 

2. Sample separation and detection – Focuses on isolating 

and identifying the analyte effectively. 

Proper sample preparation plays a vital role in achieving 

accurate results, as it helps eliminate impurities and improve 

extraction performance. The choice of detector depends on 

the analyte's concentration range, ensuring suitable sensitivity 

and precision during analysis. 

Additionally, selecting an appropriate internal standard 

(ISTD) is crucial. An ISTD is used to compensate for matrix 

effects and enhance the accuracy of results. It should closely 

resemble the analyte in both chemical structure and 

properties to serve its purpose effectively. 

A systematic approach to method development is essential 

for drug development. This process involves three 

interconnected components: 

1. Sample preparation – to isolate and clean the analyte. 

2. Separation of the analyte – to distinguish it from other 

components in the sample. 

3. Detection of the analyte – to identify and quantify it 

accurately. 

Focusing on these elements ensures the development of 

reliable and efficient analytical methods. (10) 
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 Sample preparation: 

Sample preparation is a crucial step in bioanalytical studies 

for analyzing drugs and metabolites, as biological samples 

like blood, plasma, urine, or serum often contain proteins and 

various endogenous and exogenous substances that can 

interfere with the analyte. The primary goal of sample 

preparation is to isolate the analyte of interest by removing 

unwanted substances without causing significant analyte loss.  

 Common Biological Matrices Used in Bioanalysis: 

Measuring drug levels in urine serves as an indirect method 

to evaluate its bioavailability. Drug concentrations in feces 

can indicate either the portion of the drug that was not 

absorbed after oral administration or the fraction excreted 

through bile following systemic absorption. Salivary drug 

levels reflect only the free, unbound drug, as only this form 

diffuses into saliva. Consequently, the saliva-to-plasma drug 

concentration ratio is often less than 1. The most accurate 

way to assess a drug's pharmacokinetics is by analyzing its 

concentration in blood, serum, or plasma. Since drugs in 

plasma are generally in dynamic equilibrium with tissues, any 

changes in plasma drug levels typically correspond to similar 

changes in tissue concentrations.(11) 

 Storage and Preservation of Biological Samples: 

Biological fluids are prone to physicochemical changes due 

to the presence of various substances, making proper 

preservation essential. Since processing or purifying these 

samples can be time-intensive, it is crucial to establish 

optimal storage conditions. For samples sensitive to 

oxidation, airtight containers are recommended to prevent 

exposure to air. Similarly, moisture-sensitive drugs can be 

preserved effectively through freeze-drying or lyophilization, 

which helps prevent dehydration and maintain sample 

integrity. 

 Pretreatment of Serum, Plasma, and Other Biological 

Samples: 

If the analyte is protein-bound, pretreatment of serum and 

plasma samples may not be required. However, in such cases, 

the following methods can be used: 

1. pH Adjustment: Adjust the sample to a pH of 9 using 

acids or bases with a concentration of 0.1M or higher. The 

resulting supernatant can then be separated and used for 

extraction. 

2. Protein Precipitation with Polar Solvents: Precipitate 

proteins from the biological fluid by mixing with polar 

solvents such as acetonitrile, methanol, or acetone in a 1:2 

ratio. Centrifuge the mixture and use the clear supernatant 

for extraction. 

3. Protein Precipitation with Acids or Salts: Treat the 

sample with acids or inorganic salts, such as formic acid, 

perchloric acid, trichloroacetic 

4. acid, ammonium sulfate, sodium sulfate, or zinc sulfate, 

to precipitate proteins. Adjust the pH of the supernatant, 

sonicate it for 15 minutes, dilute it with water or buffer, 

centrifuge the mixture, and use the clear supernatant for 

extraction. 

If the analyte is not protein-bound, additional pretreatment 

methods are required, such as: 

 Centrifugation: Used to separate cells from serum and 

plasma. Cooling centrifugation at 4°C is preferred to 

prevent analyte decomposition, and the clear supernatant 

is utilized for analysis. 

 Homogenization: For biological samples containing 

insoluble proteins, such as muscle or tissue, a 

homogenization step with 1N hydrochloric acid may be 

needed before further processing. 

 Solid Sample Preparation: Solid samples like feces can 

be homogenized with a small amount of methanol using a 

blade homogenizer or tissue homogenizer to prepare them 

for further analysis. 

 These pretreatment steps ensure the effective extraction 

and analysis of analytes in various biological matrices. 

 Stages of Drug Metabolism: 

Drug metabolism involves the interaction between a drug 

(substrate) and an enzyme, following a sequence: 

Enzyme + Drug → Enzyme-Drug Complex → Enzyme + 

Metabolite. 

Key enzymatic reactions in drug metabolism include 

oxidation, reduction, hydrolysis, and conjugation. 

Conjugation is a synthesis process where drugs with specific 

chemical structures undergo biotransformation. Each reaction 

produces a metabolite, which may undergo further 

metabolism. 

Phase 0: Transport of Drugs into Hepatocytes: 

Phase 0 refers to the movement of drugs from the 

bloodstream into liver cells (hepatocytes) via the basolateral 

or sinusoidal uptake processes (12) 

Phase I: Functional Group Modification: 

Phase I involves oxidation, reduction, and hydrolysis 

reactions. These reactions introduce or expose functional 

groups in the drug molecule, preparing it for subsequent 

Phase II reactions. Enzymes responsible for Phase I reactions 

are located in various cellular components, such as the 

cytoplasm, mitochondria, and endoplasmic reticulum. 

Phase II: Conjugation Reactions: 

Phase II involves conjugation reactions, where naturally 

occurring molecules in the body are added to the drug. This 

step often converts non-polar metabolites from Phase I into 

water-soluble compounds, making them easier to excrete(13). 

A lipid-soluble drug can enter either Phase I or Phase II 

directly. After Phase I, the metabolite can either become 

water-soluble and excreted through urine or remain non-polar 

and require further metabolism in Phase II to achieve water 

solubility. In Phase II metabolism, drugs undergo conjugation 

to form polar metabolites, which can be easily excreted 

through urine. The pharmacological effect of a drug 

significantly depends on these biotransformation reactions, 

making it essential to isolate the actual conjugates for 
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analysis.Samples containing conjugates like glucuronides or 

sulfate esters often require enzymatic or acid hydrolysis as a 

pretreatment step. The hydrolysis process converts these 

conjugates into unconjugated metabolites, which are less 

hydrophilic and can be more easily extracted from the 

biological matrix. 

For non-specific acid hydrolysis, heating a biological sample 

with 2N to 5N hydrochloric acid at 90°C to 100°C for about 

30 minutes is effective. Once cooled, the sample's pH is 

adjusted to a suitable level, and the resulting metabolites can 

be separated using solvent extraction. 

Separation of analyte: 

Extraction procedures for drugs and metabolites from 

biological samples 

Extraction of analyte from biological matrix is traditionally 

carried out by (a) liquid-liquid extraction (LLE), (b) solid-

phase extraction (SPE) and (c) precipitation of plasma 

proteins (PP) (14). 

A) Liquid-Liquid Extraction (LLE): 

Liquid-liquid extraction (LLE) is a technique used to separate 

compounds from a mixture by employing two immiscible 

liquids, typically water and an organic solvent. The 

separation is based on the partition coefficient of the analyte 

between these two phases, and a suitable solvent is selected 

for efficient extraction. LLE is widely used because it is 

straightforward, fast, and cost-effective compared to other 

extraction methods(15).  

Using a continuous extraction process, up to 90% of many 

drugs can be effectively recovered. The process involves 

dissolving the sample mixture in an appropriate solvent, 

followed by the addition of an immiscible organic solvent. 

The mixture is thoroughly mixed and allowed to settle, 

causing the two immiscible liquids to separate into distinct 

layers. The analyte distributes itself between the two layers 

based on its partition coefficient.  

Each layer is then separated, and the analyte is isolated from 

the respective solvent. Hydrophilic compounds remain in the 

aqueous layer, while hydrophobic compounds partition into 

the organic layer. Non-polar analytes extracted into the 

organic solvent can be recovered by evaporating the solvent, 

leaving behind a residue that can be reconstituted in a small 

volume of an appropriate solvent, typically the mobile phase. 

Polar analytes, extracted into the aqueous phase, can be 

directly injected into a reverse-phase (RP) column for further 

analysis. 

In certain cases, controlling the pH of the sample enhances 

the efficiency of extraction. However, LLE may not be 

suitable for thermolabile substances because the high 

temperatures required during solvent evaporation can degrade 

heat-sensitive analytes (16). 

 

B) Solid Phase Extraction (SPE): 

Solid-phase extraction (SPE) is a widely used technique for 

isolating and concentrating trace amounts of analytes from 

various sample matrices. SPE is effective in reducing 

interference levels while minimizing the final sample 

volume, thereby improving analyte sensitivity. By using 

small disposable columns or cartridges packed with 0.1 to 0.5 

g of sorbent, often reverse-phase (RP) materials like C18 or 

C8, analyte recovery can be maximized. 

During SPE, the analyte of interest can either adsorb onto the 

solid phase or remain in the liquid phase. If adsorbed, the 

analyte can be selectively desorbed using a suitable solvent. 

Conversely, if the analyte remains in the liquid phase, it can 

be recovered through processes such as concentration, 

evaporation, or recrystallization. Although SPE provides high 

analyte recovery and sensitivity, it is time-consuming and 

less efficient for materials with high densities. 

Steps in SPE for Plasma Analyte Extraction: 

1. Sample Pretreatment: 

 The sample is diluted or its pH adjusted. 

 Filtration is performed to prevent SPE cartridge 

blockage and ensure better analyte adsorption. 

2. Cartridge Conditioning: 

 For reverse-phase cartridges, preconditioning with 

solvents like methanol, acetonitrile, isopropyl alcohol, 

or tetrahydrofuran is crucial. 

 Proper conditioning ensures that the aqueous sample 

penetrates the pores and interacts with the entire 

sorbent surface. Keeping the cartridge wet is vital up 

to the point of sample loading. 

3. Sample Loading: 

 The sample size must match the cartridge bed 

capacity. 

 A standard reverse-phase cartridge can retain up to 

100 mg of strongly adsorbed substances. 

4. Washing the SPE Bed: 

 A suitable solvent or water mixture is passed through 

the bed to remove contaminants while retaining the 

analyte. 

5. Elution: 

 The analyte is recovered by eluting with a specific 

solvent or buffer, ready for subsequent analysis. 

 While SPE is a powerful technique for sample 

preparation, proper optimization of each step is critical 

to achieving reliable and reproducible results (17-19).
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Figure 2: Steps in solid phase extraction 

C) Protein Precipitation (PP) 

Protein precipitation is a straightforward method for isolating 

analytes from blood or plasma. It relies on the analyte being 

readily soluble in the chosen reconstituting solvent. The 

process involves adding acids (e.g., trichloroacetic acid, 

perchloric acid), organic solvents (e.g., methanol, ethanol, 

acetone, acetonitrile), or salts (e.g., ammonium sulfate) to 

precipitate proteins from the biological sample. After 

precipitation, centrifugation is performed, and the analyte is 

collected in the clear supernatant. Among these solvents, 

methanol is commonly preferred as it yields a clear 

supernatant suitable for direct injection. This technique can 

extract both hydrophilic and hydrophobic compounds. 

However, a limitation of this method is the potential clogging 

of columns during analysis. 

Salting Out Using Ammonium Sulfate 

Ammonium sulfate is frequently used for salting out proteins 

due to its high solubility, strong ionic strength, and cost-

effectiveness. 

 

 Its solubility remains stable across temperature changes, and 

the density of a concentrated ammonium sulfate solution is 

lower than that of proteins, allowing easy centrifugation of 

proteins from the solution. 

Solvent Precipitation 

Solvent precipitation occurs when a large quantity of a water-

miscible solvent like ethanol or acetone is added to a protein 

solution. Proteins precipitate because the solvent lowers the 

dielectric constant of the solution, enhancing interactions 

between charged groups on protein surfaces. This method is 

typically conducted at low temperatures, such as 0°C, or with 

the solvent chilled to -20°C (using an ice-salt bath) to prevent 

protein denaturation, which is more likely at higher 

temperatures. 

This technique is cost-effective and versatile for sample 

preparation but requires careful optimization to avoid 

damaging the analyte or compromising the analysis (20-22).

 

Figure 3:  Protein Precipitation 
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Detection of analyte: 

HPLC Instrumentation: 

High-Performance Liquid Chromatography (HPLC) is a 

powerful analytical technique used in biochemistry to 

separate, identify, and quantify active compounds. The main 

components of an HPLC system include a pump, injector, 

column, detector, integrator, and display system.The column, 

considered the core of the system, is where the separation of 

compounds takes place. It contains a stationary phase made 

up of micron-sized porous particles, which necessitates the 

use of a high-pressure pump to drive the mobile phase 

through the column (23-24).The sample to be analyzed is 

introduced in a small volume into the stream of the mobile 

phase. As the analytes travel through the column, the detector 

measures their retention times, which represent the time taken 

for each compound to elute (exit) from the column. These 

retention times are characteristic of specific analytes and are 

critical for their identification and quantification. 

 

 

Figure 4: Schematic diagram of HPLC 

Sample Injection: 

Sample solutions can be introduced into the system using 

septum injectors, either while the mobile phase is in motion 

or when it is stationary. For more consistent and reproducible 

results, advanced rotary valve injectors equipped with sample 

loops are often employed. These modern injectors ensure 

precise sample delivery, enhancing the reliability of the 

analysis.

 

Steps involved in HPLC Method development: 

Information on sample, define separation goals 

 

Need for special HPLC procedure, sample pretreatment etc 

 

Choose detector 

 

Choose LC method preliminary run, estimate best separation condition 

  

Optimize separation condition 

 

Check for problems or requirement for special procedure 

 

 

Recover purified  Quantitative Qualitative 

Material       calibration                       method 

 

Validate method for release to routine laboratory(25) 
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Bioanalytical Method Validation: 

Bioanalytical method validation (BMV) is essential for 

accurately measuring drugs and their metabolites in 

biological fluids. It is crucial in assessing and interpreting 

data from bioavailability, bioequivalence, pharmacokinetic, 

and toxicokinetic studies, which are often required for 

regulatory submissions. The reliability of these studies 

depends on the precision and accuracy of the bioanalytical 

data (26). 

Importance of Bioanalytical Method Validation: 

 Ensuring Reliable Results: Bioanalytical methods must 

be well-characterized and thoroughly validated to produce 

dependable results that can be accurately interpreted. 

 Adaptation to Technological Advancements: 

Bioanalytical methods are continuously evolving with 

advancements in technology, making it necessary to keep 

them up to date. 

 Analyte-Specific Validation: Each bioanalytical 

technique has unique characteristics that can differ 

depending on the analyte. As such, specific validation 

criteria may need to be developed for each analyte. 

 Objective-Driven Approach: The suitability of a 

bioanalytical technique may depend on the ultimate goal 

of the study, influencing method selection and validation 

requirements. 

 Multi-Site Validation: When sample analysis for a study 

is conducted at multiple locations, it is crucial to validate 

the bioanalytical methods at each site. Providing 

comprehensive validation data ensures consistency and 

reliability across different laboratories (27). 

Validation involves documenting, through the use of specific 

laboratory investigations, that the performance characteristics 

of the method are suitable and reliable for the intended 

analytical applications. 

Types of Bioanalytical Method Validation: 

Bioanalytical method validation is classified into three type: 

a. Full Validation  

b. Partial validation 

c. Cross validation 

Full validation: 

Full validation involves defining and confirming all required 

validation parameters to ensure the bioanalytical method is 

appropriate for analyzing each analyte in a sample.(28-

31)this comprehensive validation is essential in the following 

cases: 

1. During the initial development and introduction of a 

bioanalytical method. 

2. For analyzing a newly developed drug compound. 

3. When adding metabolites to an existing assay for 

quantification, requiring thorough validation of the 

updated method (31-33). 

This ensures the method's accuracy, consistency, and 

suitability for its intended purpose. 

Partial validation: 

Partial validation involves modifying already validated 

bioanalytical methods without requiring complete 

revalidation. It may range from conducting a single intra-

assay accuracy and precision test to performing a near-

complete validation. Common scenarios that necessitate 

partial validation include, but are not limited to: 

1. Transferring a bioanalytical method between different 

laboratories or analysts. 

2. Altering the analytical methodology, such as switching 

detection systems. 

3. Using a different anticoagulant to collect biological fluids. 

4. Changing the biological matrix within the same species, 

for instance, moving from human plasma to human urine. 

5. Modifying the sample processing procedures. 

6. Switching the species within the same matrix, such as 

from rat plasma to mouse plasma. 

7. Adjusting the relevant concentration range of analytes. 

8. Upgrading instruments or software platforms used for 

analysis. 

9. Working with limited sample volumes, as in pediatric 

studies. 

10. Dealing with rare or unique biological matrices. 

11. Demonstrating selectivity of an analyte in the presence of 

other medications or specific metabolites. 

Partial validation ensures that the modified method remains 

accurate and reliable while accommodating specific study 

requirements or technical changes. 

Cross-Validation 

Cross-validation involves comparing validation parameters 

when two or more bioanalytical methods are employed to 

generate data either within the same study or across multiple 

studies. It ensures consistency and reliability across different 

methods or laboratories. 

A typical example of cross-validation arises when an 

originally validated bioanalytical method is used as a 

reference, and a revised bioanalytical method is evaluated 

against it. These comparisons should be conducted in both 

directions to ensure robustness. 

 If sample analysis for a single study is performed at 

multiple locations or laboratories, cross-validation using 

spiked matrix standards and subject samples must be 

conducted at each site to confirm inter-laboratory 

reliability. 
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 Cross-validation is also necessary when regulatory 

submissions involve data generated using distinct 

analytical techniques, such as LC-MS/MS and ELISA, 

across different studies. 

This process ensures that data generated under varying 

conditions or methodologies can be confidently compared 

and are suitable for regulatory purposes(34). 

Current Validation Practices in Bioanalytical Method 

Validation: 

In modern drug development, highly sensitive and selective 

analytical methods are essential for quantifying drugs in 

biological matrices such as blood, plasma, serum, or urine. 

Among these, chromatographic techniques are the most 

widely utilized for analyzing small molecules. The principles 

outlined below primarily address this type of analytical 

approach.The FDA's Guidance for Industry: Bioanalytical 

Method Validation (2001) is the standard reference for 

current validation practices. This guidance provides a 

comprehensive framework, summarized using common 

terminology, to ensure the accuracy, reliability, and 

consistency of bioanalytical methods (35). 

Frequently Used Terminology in Bioanalytical Method 

Validation: 

The terminology commonly applied in the validation of 

bioanalytical methods is outlined below. These terms, which 

are well-documented in FDA guidelines and other relevant 

publications, are presented here for ease of reference and 

better understanding. 

Validation Parameters: 

 Accuracy: 

Accuracy refers to how close the observed concentration is to 

the known or nominal concentration of the analyte (36-38). It 

is commonly quantified using relative error (%RE) (39). 

Accuracy is an absolute measure and depends on several 

factors, including specificity and precision (40-41). 

Sometimes, accuracy is also referred to as trueness. To assess 

accuracy, replicate analyses of samples with known amounts 

of the analyte (such as quality controls) are conducted 

(42).Accuracy should be evaluated using at least five 

determinations per concentration, with a minimum of three 

concentrations representing the expected range of study 

samples. The mean value should fall within 15% of the 

nominal value, except at the lower limit of quantification 

(LLOQ), where it should not deviate by more than 20%. The 

deviation of the mean from the nominal value is used to 

evaluate accuracy. Accuracy can be determined through two 

main approaches: 

(1) Analyzing control samples spiked with the analyte and  

(2) Comparing the analytical method with a reference method 

(43). 

Accuracy is typically expressed as percentage bias, which is 

calculated using a specific formula (44). 

 

 Precision: 

The precision of a bioanalytical method refers to its ability to 

produce consistent results when the same homogeneous 

sample is analyzed multiple times under identical conditions. 

It assesses the extent of random errors by measuring how 

closely the results of repeated measurements align with one 

another. Precision is commonly expressed as the coefficient 

of variation (%CV) or the relative standard deviation (R.S.D.) 

of the repeated measurements, indicating the degree of 

variation in the observed values for the same sample. This 

ensures reliability in the method's performance(45). 

 

Precision should be assessed using at least five measurements 

for each concentration, with a minimum of three different 

concentrations spanning the expected range. At each 

concentration level, the precision, expressed as the coefficient 

of variation (CV), should not exceed 15%, except at the limit 

of quantification (LOQ), where it may go up to 20%. 

Precision can be evaluated at three distinct levels: 

repeatability, intermediate precision, and reproducibility (46). 

 Repeatability: 

Repeatability refers to the consistency of analytical results 

when the same test is performed under identical conditions 

within a short time frame (within-assay, intra-assay), 

typically on the same instrument, by the same analyst, and on 

the same day. It reflects the precision of the method when 

conducted in the most controlled environment, ensuring 

minimal variability. 

 Intermediate precision: 

Intermediate precision takes into account the impact of 

various random factors within a laboratory, such as 

differences in days, analysts, or equipment, based on the 

intended use of the procedure. It measures how consistently 

the method performs, both in terms of quality and quantity, 

within a single laboratory, considering variations across 

different instruments and over multiple days (47). Essentially, 

it reflects the within-laboratory variation due to factors like 

changes in analysts, equipment, and testing days. 

 Reproducibility: 

Reproducibility refers to the consistency of a method's results 

when measured across different laboratories, on different 

days, by different analysts, and using different instruments, 

both for qualitative and quantitative analysis. While it is not 

mandatory for submission, reproducibility can be considered 

in the standardization of analytical procedures. It reflects the 

ability of the method to produce similar results for the same 

sample when tested on separate occasions or in different 

settings. 

 Linearity: 

The bioanalytical procedure should be capable of producing 

test results that are directly proportional to the analyte 

concentration in the sample within the range of the 
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calibration curve. The concentration range of the calibration 

curve must at least cover the expected concentrations in the 

study samples. If a single calibration curve cannot encompass 

the full range, two separate calibration ranges may be 

validated. However, it's important to note that extending the 

range too far, especially at the extremes, can negatively 

impact the accuracy and precision of the method. Linear 

correlation coefficients are commonly used to assess the 

method's linearity. 

 Selectivity and Specificity: 

The selectivity of a bioanalytical method refers to its ability 

to accurately measure and distinguish analytes in the 

presence of other components, such as metabolites, 

impurities, degradation products, or matrix elements that are 

likely to be present in the sample. Selectivity is demonstrated 

by the method’s capacity to differentiate the target analyte 

from potential interfering substances. It is typically defined as 

"the method's ability to measure and differentiate analytes 

unambiguously in the presence of expected interfering 

components"(48).To ensure selectivity, blank samples from 

the relevant biological matrix (e.g., plasma, urine) must be 

analyzed, sourced from at least six independent origins (49). 

These blank samples are tested for potential interference, 

particularly at the lower limit of quantification (LLOQ), as 

interference can result from various factors, such as the 

biological matrix composition, individual subject 

characteristics (e.g., age, sex, species, developmental stage), 

or environmental conditions like UV exposure, temperature, 

and humidity.Regulatory guidance, including the FDA’s 

recommendations for bioanalytical method validation, 

emphasizes using a minimum of six matrix sources to 

confirm selectivity. Specificity, closely related to selectivity, 

is defined as the method’s ability to identify and measure the 

analyte without ambiguity in the presence of expected 

interferences (50-52). For instance, in HPLC-UV, specificity 

is achieved when a peak at a particular retention time 

corresponds exclusively to a single chemical entity. In LC-

MS, selectivity allows accurate analyte measurement even if 

separation from endogenous compounds is incomplete.While 

there may be debate over the precise distinction between 

specificity and selectivity, there is general consensus that 

both are foundational to the reliability of any analytical 

method. 

 Limit of Detection (LOD) 

The limit of detection (LOD) refers to the smallest amount of 

analyte that can be identified, though not necessarily 

quantified. Its determination is subject to varying 

interpretations; some bioanalytical laboratories consider it as 

the lowest detectable amount in a reference solution, while 

others define it as the minimum concentration detectable in a 

biological sample. Despite these differences, there is a 

general consensus that the LOD represents the minimal 

concentration or amount of the analyte that can be reliably 

distinguished from the background noise. 

 Limit of Quantitation 

The quantitation limit of an analytical procedure is the 

minimum amount of analyte in a sample that can be 

measured accurately and precisely. 

 Quantification Range 

The range of concentrations, spanning from the lower limit of 

quantification (LLOQ) to the upper limit of quantification 

(ULOQ), represents the interval within which analytes can be 

measured consistently and reliably with acceptable accuracy 

and precision, based on a defined concentration-response 

relationship. According to the FDA's Bioanalytical Method 

Validation guidelines, LLOQ and ULOQ are specifically 

defined parameters. 

Lower Limit of Quantification (LLOQ): 

The LLOQ is the minimum concentration of an analyte in a 

sample that can be accurately and precisely measured. 

Upper Limit of Quantification (ULOQ): 

The ULOQ is the maximum concentration of an analyte in a 

sample that can be accurately and precisely measured. 

To estimate the LLOQ, several methods are commonly used: 

1. Signal-to-Noise Ratio (S/N): 

A ratio of 10:1 is generally deemed sufficient to 

distinguish the analyte signal from background noise. 

2. Standard Deviation and Slope Method: 

This involves the formula: LLOQ = 10σ/S, where: 

σ = standard deviation of the response. 

S = slope of the calibration curve. 

1. Relative Standard Deviation (RSD) Method: 

In this method, the RSD is plotted against concentrations near 

the anticipated LLOQ to determine the threshold at which 

acceptable precision is achieved. 

These approaches ensure that the LLOQ is determined 

reliably for accurate quantification. 

Standard Curve (Calibration Curve) 

A standard curve, also known as a calibration curve, is a 

representation of the relationship between the instrument's 

response (e.g., area under the curve, peak height, or 

absorption) and the known concentrations of the analyte 

within a specified range. This relationship provides a 

foundation for quantifying the analyte in a sample. 

The calibration curve should ideally be described by a 

simple, monotonic response function (either strictly 

increasing or decreasing) that ensures reliable, accurate, and 

reproducible measurements. It is prepared using the same 

biological matrix as the study samples, with the matrix spiked 

with known concentrations of the analyte. 

A complete calibration curve should include: 

 Blank Sample: A matrix sample processed without the 

internal standard. 
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 Zero Sample: A matrix sample processed with the 

internal standard but without the analyte. 

 Six to Eight Non-Zero Samples: These samples cover 

the expected concentration range, including the lower 

limit of quantification (LLOQ). 

The lowest concentration on the calibration curve can be 

considered the limit of quantification if: 

 The analyte response is at least five times higher than the 

blank response. 

 The analyte response is identifiable, distinct, and 

reproducible. 

 The precision is within 20%, and the accuracy ranges 

between 80% and 120%. 

 This systematic approach ensures that the calibration 

curve is robust and suitable for reliable analyte 

quantification in bioanalytical studies. 

 Recovery  

The extraction efficiency of an analytical process is 

expressed as a percentage of the known amount of analyte 

successfully extracted and processed through the method's 

steps. Recovery reflects the efficiency of the method within 

acceptable variability limits. While 100% recovery is not 

mandatory, the recovery of both the analyte and the internal 

standard must be consistent, precise, and reproducible. 

Recovery experiments are conducted by comparing the 

analytical results of extracted samples at three concentration 

levels (low, medium, and high) with unextracted.6+ standards 

that represent 100% recovery. (53). 

Recovery can also be expressed as absolute recovery, (54). 

Calculated using the formula: 

Absolute Recovery (%) = (Response of analyte spiked into 

processed matrix / Response of pure unprocessed analyte 

standard) × 100 

This ensures the method's efficiency and reliability for 

analytical purposes. 

 Stability: 

The stability of an analyte refers to its chemical or physical 

integrity in a specific matrix under defined conditions and 

time intervals. Stability testing is conducted to identify any 

degradation of the analyte during the processes of sample 

collection, preparation, storage, and analysis. The stability 

conditions depend on the analyte's properties, the biological 

matrix used, and the expected storage duration before 

analysis.According to FDA guidelines and the AAPS/FDA 

white paper on bioanalytical method validation, analyte 

stability must be evaluated at different stages (55). Stability 

should be confirmed during all steps of sample preparation, 

analysis, and storage, including: 

1. Freeze-thaw stability (through multiple freeze-thaw 

cycles). 

2. Bench-top stability (under sample preparation 

conditions). 

3. Long-term storage stability (e.g., at -20°C or -70°C). 

4. Auto-sampler stability (stability of processed samples in 

the auto-sampler).(56) 

Stability testing should include at least two concentration 

levels (low and high) using blank biological matrix samples 

spiked with the analyte. The evaluation must cover all 

matrices and species where the analyte will be quantified. 

Additionally, the analyte's stability must be investigated 

under various conditions, such as: 

 In standard solutions used for calibration curve 

preparation. 

 In biological matrices stored at -20°C or at room 

temperature before analysis. 

 In the final extracted sample awaiting analysis. 

For analytes prone to rapid degradation, such as those 

metabolized by enzymes (e.g., esterases in blood), stabilizers 

like inhibitors may be added. The effectiveness of these 

stabilizers must also be validated. 

The percentage stability can be calculated as (57): 

% Stability = (Mean response of stability samples ÷ Mean 

response of comparison samples) × 100 

Stability samples should be compared to freshly prepared 

calibrators or quality controls (QCs). At least three replicates 

for both low and high concentrations should be tested. 

Stability assessments must use samples from freshly prepared 

stock solutions, and the experimental conditions should 

mirror real-world sample handling and analysis scenarios, 

such as short-term and long-term storage, room temperature 

exposure, and freeze-thaw cycles. 

If storage conditions during a study deviate from those 

evaluated during method validation, additional stability tests 

under the new conditions are required. Furthermore, stock 

solution stability should also be assessed, and stability sample 

results should be within 15% of the nominal concentration to 

ensure reliability. 

Short-term stability: 

The analyte's stability in the biological matrix at room 

temperature should be assessed by storing three aliquots of 

both low and high concentrations for a minimum of 24 hours, 

followed by analysis 

Long-term stability: 

The analyte's stability in the matrix should be at least as long 

as the duration between the first sample collection and the 

final sample analysis (58). 
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Freeze and Thaw Stability: 

In freeze/thaw stability testing, the freezing and thawing 

processes for the stability samples should replicate the 

conditions that will be used during sample analysis. Stability 

should be evaluated over at least three freeze-thaw cycles. 

Bench-Top stability: 

Bench top stability studies should be planned and carried out 

to simulate the laboratory handling conditions anticipated for 

the study samples. 

Stock solution stability: 

The stability of drug stock solutions should be assessed. If the 

stock solution differs in state (e.g., solution vs. solid) or 

buffer composition (commonly for macromolecules) from the 

certified reference standard, stability data for the stock 

solution must be generated to validate its storage duration. 

Processed Sample Stability: 

The stability of processed samples, including the duration up 

to the completion of analysis, should be evaluated. 

 Range: 

The range of an analytical method refers to the span between 

the highest and lowest concentrations of an analyte in a 

sample, including these limits, where the method has been 

proven to deliver acceptable precision, accuracy, and 

linearity. Similarly, the range of a bioanalytical assay is the 

concentration range within which the analyte can be reliably 

measured with suitable precision and accuracy (59). 

 Robustness: 

According to ICH guidelines, robustness is the ability of an 

analytical method to remain unaffected by small, intentional 

variations in method parameters, indicating its reliability 

during routine use. It reflects the method's consistency in 

delivering accurate results when applied in different 

laboratories or under varying conditions. Robustness testing 

involves conducting experiments to assess the method's 

stability and reliability under such conditions. 

 Ruggedness 

Ruggedness refers to the reproducibility of test results for the 

same samples when analyzed under varying normal test 

conditions. This includes factors such as different analysts, 

laboratories, columns, instruments, and sources of reagents, 

chemicals, or solvents. The ruggedness of the method can be 

evaluated by altering experimental conditions, such as(60): 

a) Using a different column of the same type. 

b) Performing the analysis with different operators within 

the same laboratory. 

Guidelines for Validating Bioanalytical Methods 

1. To validate a bioanalytical method, accuracy and 

precision should be assessed using at least five 

measurements per concentration level (excluding blank 

samples). The average value must be within 15% of the 

theoretical value. Alternative methods that meet these 

accuracy and precision criteria may also be considered 

acceptable. 

2. The method should demonstrate its ability to accurately 

and precisely determine known concentrations of the 

analyte in the biological matrix. This can be achieved by 

analyzing replicate sets of known concentration QC 

samples from a similar biological matrix. 

3. Method validation data should include all outliers, but 

calculations of accuracy and precision excluding 

statistically identified outliers may also be reported. 

4. The stability of the analyte in the biological matrix at the 

intended storage temperatures should be determined. 

5. The stability of the analyte at ambient temperature should 

be evaluated over a period equivalent to the usual sample 

preparation, handling, and analytical processing times. 

6. Reinjection reproducibility should be tested to ensure that 

the analytical run can be reanalyzed if there is an 

instrument failure. 

7. The specificity of the assay method should be confirmed 

by using at least six independent sources of the same 

matrix. 

Use of Validated Method for Regular Drug Analysis 

In general, biological samples can be analyzed with a single 

determination without the need for duplicate or replicate 

analysis, provided the assay method has an acceptable level 

of variability, as demonstrated by validation data. This 

applies to procedures where precision and accuracy 

consistently fall within acceptable tolerance limits. When 

applying a bioanalytical method to routine drug analysis, the 

following recommendations should be considered: 

1. A matrix-based standard curve should include at least six 

standard points (excluding blanks), covering the full range 

of concentrations. 

2. Response Function: The curve fitting, weighting, and 

goodness of fit used during pre-study validation should 

also be applied to the standard curve in the study. The 

response function is determined through statistical tests 

based on the actual standard points in each validation run. 

Any differences between pre-study validation and routine 

run validation may indicate potential issues. 

3. Quality control (QC) samples should be used to determine 

whether the run is acceptable or needs to be rejected. 

These QC samples are matrix-spiked with the analyte. 

4. System suitability: A specific SOP (or sample) should be 

established based on the analyte and technique to ensure 

the system is operating optimally. 

5. Any necessary sample dilutions should use a similar 

matrix (e.g., human to human), eliminating the need for 

actual within-study dilution matrix QC samples (61). 

6. Repeat Analysis: An SOP or guideline should be created 

for repeat analyses, specifying the reasons for repeating 
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sample analysis, such as for regulatory purposes, 

inconsistent replicate analyses, samples outside the assay 

range, sample processing errors, equipment failure, poor 

chromatography, or inconsistent pharmacokinetic data 

(62). 

7. Sample Data Reintegration: An SOP or guideline should 

be established for data reintegration, explaining the 

reasons for reintegration and the procedure for 

performing it (63-64). 

CONCLUSION 

Bioanalysis, along with the generation of pharmacokinetic, 

toxicokinetic, and metabolic data, is essential in 

pharmaceutical research and development, particularly in the 

drug discovery and development process. Therefore, the data 

must adhere to the scientific standards and specifications set 

by regulatory agencies worldwide. Bioanalytical methods 

must undergo validation to ensure their suitability for the 

intended use. This article outlines the specific 

recommendations and applications of bioanalytical methods 

in routine drug analysis for drug discovery and development. 

It can serve as a guide for developing bioanalytical methods 

for routine analysis and various biological processes. 

Additionally, it offers insights into bioavailability, 

bioequivalence, and therapeutic drug monitoring studies. 
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