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ABSTRACT : 

Pharmaceutical analysis plays a fundamental role in establishing the identity, purity, strength, safety, efficacy and quality of pharmaceutical substances and products. 

Conventional analytical method development has traditionally depended on trial-and-error experimentation, followed by validation after the method has been 

optimized. The introduction of Analytical Quality by Design (AQbD) has transformed this approach by incorporating scientific understanding, risk assessment and 

systematic experimentation during analytical procedure development. The recently implemented ICH Q14 guideline provides a science- and risk-based framework 

for analytical procedure development, while ICH Q2(R2) provides current principles for analytical procedure validation. At the same time, increasing concern 

regarding solvent toxicity, chemical waste, energy consumption and environmental impact has accelerated the development of Green Analytical Chemistry (GAC). 

Modern pharmaceutical analysis is therefore moving towards analytical procedures that are not only accurate, precise and robust, but also sustainable, rapid and 

environmentally responsible. Advanced techniques such as UHPLC, LC-MS/MS, high-resolution mass spectrometry, Raman spectroscopy, near-infrared 

spectroscopy, chemometrics, miniaturized sample preparation and automated analytical systems are increasingly contributing to this transformation. This review 

discusses the principles of AQbD, analytical target profile, critical method attributes, risk assessment, design of experiments, method operable design region, 

analytical procedure validation, green analytical chemistry, green chromatographic techniques and emerging analytical technologies. The integration of AQbD with 

green analytical principles can provide robust, reliable, efficient and sustainable analytical procedures throughout the pharmaceutical product lifecycle. 
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1. INTRODUCTION 

Pharmaceutical analysis is an essential component of pharmaceutical development and quality control. Analytical procedures are required to identify 

active pharmaceutical ingredients (APIs), determine assay and impurities, monitor degradation products, evaluate dissolution, characterize pharmaceutical 

products and ensure batch-to-batch consistency. Traditional analytical method development generally involves changing one experimental parameter at 

a time until acceptable analytical performance is obtained. Although this approach is simple, it may require considerable time and may not adequately 

identify interactions between different analytical parameters. A modern approach is therefore required to develop analytical methods that remain reliable 

when normal variations occur during routine analysis. 

Analytical Quality by Design (AQbD) applies scientific knowledge and risk-based principles to analytical procedure development. ICH Q14 describes 

approaches for developing and maintaining analytical procedures suitable for evaluating drug substances and drug products. It also introduces 

considerations such as robustness, parameter ranges, analytical procedure control strategy, multivariate analytical procedures and lifecycle management. 

(European Medicines Agency (EMA)⁠. Another major development is Green Analytical Chemistry (GAC). Conventional pharmaceutical analysis can 

consume substantial amounts of organic solvents and generate chemical waste. Green approaches aim to reduce hazardous reagents, solvent consumption, 

waste generation and energy requirements while maintaining analytical performance. Recent reviews have described the increasing use of green solvents, 

miniaturized extraction, UHPLC, HPTLC and other sustainable approaches in pharmaceutical analysis. The combination of AQbD and GAC provides an 

opportunity to develop analytical methods that are scientifically controlled, robust, economical and environmentally sustainable. 

2. ANALYTICAL QUALITY BY DESIGN (AQbD) 

2.1 Concept of AQbD 

Analytical Quality by Design is a systematic approach for developing analytical procedures based on predefined objectives, scientific understanding and 

risk management. 

The basic concept can be represented as: 

Analytical Target Profile → Risk Assessment → Method Development → DoE → Optimization → Method Operable Design Region → Validation → 

Lifecycle Management 
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AQbD does not simply focus on obtaining a method that works under a particular set of experimental conditions. Instead, it aims to understand how 

analytical parameters affect method performance and establish a region in which the method can reliably achieve its intended purpose. ICH Q14 permits 

both a minimal approach and an enhanced approach to analytical procedure development. The enhanced approach provides greater scientific 

understanding and can support lifecycle management and scientifically justified post-approval changes. 

2.2 Analytical Target Profile (ATP) 

The Analytical Target Profile (ATP) defines what the analytical procedure is expected to measure and the required performance characteristics. 

An ATP may include: 

* Intended analytical purpose 

* Analyte or analytes to be measured 

* Matrix 

* Required specificity 

* Required accuracy 

* Required precision 

* Reportable range 

3. RISK ASSESSMENT IN ANALYTICAL METHOD DEVELOPMENT 

Risk assessment identifies analytical factors that may have a significant effect on method performance. 

Common tools include: 

3.1 Ishikawa diagram 

The Ishikawa or fishbone diagram can classify potential sources of analytical variability under categories such as: 

* Method 

* Instrument 

* Material 

* Analyst 

* Environment 

* Measurement 

3.2 Failure Mode and Effects Analysis 

FMEA evaluates possible failure modes according to parameters such as: 

* Severity 

* Occurrence 

* Detectability 

3.3 Risk matrix 

Analytical parameters can be classified as: 

Low risk → Medium risk → High risk 

High-risk parameters should receive greater attention during experimental optimization. 

4. DESIGN OF EXPERIMENTS IN AQbD 

Design of Experiments (DoE) is one of the most important components of an enhanced AQbD approach. Traditional development changes one factor at 

a time. In contrast, DoE allows multiple factors to be studied simultaneously and can identify interactions between variables. 
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For an RP-HPLC method, possible factors include: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DoE therefore provides a scientific basis for identifying optimum analytical conditions. 

5. METHOD OPERABLE DESIGN REGION 

The Method Operable Design Region (MODR) represents a multidimensional region within which analytical method parameters can be varied while 

maintaining acceptable method performance. If acceptable resolution, precision and peak shape are obtained within a specific range of these parameters, 

that region can be considered part of the method’s operable region. 

This is important because routine laboratory conditions may not always remain exactly identical to development conditions. A method with a scientifically 

established operating region can therefore provide greater robustness. ICH Q14 specifically discusses robustness and parameter ranges as important 

components of analytical procedure development.  

6. ANALYTICAL METHOD VALIDATION 

Analytical method validation demonstrates that an analytical procedure is suitable for its intended purpose. The current ICH Q2(R2) guideline addresses 

validation of analytical procedures used for purposes including assay, potency, purity, impurities, identity and quantitative or qualitative measurements.  

Important validation characteristics include: 

6.1 Specificity 

The ability of a method to measure the analyte accurately in the presence of other components such as impurities, degradation products, excipients or 

matrix components. 

6.2 Accuracy 

Closeness of agreement between the measured value and the true or accepted reference value. 

6.3 Precision 

Degree of agreement among individual measurements. 

* Repeatability 

* Intermediate precision 

* Reproducibility 

6.4 Linearity 

Ability of the analytical procedure to obtain results proportional to analyte concentration within a specified range. 

6.5 Range 

The interval between the upper and lower concentration levels for which the method demonstrates acceptable performance. 
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6.6 Detection Limit 

The lowest amount of analyte that can be detected but not necessarily accurately quantified. 

6.7 Quantitation Limit 

The lowest amount of analyte that can be quantitatively determined with suitable precision and accuracy. 

6.8 Robustness 

Ability of the analytical method to remain unaffected by small deliberate variations in method parameters. 

7. GREEN ANALYTICAL CHEMISTRY IN PHARMACEUTICAL ANALYSIS 

Green Analytical Chemistry aims to reduce the environmental and health impact associated with analytical measurements. 

Traditional pharmaceutical analysis can involve: 

* Large volumes of organic solvents 

* Extensive sample preparation 

* Disposable laboratory materials 

Green analytical methods attempt to minimize these factors without compromising analytical quality. Recent literature highlights the use of 

environmentally preferable solvents, miniaturized extraction procedures, UHPLC, HPTLC and other approaches for greener pharmaceutical analysis.  

8. GREEN SOLVENTS AND SUSTAINABLE SAMPLE PREPARATION 

The selection of solvents is an important part of green analytical method development. 

Commonly preferred solvents include: 

* Water 

* Ethanol 

* Ethyl acetate 

Therefore, greener approaches include: 

8.1 Microextraction 

Uses a small quantity of extracting solvent compared with conventional extraction. 

8.2 Solid-phase extraction 

Can reduce solvent requirements and improve sample clean-up. 

8.3 Dispersive liquid–liquid microextraction 

Uses very small volumes of extraction solvent and can provide efficient analyte enrichment. 

9. GREEN CHROMATOGRAPHIC TECHNIQUES 

9.1 Green HPLC 

HPLC remains one of the most widely used pharmaceutical analytical techniques. However, conventional reversed-phase HPLC frequently uses organic 

solvents such as methanol and acetonitrile. 

Greener HPLC approaches may involve: 

* Reduced flow rate 

* Shorter columns 

* Miniaturized systems 

Recent reviews have specifically examined green LC approaches and assessment tools such as GAPI, NEMI, Analytical Eco-Scale and AGREE. 

(ScienceDirect⁠￼) 

9.2 UHPLC 

Ultra-High-Performance Liquid Chromatography uses smaller particle sizes and higher operating pressures to achieve efficient separations. 
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9.3 HPTLC 

High-Performance Thin-Layer Chromatography can analyze multiple samples simultaneously with relatively low solvent consumption. 

10. GREENNESS ASSESSMENT TOOLS 

Developing a method with a low solvent volume does not automatically mean that it is environmentally sustainable. Several tools are therefore available 

to evaluate the overall greenness of analytical procedures. GAPI uses a pictorial representation of different stages of an analytical procedure, whereas 

AGREE provides an overall assessment based on the principles of green analytical chemistry. Recent literature also describes the evolution toward 

broader sustainability concepts including White Analytical Chemistry and Circular Analytical Chemistry. 

11. ADVANCED ANALYTICAL TECHNOLOGIES 

Modern pharmaceutical analysis is increasingly dependent on advanced instrumental techniques. 

11.1 LC-MS/MS 

Liquid Chromatography–Mass Spectrometry combines chromatographic separation with mass-based detection. 

LC-MS has become particularly important for impurity profiling, pharmacokinetic studies, metabolite identification and bioanalysis. Recent literature 

continues to describe LC-MS and high-resolution MS as important technologies in modern pharmaceutical and biomedical analysis.  

11.2 High-Resolution Mass Spectrometry 

High-resolution MS provides accurate mass measurements that can assist in determining molecular formulas and identifying unknown compounds. 

11.3 Near-Infrared Spectroscopy 

Near-Infrared (NIR) spectroscopy provides rapid, non-destructive analysis with minimal sample preparation. NIR can be integrated with chemometric 

models for quantitative pharmaceutical analysis. 

11.4 Raman Spectroscopy 

Raman spectroscopy provides molecular information based on vibrational interactions. 

12. CHEMOMETRICS AND MULTIVARIATE ANALYSIS 

Modern analytical instruments can generate large and complex datasets. Chemometrics provides mathematical and statistical methods for extracting 

useful information from these data. 

Important approaches include: 

* Principal Component Analysis (PCA) 

* Partial Least Squares (PLS) 

* Cluster analysis 

* Multivariate calibration 

* Pattern recognition. 

Chemometrics is therefore particularly important for spectroscopic analysis, process analytical technology and multivariate analytical procedures. ICH 

Q14 also specifically includes considerations for multivariate analytical procedures. (European Medicines Agency (EMA)⁠￼) 

13. ARTIFICIAL INTELLIGENCE AND MACHINE LEARNING IN PHARMACEUTICAL ANALYSIS 

Artificial Intelligence (AI) and Machine Learning (ML) are emerging tools in analytical science. 

Potential applications include: 

* Prediction of chromatographic retention 

* Spectral classification 

* Impurity prediction 

* Pattern recognition 

Machine learning can identify complex relationships between analytical parameters and responses that may be difficult to recognize using conventional 

statistical approaches. However, appropriate training datasets, data quality, model validation, interpretability and regulatory considerations are essential 

before AI-based analytical systems can be routinely implemented. 
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14. REAL-TIME RELEASE TESTING AND PROCESS ANALYTICAL TECHNOLOGY 

Modern pharmaceutical manufacturing is moving from conventional end-product testing toward greater process understanding and monitoring. Process 

Analytical Technology (PAT) uses analytical measurements to understand and control manufacturing processes. 

Real-Time Release Testing (RTRT) aims to use process and analytical information to support assurance of product quality during manufacturing rather 

than relying entirely on final-product testing. ICH Q14 includes real-time release testing among its considerations for advanced analytical procedure 

development.  

15. INTEGRATION OF AQbD AND GREEN ANALYTICAL CHEMISTRY 

AQbD and Green Analytical Chemistry can be integrated during analytical method development. 

16. ANALYTICAL LIFECYCLE MANAGEMENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

17. ADVANTAGES OF MODERN PHARMACEUTICAL ANALYSIS 

The integration of AQbD, advanced instrumentation and green analytical chemistry provide several potential benefits: 

1. Better understanding of analytical procedures. 

2. Improved method robustness. 

3. Reduced trial-and-error experimentation. 

4. Efficient identification of critical analytical parameters. 

5. Improved control of analytical variability. 

6. Reduced solvent and reagent consumption. 
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7. Lower chemical waste generation. 

8. Faster analytical procedures. 

9. Improved sensitivity and selectivity. 

10. Better support for lifecycle management. 

11. Greater suitability for automation. 

12. Improved sustainability of pharmaceutical laboratories. 

19. CONCLUSION 

Modern pharmaceutical analysis is changing from traditional trial-and-error methods to systematic, scientific, and environmentally friendly approaches. 

Analytical Quality by Design (AQbD) helps in setting analytical goals, identifying risks, understanding important factors, optimizing conditions, and 

maintaining the method throughout its lifecycle. ICH Q14 guides analytical method development, while ICH Q2(R2) guides method validation. Green 

Analytical Chemistry helps reduce environmental impact by using green solvents, smaller sample volumes, UHPLC, HPTLC, and direct analysis, which 

reduce waste, solvent use, and energy consumption. Advanced techniques such as LC-MS/MS, NIR, Raman spectroscopy, chemometrics, PAT, and AI 

make pharmaceutical analysis faster, more sensitive, accurate, and automated. Overall, the future of pharmaceutical analysis focuses on methods that are 

accurate, rapid, reliable, regulatory-compliant, and environmentally sustainable, with AQbD and green principles working together to achieve these goals. 
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