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ABSTRACT 

The integration of Artificial Intelligence (AI) into the pharmaceutical 

industry has ushered in a new era of precision and efficiency. AI-driven 

technologies, including machine learning (ML) models such as 

artificial neural networks (ANN), convolutional neural networks 

(CNN), and deep learning algorithms, are transforming drug analysis, 

quality control, and process optimization. These advancements have 

led to improved predictions in critical pharmaceutical processes, real-

time stability monitoring, and enhanced data-driven decision-making. 

AI’s role extends beyond automation to include predictive modeling, 

quality-by-design approaches, and regulatory compliance 

enhancement. This review explores the transformative impact of AI in 

pharmaceutical analytics, highlighting its potential to redefine 

traditional methodologies and accelerate drug development. 
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 Artificial Neural Networks (ANNs) 

 Support Vector Machine (SVM) 

 Process Analytical Technology (PAT) 

 k-Nearest Neighbours (kNN) 

 Partial Least Squares (PLS) 

 Principal Component Regression (PCR) 

 Extreme Learning Machine (ELM) 

 

INTRODUCTION 

Pharmaceutical analysis plays a vital role in verifying the safety, efficacy, and quality of 

medicinal products through the application of diverse techniques to assess compounds, 

formulations, and materials, all while adhering to regulatory requirements and protecting 

public health.
[3] 

Artificial Intelligence (AI) is a field within computer science focused on 

solving issues by utilizing symbols and engineering methods. The primary goal of artificial 

intelligence is to analyze significant data that define problems and provide conceptual 

solutions.
[11]

 The Logic Theorist was created by Allen Newell and Herbert A. Simon. The 

inaugural significant AI conference took place at Dartmouth College in 1956. Between 2017 

and 2022, the AI market is anticipated to expand by as much as tenfold, whereas the market 

for natural language processing, which includes uses such as text prediction and speech 

recognition, is forecasted to grow by 28.5% in 2017. Big data and business analytics 

produced a global revenue of US$ 122 billion in 2015, and it is expected that this figure will 

exceed US$ 200 billion by 2020.
[5]

 Artificial Intelligence is utilized in the pharmaceutical 

sector in four primary ways: evaluating the severity of diseases and forecasting the 

effectiveness of treatments for specific patients, mitigating or managing complications that 

may arise during treatment, and supporting treatment processes or surgical procedures. 

Finally, AI is utilized to identify the rationale behind the selection of certain instruments or 

chemicals in treatment and to discover new applications for them to enhance safety and 

effectiveness.
[4,14]

 Machine learning (ML) is fundamental to AI because it enables computers 

to learn from and make predictions based on extensive datasets (Big Data). One important 

area of AI is deep learning (DL), a more sophisticated aspect of machine learning (ML) that 

utilizes artificial neural networks (ANN) modelled after the intricacies of the human brain, 

allowing for detailed image recognition tasks.
[6]

 Various artificial neural network (ANN) 

models were created, utilizing either Raman spectra, NIR spectra, process variables, or 

material characteristics. A feedforward, fully-connected neural network was created to 



www.wjpr.net     │     Vol 14, Issue 5, 2025.     │     ISO 9001: 2015 Certified Journal     │ 

 

 

Aravind et al.                                                                       World Journal of Pharmaceutical Research 

  

450 

forecast the in vitro dissolution curve and tablet hardness based on process parameters or 

spectroscopic data. Each ANN consisted of one input, one hidden, and one output layer, with 

the number of input neurons matching the number of input variables. Various combinations of 

input variables were evaluated to enhance model performance using either MAs or PPs.
[10] 

AI 

has the potential to transform drug discovery through the automation of tasks, the analysis of 

data from genomic, proteomic, chemical, and literature sources, the identification of novel 

targets, the prediction of toxicity, and the prioritization of compounds for further 

investigation. Artificial intelligence algorithms can analyze genomic and proteomic 

information to pinpoint possible therapeutic targets for various diseases, such as cancer, heart 

disease, and neurodegenerative conditions.
[12]

 AI can transform the pharmaceutical sector by 

accelerating drug research and discovery, identifying drug targets, designing new drugs, 

optimizing clinical trials, predicting pharmacokinetics and toxicity, and discovering drug 

candidates by analyzing data from clinical trials, literature, and biological databases.
[14] 

 

AI 

AI's role in pharmaceutical sciences spans several different areas of study that aid in the 

formulation, development, discovery along with analysis of pharmaceutical products.
[34] 

 

Advanced techniques like deep learning and generative AI enhance drug design, toxicity 

prediction, and personalized medicine. Integration with cloud and quantum computing 

accelerates innovation and efficiency in drug development.
[35] 

 

 

Figure 1: Types of AI. 

 
Different kinds of AI are used depending on the circumstances. The requirements, 

applications, and uses determine the type of AI.
[36]
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Figure 2: Evolution of AI.

[35] 

 

 

AI in QC 

The pharmaceutical sector is undergoing a rapid transition due to artificial intelligence (AI).
[9]

 

One of QC's primary goals is to identify and measure the active ingredient or substances and 

monitor contaminants using a variety of analytical methods.
[37] 

 

Traditional quality control methods, although effective, can be laborious and prone to human 

error. Artificial intelligence (AI) enhances pharmaceutical quality control by utilizing data 

analytics and machine learning algorithms to ensure stringent quality requirements. These 

technologies enable predictive modelling, improved decision-making, and real-time 

monitoring, which ultimately lead to improved product quality and production process 

compliance.
[38] 

 

Instead of relying on traditional visual inspections of pharmaceutical products, using AI can 

produce accurate, faster and consistent quality control throughout the manufacturing process. 

 

Computer vision systems powered by AI inspect images of pharmaceutical products, 

packaging, and labels to identify flaws, irregularities, and impurities. 

 

 

Figure 3: AI-Based Defect Detection Workflow Using Deep Learning. 
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Applying ANN to different instruments such as NIR, Raman spectroscopy, UV-Vis, and 

FTIR, as well as using ANN models to predict content uniformity, tensile strength, friability, 

and dissolution profiles, shows how they can improve real-time monitoring, increase the 

precision of quality assessments, and enable predictive control in pharmaceutical 

manufacturing processes under the PAT framework.
[2] 

 

AI is revolutionizing quality control by automating trait identification, marker detection, and 

standard development, enhancing accuracy and efficiency. Deep learning improves quality 

grading, while AI-powered chemical fingerprinting identifies markers and adulterants. Tools 

like electronic noses and hyperspectral imaging enable precise odor analysis, authentication, 

and age determination. Machine learning predicts toxicity, reduces reliance on animal testing, 

and ensures safety by monitoring pesticide residues and mycotoxins.
[19] 

 

 

Figure 4: Key Benefits of AI in Quality Control and Manufacturing.
[39]

 

 

AI IN RA 

Adhering to evolving regulations and stay current with legislation and industry norms, 

artificial intelligence (AI) technology has the potential to enhance regulatory relations in the 

pharmaceutical sector. 

 

To guarantee compliance and prompt approval of medications or drug goods, the team would 

collaborate with pharmaceutical staff. Information on significant modifications from many 

regulatory bodies can be compiled using AI.
[40] 
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Regulatory issues are improved by artificial intelligence (AI) through the simplification of 

approval procedures, effective data analysis, enhanced compliance monitoring, and real-time 

surveillance of unfavorable events. Decisions are made with greater knowledge due to AI 

technologies, which also speed up regulatory clearances. Machine learning and data analytics 

streamline regulatory processes, while natural language processing enhances decision-making 

and compliance monitoring.
[41] 

 

Artificial intelligence (AI) is revolutionizing regulatory affairs by streamlining approval 

processes, automating repetitive tasks, and expediting regulatory submissions with tools like 

Synchrogenix. 

 

AI supports model-informed drug development (MIDD) with in silico models like QSAR and 

PBPK, while collaborative frameworks and tools like eCTD advance global harmonization 

and efficiency in regulatory reviews.
[22] 

 

In pharmaceutical regulatory affairs, the main objective of using natural language processing 

(NLP) is to extract pertinent data from comprehensive regulatory documents effectively. 

 

Using Intelligent Document Management Systems (DMS) contribute significantly to 

pharmaceutical regulatory affairs by tackling the difficulties posed by managing a large 

number of regulatory reports. 

 

BERT (Bidirectional Encoder Representations from Transformers) recognizing the subtleties 

and context of textual data.
[42] 

 

Apart from this AI has revolutionized in data analysis for risk assessment and trend 

identification, ensures compliance to avoid penalties, streamlines communication with 

stakeholders, enhances accuracy and reduces bias through quality data, automates 

administrative tasks, facilitates dossier preparation and data extraction for drug approval, 

audits and tracks regulatory changes to maintain up-to-date adherence.
[43] 

 

AI in QA 

AI and ML enhance pharmaceutical quality assurance by automating data processing, 

improving predictive capabilities. They enable real-time monitoring, early detection of 

quality issues, and predictive analytics to anticipate problems. Automation of quality control 
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tasks ensures compliance with GMP, while AI-driven decision support helps prioritize risks. 

This leads to faster time-to-market, cost efficiency, and continuous process improvement.
[43]

 

AI improves eQMS through data analysis, early problem detection, and insight generation. 

When used with AQbD, it improves the robustness of analytical techniques. By dynamically 

modifying techniques throughout real-time production, AI also guarantees constant quality.
[44] 

 

AI in QbD and PAT, as well as additional technological developments more extensive use of 

real-time analytics and greater process knowledge to facilitate real-time release testing with 

high standards of product quality assurance.
[45] 

 

AI and ML technologies revolutionize Six Sigma documentation by automating data 

collection, enhancing data accuracy, and ensuring integrity through advanced algorithms.
[46] 

 

Interpretation and prediction through AI 

Applying ML and NLP algorithms on pharmaceutical datasets are examined, with an 

emphasis on the effectiveness of different indicators and text processing methods gives a 

comprehensive understanding of how well machine learning models extract and analyze 

data.
[47] 

 

Table 1: Applications of AI and ML in Pharmaceutical Analytical Techniques. 

Technique/ Studies AI/ ML Tool used Prediction results 

HPLC 

ANN 

 

 

 

QSRR 

Retention time, peak shape, 

separation efficiency 

 

Highly efficient prediction of 

RT.
[48]

 

Drug stability studies 

CNN Spectral pattern analysis 

RNN Time-series stability prediction 

LSTM Long-term stability modelling 

Autoencoders Stability feature extraction 

GAN 
Synthetic stability data 

generation.
[49]

 

Drug Release & Dissolution 

Profile Prediction 

ANN 

SVM 

PAT 

Analyzes dissolution trends, and 

factors affecting drug release.
[28]

 

Paper-based Analytical 

Device 
kNN and SVM classifiers 

Classified drugs based on reagent 

reactions.
[1]

 

Raman Spectrophotometer GANs 
Converts low-resolution spectra to 

high-resolution data.
[50]

 

UV-Vis Spectroscopy 

ANN & CNN 

Machine Learning (ML) 

with Quantum Chemistry 

Used to study chromophores in 

solvents, improving spectroscopic 

analysis reliability.
[51]
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NIR Spectroscopy 
ANN, CNN, PLS, PCR, 

ELM 

Enhanced quantitative and 

qualitative analysis calibration.
[52]

 

 

APPLICATIONS OF AI 

1. In Drug spectroscopy 

With the use of Machine Learning and Artificial Intelligence, modern product development 

can examine more than 10,000 spectra within hours, which is a substantial time savings 

compared to conventional drug development methods. By leveraging Machine Learning and 

Artificial Intelligence for prediction, advanced mathematical algorithms are used to derive 

meaningful chemical insights from the spectral data of drug substances, drug products, and 

their raw materials.
[24] 

 

AI algorithms can detect patterns and variations in product quality within large datasets from 

analytical tests, such as particle size analysis, spectroscopy, and chromatography. This 

enables early identification and resolution of quality issues, ensuring the production of high-

quality products.
[1] 

 

2. In drug discovery and development 

Technique called traditional reinforcement learning which has the application in the 

development of new drug by combining various machine learning methods to develop new 

molecules. 

Multi-task learning technique has the application in post manufacture drug reviews, 

development of new drug and testing. 

Using deep learning technique therapeutic screening of new drug molecules done by Using 

interactions between proteins and their corresponding ligands as DeepTox input values to 

predict drug toxicity.
[4,18] 

 

3. In analytical data with food properties 

AI models can analyze complex patterns in mass spectrometric and spectroscopic data, 

helping to identify specific compounds, additives, or contaminants in food composition. In 

the food industry, AI-powered imaging technologies are used to detect defects, contaminants, 

and even predict the ripeness of fruit. For example, during fruit sorting, hyperspectral images 

are analyzed by AI models to evaluate sugar levels and peel characteristics, ensuring accurate 

sorting and quality control. By quickly identifying irregularities, AI integration into real-time 

monitoring and quality control systems on food processing lines transformed the food 



www.wjpr.net     │     Vol 14, Issue 5, 2025.     │     ISO 9001: 2015 Certified Journal     │ 

 

 

Aravind et al.                                                                       World Journal of Pharmaceutical Research 

  

456 

business. From quality standards, reducing waste and guaranteeing accurate responses and 

outcomes.
[6,18] 

 

4. In 2D chromatography 

Because the data arrays gathered during the analytical run are highly multidimensional, 2D 

chromatography presents new possibilities for data exploration and analysis. For the purposes 

of this review, a thorough analysis of AI's potential in various data processing techniques is 

conducted. C2D chromatograms can be converted into digital images by rasterizing detector 

data from each modulation period into columns of pixels. With MS as the detector, each pixel 

corresponds to a spectrum, forming a 3D/4D data matrix. The pixel columns are aligned 

along the X-axis based on retention time, while the 2D data is plotted on the Y-axis. These 

chromatographic images can then be analyzed using various methods, such as image pattern 

recognition and computer vision techniques.
[6] 

 

5. In electrochemical biosensors 

AI is rapidly enhancing electrochemical biosensors by improving sensitivity, selectivity, 

reliability, and usability through signal evaluation, noise filtering, calibration, and enabling 

real-time monitoring, feedback control, and multi-modal integration. 

 

A wearable electrochemical biosensor for real-time glucose monitoring uses a glucose 

oxidase enzyme to detect glucose in interstitial fluid and wirelessly send data. AI algorithms 

analyze the data to predict glucose levels and provide real-time feedback, adapting to 

individual variations and improving accuracy.
[7,8] 

 

6. In healthcare and pharmaceutical training 

The participation of medical professionals skilled in data science, analysis, modeling, 

optimization, and in silico methods will improve the application of information and problem-

solving. Training researchers in emerging AI technologies will help connect pharmaceutical 

and tech industries. Over the past five years, there has been a surge in literature searches 

related to the diagnosis and treatment of infectious diseases, such as COVID-19, within both 

academic and pharmaceutical sectors.
[15] 

 

7. In prediction of drug-drug and drug disease interaction 

Three primary types of algorithms are commonly used to build models from complex domain 

data and make predictions. AI-powered databases like DrugBank, DDI Extraction 2013, 
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SEDR, FAERS, and Medline are used to predict drug interactions and adverse effects from 

large biomedical and pharmacological data. 

 Naïve Bayesian (NB); Naïve Bayesian (NB) is an algorithm that identifies uncertainty in 

data by calculating the probabilities of outcomes and is particularly effective for handling 

high noise and small datasets. 

 Artificial Neural Networks (ANN); Artificial Neural Networks (ANN) are commonly 

applied in the medical and pharmaceutical sectors, recognized for their adaptability and 

ability to be constantly refreshed with new data. 

 Support Vector Machines (SVM); Support Vector Machines (SVM) are recognized for 

their strong performance and precision in handling classification and prediction of 

nonlinear data. They are extensively applied in drug design and discovery for virtual 

screening and forecasting pharmacological effects.
[15]

 

 

8. Fault detection in pharmaceutical bioprocesses 

AI models like AEs in process monitoring can use hypothesis testing to assess differences 

between normal and abnormal latent space representations, enhancing model evaluation and 

validation. 

The fault detection model is trained on historical batches in offline mode, where new samples 

are categorized as either normal or faulty. When a sample is identified as faulty, the diagnosis 

model is triggered to determine the fault source. 

RNN-based models are ideal for predicting quality in real time and capturing system 

dynamics across varying batch lengths, whereas CNN-based models excel at handling 

multiphase nonlinear processes and provide better generalization.
[17] 

 

9. In chemical industry 

AI in the chemical industry focuses on R&D, operational management, and plant processing. 

In R&D, AI drives innovation, sustainability, and future research frameworks. AI on a small-

scale assists in optimizing chemical reactions, refining chemical synthesis, and controlling 

catalysts, enzymes, timing, quantities, and application parameters. It also contributes to the 

development of sustainable materials for various industries.
[18]

 

 

Advantages 

1. Improved Quality Control: Al in quality control systems are able to precisely detect flaws 

and irregularities in pharmaceutical products, which results in better patient safety and 

product quality.
[26]
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2. Data based decision making: From medication research to distribution, Al offers data-

driven insights that support well-informed decision-making at every stage of 

pharmaceutical manufacturing.
[26]

 

3. Personalized medicine: Al uses patient data analysis to provide more individualized and 

effective medicines by customizing treatments according to each patient’s unique 

characteristics.
[26]

 

4. Regulatory requirements: Through documentation, reporting, and quality control 

procedures, Al assists in making sure that regulatory standards are followed.
[26]

 

5. Steady progress: By identifying areas for optimization and proposing changes, Al-enabled 

systems help to promote continuous improvement.
[26]

 

6. Automation: Chatbots and virtual assistants driven by Al can offer 24/7 customer service 

and support.  Al can complete repetitive activities more correctly and effectively than 

humans, which boosts output and lowers costs.
[34]

 

7. Increased availability: By offering text-to-speech, speech recognition, and other 

accessibility capabilities, Al can help people with disabilities and also increase the 

effectiveness of the manufacturing process.
[34]

 

8. Scientific drug development: Al helps analyze data for scientific studies, which speeds  up 

discoveries across a range of domains .By analysing large datasets and forecasting how 

drug candidates can interact with biological targets, AI speeds up the drug discovery 

process.
[34]

 

9. Healthcare: AI can be used to  predict toxicity, new drug target and researchers can make 

better decisions while developing novel therapies, in  the treatment efficacy and lower the 

chance of side effects by analysing the data from various sources.
[26,34]

 

10. Equipment monitoring: By predicting maintenance requirements, cutting downtime, and 

improving overall efficiency, Al is helpful in avoiding equipment failures.
[34]

 

 

Challenges 

1. Quantity and Quality of Data: Al models need huge, superior datasets in order to detect 

patterns efficiently. It might be difficult to find adequate and trustworthy data, particularly 

in specialist fields.
[26]

 

2. Privacy and security of data: To avoid breaches and guarantee adherence to data 

protection laws, handling private patient and proprietary data necessitates strong security 

measures.
[26]
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3. Testing and Validation: Through testing and validation are necessary to confirm the safety 

and efficacy of Al models, and they also take  lot of time and resources.
[26]

 

4. Skill gap: The pharmaceutical business may lack the particular knowledge needed to 

develop, install, and maintain Al systems.
[26]

 

5. Implementation management 

Organizational culture may need in order  to  implement Al-driven changes, which may cause 

opposition or make it difficult for new technology to be adopted.
[26]

 

6. Absence of regulatory framework 

Although the US Food and Drug Administration (FDA) has released guidelines for the use of 

Al and Ml in medical devices, these guidelines do not specifically address clinical trials or 

drug development. A reflection paper was circulated by European Medicine Agency (EMA) 

concerning the use of AI in medicine but it does not offer specific guidance for the 

pharmaceutical industry.
[53]

 

7. Public acceptance 

According to a recent American Academy of Family Physicians (AAFP) survey, the majority 

of  healthcare professionals are uncomfortable with the Al. In November 2018, 2000 national 

representatives were requested to complete an online poll regarding their opinions of Al in the 

healthcare industry. Among this 44% stated they were at ease with it, while 56% stated they 

were uncomfortable.
[53]

 

8. High investment 

The majority of current IT applications and infrastructure were not developed or designed 

with artificial intelligence in mind, which leads to a shortage of suitable IT infrastructure. To 

make matters worse, pharmaceutical firms have to spend a lot of money upgrading their IT 

infrastructure. Pharmaceutical companies have to go above and beyond to gather and 

transform the data into an analysis-ready format because a significant amount of it is in free 

text format.
[53]

 

9. Absence of transparency 

Patient data may be misused if Al apps are used to extract data for uses other than those for 

which they were designed. Algorithms can be opaque, making it challenging for patients and 

medical professionals to comprehend the data being used and the decision-making process.
[53]

 

10. Intricacy of  integration 

Al systems integration with current production processes and infrastructure can be  

complicated necessitating collaboration between manufacturing and IT departments.
[26] 
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Future prospectives 

1. Drug development and personalized medicine 

Al will transform drug development by making it possible to create customized drugs based 

on the unique characteristics of each patient. Al will determine the best course of action by 

examining genetic, medical, and lifestyle data, leading to more individualized and successful 

treatments.
[53] 

 

2. IoT and Al Integration 

By combining Internet of Things (IoT) devices with Al, a smooth network of connected 

sensors and equipment will be produced. Al will examine data from these devices in real time 

to check equipment health, streamline procedures and guarantee constant product quality.
[30, 

53] 

 

3. Human-Machine Collaboration 

Al’s role in pharmaceutical manufacture is to enhance human talents rather than replacing 

them. Innovation and decision-making will be more intelligent when human experience and 

Al-driven insights are integrated.
[53] 

 

4. Improved  Quality Control 

Improvement in QC procedures are predicted to be increased  developing AI technologies 

which enables deep  Al-powered quality control systems will become increasingly 

sophisticated, capable of detecting the most subtle defects and ensuring compliance with the 

most stringent regulatory standards. This will enhance product quality and safety while 

reducing the need for manual inspection.
[53] 

 

5. Enhanced production efficiency 

AI makes the production process more sustainable, economical, and productive in order to 

increase their efficacy. Pharmaceutical companies are able to differentiate themselves in this 

competitive market because of these abilities and  they reduce  the time it taken to bring new 

drugs to market, and enhance patient outcomes through customized medicine techniques.
[30] 

 

CONCLUSION 

AI is reshaping pharmaceutical analysis by providing advanced analytical capabilities, 

automating quality control processes, and improving overall efficiency. From optimizing 

process parameters to enabling real-time monitoring of drug stability, AI-based models have 
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demonstrated their ability to enhance precision and reliability. The integration of AI in 

pharmaceutical workflows has led to better decision-making, reduced wastage, and improved 

adherence to regulatory standards. As AI continues to evolve, its application in 

pharmaceutical analysis will further drive innovation, ensuring more robust and scalable 

methodologies. Future research should focus on expanding AI’s applicability, improving 

model accuracy, and addressing regulatory challenges to fully harness its potential in the 

pharmaceutical industry. 
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