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Process Analytical Technology (PAT) is increasingly shaping pharmaceutical 

manufacturing by moving quality assurance from traditional end-product testing 

toward real-time process understanding. Through the integration of advanced 

analytical tools within manufacturing operations, PAT enables continuous 

monitoring and control of critical material attributes and process parameters 

during production. This review examines the fundamental concepts of PAT and its 

close alignment with Quality by Design (QbD) and risk-based manufacturing 

approaches. Key PAT techniques-including spectroscopic, imaging, acoustic, and 

mass-based methods are discussed in relation to major pharmaceutical unit 

operations such as blending, granulation, drying, coating, and tableting. In 

addition, the regulatory framework supporting PAT adoption is reviewed, with 

particular emphasis on ICH Q8(R2), Q9(R1), Q10, Q11, Q12, and Q13 guidelines, 

which encourage enhanced process understanding, effective lifecycle 

management, and the implementation of continuous manufacturing. While PAT 

offers significant advantages, including improved process robustness, reduced 

variability, real-time release capability, and increased manufacturing efficiency, 

challenges related to data management, sensor integration, and model reliability 

remain. Overall, PAT represents a key step toward more transparent, predictable, 

and scientifically driven pharmaceutical manufacturing. 
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1. Introduction 

According to the U.S. FDA (2004), Process Analytical 

Technology is a system for designing, analyzing, and 

controlling manufacturing through timely measurements 

(i.e., during processing) of critical quality and performance 

attributes of raw and in-process materials and processes, with 

the goal of ensuring final product quality. Process Analytical 

Technology (PAT) and the Quality by Design (QbD) 

framework are increasingly viewed as the next major step in 

pharmaceutical manufacturing. These approaches help 

companies meet rising production demands by automating 

key operations and offering real-time insights for process 

improvement. With the help of advanced sensors and 

analyzers, PAT continuously tracks and controls important 

process parameters, ensuring that all quality-critical 

attributes stay within the desired range[1]. 

1.1 Integration of PAT into Manufacturing Processes 

Process Analytical Technology (PAT), often referred to as in 

situ analytics, is increasingly applied across the entire 

pharmaceutical development lifecycle—from early 

discovery through commercial manufacturing to enhance 

real-time process understanding and control. PAT tools are 

most useful in heterogeneous processes, where conventional 
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offline sampling may yield inconsistent or unrepresentative 

results because of the variability in phase composition. PAT 

allows direct, real-time measurement in the actual reaction 

environment, thus improving the reliability of measurement 

and minimizing the chances of process drift. As the industry 

has transitioned towards continuous manufacturing, the role 

of real-time analytical tools has become even more 

important. The benefits of continuous manufacturing include 

improved safety, accelerated development and scale-up, but 

these are highly dependent on robust and immediate process 

feedback. PAT allows for the confirmation of steady-state 

operation, provides support for in-process control strategies, 

and can also enable more advanced methods such as 

parametric or real-time release testing. Taken together, these 

considerations make in situ PAT analytics an essential part of 

pharmaceutical development and manufacturing in the 

modern, data-driven era[2]. 

2 PAT Framework [1] 

Process Analytical Technology (PAT) has been defined as a 

scientific and risk-based approach that seeks to transform 

pharmaceutical development, manufacturing, and quality 

testing by integrating quality directly into the process. This 

is done through the use of timely, in-process measurements 

to understand and control the critical attributes of materials 

and processes in order to achieve product quality rather than 

testing. 

2.1 Importance of Process Understanding 

Process Understanding: A process is said to be well 

understood when key sources of variability are understood, 

the process is capable of handling the variability, and product 

quality can be predicted within a defined design space. This 

is achieved over time through formulation studies, small-

scale experiments, scale-up, and ongoing analysis of 

manufacturing data. 

2.2 Key Components of the PAT Framework 

2.2.1 Multivariate Tools 

Multivariate analysis tools include statistical experimental 

designs, mathematical models, simulation methods, and 

pattern recognition techniques. These tools can be used to 

recognize relationships between the various components of a 

formulation, process variables, and quality variables, which 

may not be apparent when analyzing one variable at a time. 

2.2.2 Process Analyzers 

Modern analyzers allow real-time assessment of physical, 

chemical, biological, or microbiological properties using in-

line, on-line, or at-line measurements. They generate large 

volumes of data that can be used to monitor materials, track 

trends, evaluate variability, and support process control. 

These analyzers help define acceptable ranges and provide 

deeper insight into how materials behave during processing. 

2.2.3 Process Control Strategies 

Control strategies under PAT shift focus from fixed 

processing times to achieving targeted material attributes. 

Real-time measurements guide feed-forward or feed-back 

corrections, keeping the process within a state that ensures 

consistent product quality. Statistical approaches including 

multivariate process control are important for establishing 

reliable acceptance criteria. 

2.2.4 Continuous Improvement and Knowledge 

Management 

Continuous learning is a central part of PAT. Data collected 

throughout the life cycle of a product contribute to a growing 

knowledge base that supports better scientific decisions, 

facilitates post-approval changes, and strengthens 

communication during regulatory interactions. 

2.3 Risk-Based Approach 

The framework promotes a strong connection between 

process understanding and risk. When the scientific 

understanding of a process is high, the risk of producing 

poor-quality product is lower, which allows for more flexible 

and efficient approaches to managing change and making 

regulatory decisions. 

2.4 Integrated Systems Perspective 

The framework emphasizes the importance of integrating 

development, production, quality assurance, and knowledge 

management processes. This will ensure that scientific 

knowledge is utilized in all stages, ranging from 

development to routine production, as well as in inspections 

and reviews. 

2.5 Real-Time Release 

Real-time release (RTR) is the process of checking the 

quality of the product by monitoring the critical attributes of 

the material and process parameters on a continuous basis 

during the manufacturing process rather than testing the final 

product only. RTR, when properly justified, is recognized as 

an alternative means for ensuring the quality of the product 

prior to distribution. 

2.6 Implementation Strategies 

There are several flexible options available for the 

implementation of PAT, which include: implementing PAT 

within the existing pharmaceutical quality system, 

submitting regulatory supplements when appropriate, and by 

following a comparability protocol that describes 

development, validation, and implementation. Effective 

communication during development and implementation 

stages can go a long way in efficiently addressing scientific 

and operational issues1. 

The overall framework of Process Analytical Technology 

used in pharmaceutical manufacturing is illustrated in Figure 

1. 

Figure 1: Schematic of PAT framework for pharmaceutical 

unit operations (adapted from Kim et al., Pharmaceutics, 

2021, 13, 919, under the Creative Commons Attribution (CC 

BY 4.0) license [3]. 
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2.7 ICH Guidelines in Advancing Process Analytical 

Technology Implementation  

Several guidelines issued by the International Council for 

Harmonisation (ICH), including Q9(R1),Q10,Q11,Q12, and 

Q13, provide regulatory frameworks that supports process 

understanding, risk management, and lifecycle management 

in pharmaceutical manufacturing [4-9]. The role of these 

guidelines in supporting the implementation of Process 

Analytical Technology (PAT) is summarized in Table 1. 

Table 1: Role of ICH Guidelines in Supporting Process Analytical Technology 

ICH 

Guidelines 

Title Regulatory 

Emphasis  

Relevance to PAT Implementation  Key 

References  

ICH Q8 R(2) Pharmaceutical 

Development  

Product and 

Process 

Understanding  

ICH Q8(R2) encourages a science-based approach to 

pharmaceutical development and a much more 

explicit understanding of the formulation and 

manufacturing process. PAT tools enable this goal by 

allowing real-time measurement of critical material 

attributes and process parameters, which is 

consistent with developing a well-defined design 

space and with enhancing process understanding.  

[4] 

ICH Q9 R(1) Quality Risk 

Management  

Risk 

Identification 

and Control  

ICH Q9(R1) emphasizes structured, risk-based 

decision making throughout the product lifecycle. In 

this respect, PAT contributes by providing real-time 

process data that can be used for early identification 

of potential risks, determination of their impact on 

product quality, and implementation of effective 

control measures to reduce variability and 

uncertainty. 

[5] 

ICH Q10 Pharmaceutical 

Quality System  

Lifecycle 

Quality 

Management  

ICH Q10 emphasizes the need for a quality system 

that sustains product quality throughout its life cycle. 

PAT can help by allowing for continuous monitoring 

of processes, facilitating knowledge management, as 

well as informed decision-making to make 

improvements to processes by leveraging data 

obtained from PAT applications. 

[6] 

ICH Q11 Development 

and Manufacture 

of Drug 

Substances 

Control of API 

Manufacturing 

Processes  

ICH Q11 emphasizes the significance of 

understanding and controlling critical process 

parameters during the manufacture of drug 

substance. Process Analytical Technology helps to 

monitor critical steps of the process in real-time; 

thus, it helps in ensuring API consistency and 

improving robustness during development. 

[7] 

ICH Q12 Lifecycle 

Management 

Post- approval 

change 

management  

The expanded use of ICH Q12 adds regulatory 

flexibility based on its greater understanding of the 

process and effective controls. The scientific 

knowledge base established through PAT, along with 

real-time monitoring information, gives a solid 

[8] 

http://www.ijarst.com/


Int. J. Adv. Res. Sci. Technol. Volume 15, Issue 8, 2026, pp. 2486-2493. 

www.ijarst.com                                                      Gawai et al.,                                                              Page | 2489 

scientific foundation for handling postapproval 

changes in a manner that is not detrimental to quality. 

ICH Q13 Continuous 

Manufacturing 

of Drug 

Substances and 

Drug Products 

Modern 

Manufacturing 

Approaches  

ICH Q13 establishes regulatory principles for 

continuous manufacturing of drug substances and 

drug products. PAT is a critical enabler within this 

framework, as continuous processes rely on real-

time monitoring and control to ensure consistent 

quality throughout uninterrupted production. 

[9] 

 

3. PAT Tools And Techniques  

The various analytical tools and techniques applied in 

Process Analytical Technology(PAT) for pharmaceutical 

manufacturing are summarized in Table 2. 

Table 2: Different PAT Tools and Techniques used in 

Pharmaceutical Manufacturing 

Different PAT Tools and Techniques Examples: 

 

Raman Spectroscopy Near-Infrared Spectroscopy 

Hyperspectral Imaging Terahertz Time Domain 

Spectroscopy 

Mass Spectrometry Acoustic Resonance 

Spectroscopy 

Fourier Transform 

Infrared Spectroscopy 

Optical Coherence 

Tomography 
 

3.1 Raman Spectroscopy 

Raman spectroscopy is an efficient Process Analytical 

Technology (PAT) that can be used to analyze the blending 

of pharmaceutical powder in real time. With the use of a 

fiber-optic probe and SIMCA modeling, it is possible to 

analyze the uniformity of the blend and the endpoint directly 

in the process. Raman spectroscopy can also be used to 

understand the impact of important variables such as blender 

speed, loading, and API concentration on the blending 

process. Additionally, when combined with an independent 

analytical technique such as NIR spectroscopy, the results 

obtained from Raman spectroscopy can be verified, thereby 

enhancing process control[10]. 

Under the umbrella of real-time release testing (RTRT), 

Raman spectroscopy has been shown to be a vital PAT tool, 

providing key process information and facilitating efficient 

process monitoring and control in pharmaceutical processes 

such as blending, granulation, tabletting, and coating. Recent 

developments in transmission Raman spectroscopy enable 

rapid, non-destructive analysis of bulk tablets and capsules, 

mainly for off-line content uniformity analysis. On the other 

hand, in-line Raman spectroscopy has been demonstrated to 

be useful for process monitoring of API reactions and 

secondary pharmaceutical processes, allowing real-time 

process adjustments for consistent quality[11]. 

3.2 Near-Infrared Spectroscopy 

Near-Infrared Spectroscopy (NIR) has been identified as an 

efficient Process Analytical Technology (PAT) in 

pharmaceutical processing due to its ability to analyze 

processes quickly, non-destructively, and in real-time. 

Unlike traditional offline analysis, NIR enables the analysis 

of critical quality attributes (CQAs) in real-time, thus 

eliminating the need for sampling and facilitating real-time 

release. Its applicability has been shown in various unit 

operations. For instance, NIR has been successfully applied 

for the analysis of API in tablets to ensure uniformity and 

specifications without interrupting the process. In continuous 

manufacturing systems, the use of NIR probes located in the 

feed frame and on newly pressed tablets enabled the real-

time evaluation of blend homogeneity and tablet strength 

with a prediction accuracy rate of over 98%. More advanced 

approaches, including time-stretch NIR transmission 

spectroscopy, have made it possible to perform 

measurements in milliseconds, enabling the evaluation of 

every single tablet for API content. In addition, the use of 

NIR and multivariate calibration methods, such as PLS 

regression, enables the measurement of both chemical and 

physical properties, such as moisture content, particle size, 

and solid-state transformations. Taken together, these studies 

make it clear that with proper calibration and integration, 

NIR can be used for robust in-line process analysis, which 

can help manufacturers improve process control and product 

quality[12-14]. 

3.3 Hyperspectral Imaging  

Hyperspectral imaging (HSI) is a highly advanced analytical 

method that integrates high chemical detail with imaging, 

making it significantly more capable than conventional 

spectroscopy or color vision systems. Unlike conventional 

systems that concentrate on a single point or color 

information, HSI involves the acquisition of a complete 

spectrum for every pixel in a wide area, enabling a far more 

detailed and comprehensive analysis. This makes it 

extremely useful in various industrial applications where 

real-time analysis and control are required, including 

pharmaceutical production, food processing, and chemical 

production. Sophisticated data analysis using chemometrics 

enables the processing of HSI data to produce valuable 

information, such as highly detailed maps of chemical 

composition, material identification, or the monitoring of 

product quality and consistency during the manufacturing 

process. HSI analysis is capable of producing results that 

represent the entire image, specific objects, or even a single 

pixel, depending on the requirement. This versatility helps 

industries ensure product quality, detect defects early, and 

better understand complex processes like mixing and 

chemical transformations.Overall, hyperspectral imaging is 
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becoming a crucial tool in modern process analytical 

technology (PAT), providing rich, detailed insights that were 

previously hard or impossible to achieve with conventional 

methods[15]. 

3.4 Mass Spectrometry  

Mass spectrometry is a highly advanced and widely used 

analytical technique that plays a key role in process 

monitoring. It works by transforming chemical substances 

into gas-phase ions, which are then separated according to 

their mass-to-charge (m/z) ratio and detected. The results are 

typically presented as a mass spectrum, showing the detector 

response for each m/z value—similar to how optical 

spectrometry displays light intensity across different 

wavelengths. This data can also be summarized as a 

histogram representing the abundance of each ion in the 

sample, making mass spectrometry a valuable tool for real-

time analysis and quality control in Process Analytical 

Technology (PAT)[16]. 

3.5 Acoustic Resonance Spectroscopy 

Acoustic Resonance Spectroscopy (ARS) is a PAT technique 

that detects and analyzes sounds generated during 

pharmaceutical processes. These sounds occur at frequencies 

well beyond the range of human hearing. ARS is commonly 

applied to processes that produce acoustic emissions, 

including monitoring chemical reactions, blending, 

pulverization, and fluidized-bed granulation of drugs, 

offering real-time insights into process performance and 

product quality[17,18]. 

3.6 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared (FTIR) spectroscopy is capable 

of obtaining detailed spectral information in the mid-infrared 

region of the spectrum, which makes it an important 

technique for analyzing crystallization procedures in the 

pharmaceutical industry. FTIR spectroscopy is especially 

useful for analyzing and identifying different polymorphic 

forms of a drug substance. When combined with 

sophisticated chemometric analysis methods such as Partial 

Least Squares (PLS), Principal Component Analysis (PCA), 

and Multivariate Statistical Process Control, FTIR 

spectroscopy is capable of quickly analyzing complex 

spectral information. This makes it possible to accurately 

determine the polymorphic content of a sample, even when 

it contains multiple polymorphs simultaneously[19]. 

3.7 Other PAT Tools  

Optical Coherence Tomography (OCT) enables the 

observation of the inside of tablet and pellet coatings without 

damaging them, providing cross-sectional images in real 

time during the process. This enables the measurement of 

coating thickness, verification of even coating, and detection 

of any surface defects in pan-coated products[20]. 

4. Applications of Process Analytical Technology in 

Pharmaceutical Manufacturing 

Process Analytical Technology has emerged as a necessary 

strategy in the current pharmaceutical manufacturing sector. 

It assists the companies in understanding and controlling 

their process in real time. Rather than relying solely on the 

final testing of products, PAT employs real-time analysis and 

intelligent tools and methods to track every step of the 

manufacturing process. This enables the companies to detect 

any variation at an early stage and make sure that every batch 

of the product meets the necessary standards of quality.  

The applications of PAT for monitoring critical quality 

attributes during different pharmaceutical manufacturing 

processes are summarized in Table 3. 

Table 3: Applications of PAT for monitoring of Critical Quality Attributes during Pharmaceutical Manufacturing 

Process Type of Equipment 

used 

Critical quality attributes 

monitored during process 

PAT Tools / 

Techniques/Models used 

Key 

References 

Blending  Blending uniformity NIR System [21] 

 Drug Content NIR Spectrometer [22] 

Granulation High-shear mixer wet-

granulator 

Moisture content MEMS-FPI NIR Spectrometer [23] 

Density Moisture content, 

Granule size 

AOTF-NIR Spectrometer [24] 

Fluidized-bed 

Granulator 

Moisture content 

 

MicroNIR PAT-U 

Spectrometer 

[25] 

Roller Compactor Ribbon Density CDI no-contact diffuse 

reflectance spectrometer 

[26] 

Drying Lyophilizer Solid state, Release of hydrate Raman Spectrometer, 

NIR Spectrometer 

[27] 

 

Fluidized-bed Dryer Moisture content Electrical capacitance 

tomography 

[28] 

Coating Pan Coater Drug content PhAT system [29] 

Coating thickness, Coating 

uniformity 

Photodiode array 

Spectrometer, TPI  Image 2000 

[30] 
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Fluidized-bed Coater Drug content Thermo scientific Antaris-II 

FT-NIR process analyzer 

[31] 

Tableting Direct compression Tablet hardness NIR Spectrometer [32] 
 

Adapted from Kim et al., Pharmaceutics, 2021, 13, 919, 

under the Creative Commons Attribution (CC BY 4.0) 

license[3]. 

5. Benefits of PAT over Traditional Manufacturing 

Methods 

Process Analytical Technology (PAT) improves product 

quality and consistency by facilitating a more efficient and 

well-designed manufacturing process. One of the greatest 

advantages of PAT is its capability to produce real-time 

process information, which can be obtained using three main 

methods: 

• At-line: The sample is taken out of the process and 

analyzed in the vicinity, but still in close proximity to 

the production process. 

• On-line: The sample is removed from the process for 

measurement and can be put back into the process after 

analysis. 

• In-line: The measurement is made directly in the 

process stream, without removing the sample, using 

either invasive or non-invasive sensors[1]. 

The traditional quality control process involves large volume 

sampling of raw materials, intermediates, and final products, 

which results in delays in manufacturing. PAT overcomes 

this problem by allowing fast, non-destructive, and real-time 

analysis of the product using techniques such as near-

infrared (NIR) spectroscopy. This enables the operator to 

make immediate process adjustments whenever required. In 

biopharmaceutical manufacturing, particularly in cell 

growth, traditional process monitoring involves complicated 

and costly offline analysis to assess nutrient levels, waste 

products, and culture viability. PAT improves this by 

enabling the continuous, real-time monitoring and control of 

these key process variables in the process itself. While 

traditional processes rely almost entirely on established 

specifications such as USP, for instance, PAT is based on a 

more profound understanding of the relationship between 

formulation and processing variables and the resulting 

product. Through the integration of PAT and risk-based 

controls, manufacturers can now easily identify any process 

deviations and make necessary adjustments to critical 

process parameters to ensure consistent product quality. In 

general, PAT enhances process reliability, shortens 

manufacturing time, improves productivity, and helps to 

move away from the traditional three-batch validation 

process to a more contemporary method of continuous and 

ongoing validation[33]. 

6. Key Challenges in PAT Adoption 

• The integration of sensors into pharmaceutical 

manufacturing processes such as hot-melt extrusion 

is challenging because it could interfere with the 

manufacturing process. 

• Establishing effective sampling systems for the 

collection of real-time data from fast-moving and 

complex production lines is technically challenging 

and prone to errors. 

• Processing large amounts of complex and noisy 

data from monitoring devices requires advanced 

data processing and cleaning methods. 

• Building accurate models that interpret varied types 

of data takes specialized skills in data science and 

chemometrics. 

• Integrating these predictive models smoothly with 

automated control systems for instant process 

adjustments remains an ongoing technical 

challenge. 

• Fully calibrating and validating these analytical 

methods to keep them reliable under changing 

conditions and quality requirements consumes 

considerable time and resources [34]. 

7. Research Gap  

• Limited commercial-scale implementation: The 

majority of PAT applications have been shown in 

the laboratory or pilot-scale operation, while very 

few studies have been reported where PAT systems 

have been used in the long term under commercial 

manufacturing conditions. 

• Missing end-to-end process integration: The 

existing work predominantly revolves around the 

individual unit operations, whereas the holistic PAT 

approaches involving more than one related process 

have yet to be adequately explored, especially for 

continuous processing. 

• Insufficient data management plans: Although 

enormous data is produced by PAT technologies, 

the standardization of data integration, fusion, and 

storage in a real-time setting and cybersecurity 

aspects is presently a developing area. 

• Few case study analyses based on regulations: 

Even though guidelines for ICH support the 

implementation of PAT, examples of successful 

regulatory approvals for PAT-based RTR testing and 

post approval changes are very limited for publicly 

available information. 

• Underutilization of advanced analytics: The use 

of advanced data analytics, machine learning, and 

artificial intelligence concepts for predictive control 

and autonomous decision-making processes within 

PAT paradigms is still at a very nascent stage. 

• Inadequate emphasis placed on material 

variability: The effects of raw material variability 

in PAT models and control approaches are not 
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represented properly in existing literature despite its 

considerable influence on consistency in processes. 

8. Conclusion  

Process Analytical Technology (PAT) continues to reshape 

pharmaceutical manufacturing through real-time monitoring 

and precise control of key quality attributes and process 

parameters during essential steps like blending, granulation, 

drying, coating, and tableting. Tools such as NIR 

spectroscopy, Raman spectroscopy, hyperspectral imaging, 

mass spectrometry, and acoustic resonance spectroscopy 

deliver accurate insights into critical factors—blend 

uniformity, moisture levels, granule size, and coating 

thickness—directly connecting manufacturing performance 

to final product quality. 

When combined with Quality by Design (QbD) principles 

and advanced data analysis techniques, PAT creates a strong 

foundation for deeper process knowledge, effective risk 

management, and real-time quality decisions . This move 

away from conventional end-product testing toward ongoing 

process oversight improves consistency, cuts down 

variability, and paves the way for continuous manufacturing 

with clear gains in efficiency, scalability, and regulatory ease. 

Moving forward, ongoing improvements in PAT sensors, 

data analytics, and automation promise more sustainable 

production, less waste, faster product delivery, and better 

access to reliable medications for patients everywhere. 
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