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Abstract:  Chromatography is an essential separation method for high-purity samples of food, earth, water, 

and medications. One well-known technique in the production of biopharmaceuticals that is essential to 

attaining superior separation and purification is preparative chromatography [1]. It is a potent analytical method 

for separating, identifying, and measuring a mixture's constituent parts. The method separates the components 

of a sample according to their affinities for the stationary and mobile phases by interacting the sample with 

both. It has been widely used in many different industries, including as environmental monitoring, 

biotechnology, and medicines. The development of preparative chromatography has historically involved 

time consuming and material-intensive laboratory research [2, 3]. Manual operations, however, are laborious, 

time-consuming, and prone to human mistake [4]. To satisfy the present expectations of efficient and 

personalized pharmaceutical manufacturing within shorter development periods, more approaches are 

required [5]. AI is a young field that focuses on using computer systems to solve problems by running 

algorithms that mimic human brain cognitive processes. AI uses technologies, especially computer systems, 

to mimic human cognitive processes. With the ability to connect inputs and outputs, modify behavior in 

response to external stimuli, and then make decisions, the majority of modern AI algorithms increase the 

possibility of providing accurate answers. The main advantages of artificial intelligence (AI) are producing 

better and more accurate predictions and extracting meaningful and unbiased information from datasets that 

are either incredibly large or extremely complex, beyond human analytical potential [12]. 
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I.INTRODUCTION 

 

Chromatography is an essential separation method for high-purity samples of food, earth, water, and 

medications. One well-known technique in the production of biopharmaceuticals that is essential to attaining 

superior separation and purification is preparative chromatography [1]. It is a potent analytical method for 

separating, identifying, and measuring a mixture's constituent parts. The method separates the components of 

a sample according to their affinities for the stationary and mobile phases by interacting the sample with both. 

It has been widely used in many different industries, including as environmental monitoring, biotechnology, 

and medicines. The development of preparative chromatography has historically involved time consuming and 

material-intensive laboratory research [2, 3]. Manual operations, however, are laborious, time-consuming, and 

prone to human mistake [4]. To satisfy the present expectations of efficient and personalized pharmaceutical 

manufacturing within shorter development periods, more approaches are required [5]. The pharmaceutical 

industry's comprehension of processes is thus improved by the need for faster approaches to process 

development [6, 7]. A workable way to accomplish this objective is to use procedure modelling for the 

advancement. Understanding is much improved by the use of mathematical equations to build models that 

faithfully capture the biological and physical components of the process [8, 9]. As a result, quick and accurate 

ways to ascertain model parameters with little work are required [10, 11]. AI is a young field that focuses on using 
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computer systems to solve problems by running algorithms that mimic human brain cognitive processes. AI 

uses technologies, especially computer systems, to mimic human cognitive processes. With the ability to 

connect inputs and outputs, modify behavior in response to external stimuli, and then make decisions, the 

majority of modern AI algorithms increase the possibility of providing accurate answers. The main advantages 

of artificial intelligence (AI) are producing better and more accurate predictions and extracting meaningful and 

unbiased information from datasets that are either incredibly large or extremely complex, beyond human 

analytical potential [12]. Furthermore, as computers' processing power increases with the development of 

reliable algorithms and their accessibility via open-source platforms (such training data, frameworks, and 

APIs), has made it easier to use AI in a number of scientific fields [13–17]. AI has greatly advanced the fields of 

medication safety [20], drug discovery [18, 19], material design [21–23], and organic synthesis [24]. The latter group's 

breakthroughs are particularly noteworthy because they make use of novel computational techniques 

(molecular design algorithms) that increase research in areas like retrosynthesis [27], reaction condition 

prediction [28], reaction outcome prediction [29], and molecule property prediction [25], as well as the exploration 

of large chemical spaces. Additionally, it has the potential to accelerate the development of new separation 

technologies and techniques, enhance the precision and consistency of data analysis, pinpoint and rank areas 

for further study, optimize separation experiment setup, assist in automating the analysis of large datasets, and 

enhance comprehension of the intricate relationships among various mixture components. Notwithstanding 

notable developments in education, the development of approachable frameworks, and the accessibility of pre-

trained neural networks, the use of AI for analytical processes has not yet been thoroughly explored and is still 

poorly understood. The problems raised can be linked to the mismatch between the complexity of 

contemporary data science techniques and the present academic instruction. It may be possible to overcome 

difficulties in analytical chemistry by using machine learning techniques to less complex data [18, 21–24]. A 

proven method for producing biopharmaceuticals, preparative chromatography offers superior separation and 

purification. One useful tactic to achieve this objective is to use process modelling for development. To 

improve comprehension of the process, models are created utilizing mathematical representations of biological 

and physical events. This results in shorter development times and the application of optimization and model-

based process control techniques [30]. 

 

II.APPROACH 

Using a search method, reputable resources like PubMed and Google Scholar were examined 
for research publications published in the fields of chromatography and AI. 
 

III. METHODOLOGY OF SEARCH 

 

A search technique comprising keywords like "Separation chromatography" and "Analytical chemistry 

and artificial intelligence" was used to find the secondary data. They made use of "chromatography and AI." 

The study's methodology prioritized repeatability and transparency while adhering to the PRISMA principles. 

This guaranteed that each stage, from the search plan to the synthesis of the data, and reporting, were well-

documented and explicit. Following a rigorous screening procedure, the acquired articles' abstracts and titles 

were closely scrutinized in order to identify possibly pertinent research. The full-text articles' eligibility was 

assessed using preset inclusion and exclusion criteria. By collecting pertinent data from each selected study, 

including study design, sample size, methods, results, and noteworthy discoveries, systematic data extraction 

is accomplished. Using methodologies or checklists for quality evaluation, the included papers' quality was 

assessed, with a focus on systematic reviews and meta-analyses. Studies published in peer-reviewed, English-

language journals between 2018 and 2023, as well as research and review papers, met the inclusion 

requirements. Articles that are not fully accessible or that demand payment, those released before to the chosen, 

that were published in languages other than English and prior to the chosen period were not included. 

 

IV.EVOLUTION OF AI IN CHROMATOGRAPHY 

Over the past 50 years, manual analysis of complex chromatography data from natural and complex 

products has been challenging due to unpredictable retention times, leading to the development of neural 

algorithm-based software.[31]. Model-based HTPD has revolutionized the biopharmaceutical industry, 

particularly in chromatography, which is used to purify protein subunit vaccines. Commercially available 

chromatographic mechanistic models software programs include GoSilico, Aspen Chromatography, 

DelftChrom, CADET, and Chromatix. Membrane chromatography outperforms traditional packed bed 

chromatography in productivity and bed usage at high flow rates and brief residence durations.[32] The 
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automatic generation of analytical methods for High Performance Liquid Chromatography (HPLC) is made 

possible by artificial intelligence, which is essential to chromatography. This allows for scouting tests to 

determine optimal mobile phase composition and changes in operating parameters. Fundamental formulas for 

retaining weak acids, organic bases, undissociated solutes, and amphoteric compounds in liquid-solid 

chromatography are developed, verified experimentally, and tested using software RVPKLC-83 and an Ultra 

Voilet detector system.[33] A versatile technique for separating, purifying, and refining complex compounds 

such as sugars, diastereomers, isomers, plant extracts, enantiomers, and rare earth metal ions is preparative and 

process chromatography. Complex molecules such as peptides, proteins, mAbs, fragments, VLPs, and mRNA 

vaccines are used in bio-chromatography. For process design, operation optimization, and control, a 

multipurpose tool is required.[30] The ideal solvent system for mixed solvent extraction, which frequently calls 

for several components, must be chosen through experimentation. By developing quantitative structure-

property relationship (QSPR) models that associate solvent and solute molecular structure, physicochemical 

characteristics, and extraction performance, artificial intelligence (AI) might enhance this procedure. The most 

appropriate solvents for particular extraction processes can be determined by using these models to forecast 

untested combinations.[34].  AI has improved retention prediction accuracy in chromatographic procedures, with 

deep learning models surpassing linear models. Support Vector Machine-based neural networks are commonly 

used in thin-layer chromatography. Cheminformatics, chemometrics, and hybrid techniques are more reliable 

in retention prediction than traditional models. Quantitative Structure Retention Relationship (QSRR) is a 

promising approach for predicting analyte retention and optimal separation procedures.[35] 

 

 

 

V.AI-POWERED INNOVATIONS IN CHROMATOGRAPHIC METHOD DEVELOPMENT 

 

The integration of AI into chromatographic techniques has led to groundbreaking innovations in 

method development. AI-driven software can optimize experimental conditions, select appropriate solvents, 

and fine-tune parameters to achieve optimal separation efficiency. This reduces the need for trial-and-error 

approaches, saving time and resources for researchers [49]. AI algorithms can predict the best combination of 

mobile phase composition, flow rate, and temperature for a given separation task. For example, machine 

learning models can be trained on historical chromatographic data to identify the optimal conditions for 

separating specific compounds. By leveraging these models, researchers can achieve high-resolution 

separations with minimal experimental iterations [49]. Additionally, AI can automate method validation 

processes, ensuring that chromatographic methods meet regulatory requirements with minimal manual 

intervention. Traditional method validation involves the assessment of parameters such as precision, accuracy, 

and robustness through extensive experimentation. AI-driven approaches can streamline this process by 

generating predictive models that assess method performance based on historical data [49]. 

 

VI.APPLICATIONS OF ARTIFICIAL INTELLIGENCE: 

 

6.1Machine Learning in Chromatography 

 

Machine learning, a subset of AI, has found extensive application in chromatography. ML models can 

predict chromatographic behaviour based on historical data, enabling researchers to design experiments more 

efficiently. For instance, retention time prediction models allow scientists to optimize separation conditions 

and reduce experimental iterations [48]. Retention time prediction is a critical aspect of chromatographic method 

development. Machine learning models, such as random forests and artificial neural networks, can be trained 

on large datasets of chromatographic experiments to predict retention times based on experimental conditions. 

These models take into account variables such as mobile phase composition, column characteristics, and 

temperature to provide accurate predictions [48]. In addition to retention time prediction, machine learning 

techniques have been applied to the optimization of chromatographic methods. Genetic algorithms, for 

example, have been used to explore the experimental space and identify optimal conditions for separation. By 

encoding experimental parameters as genetic sequences and applying evolutionary operators, these algorithms 

can efficiently search for the best combination of conditions [48]. 
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6.2 Used in the food industry 

 

Phyto-control and Fujitsu have partnered to automate chromatographic techniques using AI, ensuring 

accurate analysis of food samples to prevent contamination in the supply chain, a crucial step in food safety. 

Chromatographic techniques are vital for quality assurance in the food industry. AI aids in identifying 

adulterants, ensuring product consistency, and complying with safety standards [47]. Machine learning models 

have been applied to detect food fraud, such as the adulteration of honey and olive oil, using chromatographic 

fingerprints. AI also supports rapid analysis of flavor compounds, nutritional content, and contaminants, 

improving product quality [49]. Contaminated food causes 0.4 million deaths annually, according to the WHO. 

Virtual Control, a Hong Kong company, has developed AI technology and machine learning-based software 

for laboratory testing, enhancing accuracy, efficiency, and productivity in various industries.[36] A 2022 study 

by Aghili et al. used an electronic olfactory device to analyze the odour characteristics of edible vegetable oils. 

The researchers collected odour profiles from eight different concentrations of sunflower and canola oil 

combined with sesame oil. Despite difficulties in detecting fraudulent activities, the system effectively 

identified a mixture of 25% sunflower oil and 75% sesame oil.[36] Leite et al., 2019, developed two models 

Radial Basis Function (RBF) and MIP models for High-Performance Liquid Chromatography, offering 

superior efficiency, speed, and simplicity, but RBF requires more neurons for tasks. In 2022, Viejo et al. created 

two artificial neural network (ANN) models to predict volatile aromatic chemicals and assess beer quality. 

Correlation scores of R = 0.97 and R = 0.93 indicate that the models generated accurate findings. An artificial 

intelligence method was created by Warren-Vega et al. in 2023 to investigate the connection between colour 

and physicochemical profile in the aging of 100% agave tequila. [39] 

 

6.3 Uses in healthcare and Biomedical Research 

 

In clinical diagnostics, chromatography coupled with AI is used to analyze complex biological samples. 

AI-driven methods facilitate the identification of biomarkers for diseases, such as cancer and diabetes, by 

enhancing the resolution and throughput of chromatographic techniques [50]. In proteomics and metabolomics, 

AI aids in the interpretation of high-dimensional data generated by LC-MS and GC-MS, accelerating 

discoveries in personalized medicine and drug target interactions [51]. The use of Hammerstein Wiener, 

multilayer perceptron, and SVM in predicting anti-Alzheimer agent properties using high-pressure liquid 

chromatography demonstrated their potential. Ensembling these models, using simple average ensemble and 

SVM-E, improved their performance.[40] Merck Serono and Bosch Global Software Technologies have 

developed an AI-based solution for chromatographic data processing in the pharmaceutical industry, using a 

"Digital by design" managerial approach and involving stakeholders throughout the project.[41] De Vooght-

Johnson used ANN and the Adaptive Neuro-Fuzzy Inference System in conjunction with Multi Linear 

Regression Analysis to create an AI-based model for forecasting the peak perfection of the antioxidant 

Isoquercetin . Ensemble approaches were used to improve the models.[42] The results showed that AI 

architecture developed can automate the chromatographic peak integration process with high accuracy and 

efficiency. It learns analytical variations in profiles, predicting new profiles' RT and peak shape with high 

accuracy. This could revolutionize the biopharmaceutical industry, improving patient safety and reducing costs. 

 

 

6.4 Pharmaceutical Industry 

 

AI is employed in drug discovery and development, where chromatography plays a critical role in 

analyzing drug candidates. AI accelerates the screening of compounds, optimizing separation methods, and 

ensuring regulatory compliance [50]. In bioanalytical chromatography, AI aids in the detection of biomarkers, 

analysis of drug metabolites, and pharmacokinetic studies. Machine learning techniques enhance the resolution 

and accuracy of bioanalytical methods, enabling faster drug approval processes [49]. 

 

6.5 Environmental Monitoring 

 

In environmental sciences, AI enhances the detection of pollutants in water, air, and soil samples. AI 

models improve the sensitivity and specificity of chromatographic methods used for trace analysis [51]. For 

example, AI-based models have been used to identify and quantify persistent organic pollutants (POPs) in 

environmental samples. The ability to analyze complex mixtures with minimal sample preparation reduces the 

time and resources required for large-scale environmental monitoring campaigns [48]. 
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VII. AI-DRIVEN PREDICTIVE MODELING AND OPTIMIZATION 

 

AI-driven predictive modeling has become a cornerstone of chromatographic method development. 

Predictive models can forecast the impact of varying experimental parameters on separation outcomes. This 

empowers researchers to make informed decisions, minimizing the need for exhaustive experimentation and 

enhancing overall method robustness [50]. For example, AI can predict how changes in mobile phase 

composition, temperature, and flow rate will affect the separation of a target compound. This allows researchers 

to fine-tune experimental conditions to achieve optimal separation with minimal trial and error. By leveraging 

predictive models, researchers can design experiments that maximize resolution and efficiency while 

minimizing resource consumption [50]. Furthermore, AI-driven optimization techniques have been applied to 

complex chromatographic tasks, such as multi-dimensional chromatography. Multi-dimensional 

chromatography involves the separation of complex mixtures using multiple columns with different 

selectivity’s. AI algorithms can optimize the entire separation process by predicting the interactions between 

columns and identifying the best combination of separation parameters [50]. 

 

VIII. CASE STUDIES: REAL-WORLD APPLICATIONS AND SUCCESS STORIES 

 

Numerous case studies highlight the successful integration of AI in chromatographic techniques. For 

example, AI has been employed to optimize the separation of complex mixtures in pharmaceutical research, 

resulting in the identification of novel compounds [51]. Additionally, environmental monitoring agencies have 

used AI-driven approaches to analyze pollutant concentrations in water samples with unprecedented accuracy 
[52]. In one study, researchers used AI to develop a predictive model for the separation of pharmaceuticals in 

wastewater, enabling real-time monitoring of pollutant levels. The AI model was trained on historical 

chromatographic data and validated using real-world samples. The results demonstrated that AI-driven 

approaches could accurately predict pollutant concentrations and identify trends over time [51]. Another example 

AI's application in metabolomics is another example. In this field, metabolites in biological samples are 

identified and quantified using AI algorithms, which helps uncover illness biomarkers. In metabolomics, tiny 

molecules in biological samples are thoroughly analyzed to reveal information about disease processes and 

metabolic pathways. By greatly increasing the precision and volume of metabolomic analysis, AI-driven 

methods have made it possible to find new biomarkers and treatment targets [52]. 

 

IX. CHALLENGES AND LIMITATIONS OF AI INTEGRATION 

 

While AI offers immense potential, its integration into chromatography is not without challenges. Data 

quality and consistency are critical factors, as poor-quality data can lead to inaccurate predictions. Furthermore, 

the interpretability of AI models remains a concern, as researchers seek to understand the decision-making 

processes of these algorithms [50]. Another difficulty is ensuring that AI models are resilient and generalizable, 

since models that have been trained on certain datasets could not function well on fresh, untested data. The 

Caliber and variety of training data determine how accurate and dependable AI predictions are. Consequently, 

curating high-quality datasets that cover a broad spectrum of analytes and experimental circumstances is crucial 
[50]. 

Additionally, the adoption of AI in chromatography requires significant investment in computational resources 

and expertise, which may be a barrier for some laboratories. Developing and implementing AI-driven 

approaches requires access to powerful computational infrastructure and specialized knowledge in machine 

learning and data science. Therefore, it is crucial to provide training and resources to researchers to facilitate 

the integration of AI into their workflows [50]. 

 

X. FUTURE DIRECTIONS AND EMERGING TRENDS 

 

There are a lot of exciting prospects for AI in chromatography. Further improvements in method 

creation and data analysis will come from the ongoing development of AI algorithms and the growing 

availability of high-quality chromatographic data. Developing AI-driven software for automatic technique 

optimization and integrating AI with Internet of Things (IoT) devices for real-time monitoring are innovative 

trends [48]. AI-driven virtual laboratories, where researchers can simulate chromatographic experiments and 

optimize methods in silico, are also on the horizon. Virtual laboratories leverage AI models to predict the 

outcomes of chromatographic experiments without the need for physical experimentation. This approach can 
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significantly reduce the time and cost associated with method development and validation [48]. Furthermore, the 

creation of explainable AI models that shed light on how AI algorithms make decisions would improve the 

interpretability and reliability of AI-driven strategies. Explainable AI seeks to increase the transparency and 

comprehensibility of AI models by offering justifications for their judgments and forecasts. This will foster 

confidence in AI-driven methods and allow academics to learn more about the fundamental workings of AI 

models [48]. Membrane materials with enhanced binding capabilities are expected to address resin surface area 

limitations, with advancements in membrane chromatography technology attracting interest in the 

biopharmaceutical industry.[44]. This approach also offers real-time parameter estimations for controlling 

chromatographic processes. Future research will explore expanding AI capabilities for more model parameters 

and isotherms.[30]. AI is being used to convert plants into digital twins, enabling rapid and precise model 

parameter determination. It can help balance extraction efficiency, selectivity, environmental impact, and cost. 

AI can enhance sorbent material design, refine extraction solvent selection, and optimize process operating 

conditions, revolutionizing industries and contributing to a sustainable future.[45] 

 

XI. A COMPARISON OF THE CONVENTIONAL AND AI-BASED METHODS 

 

Chromatography has undergone a revolution thanks to artificial intelligence (AI), which has 

streamlined technique development, improved data analysis, increased accuracy, and increased analysis speed 

and efficiency. It has given several sectors new avenues for quality assurance, process optimization, and 

cutting-edge research. But it's important to remember that, even though AI-based techniques have benefits, 

they should be verified and improved using conventional techniques to guarantee accuracy and dependability. 
[24–25]  

 

XII.DISCUSSION 

 

A common trend in the literature has been the development of algorithms (of various sophistication) to 

analyze vast amounts of data and derive significant patterns and information from even the smallest variations 

in individual measurements. The use of AI in mass spectrometry, vibrational spectroscopy, and picture 

recognition was probably the main driver of the field's early developments. Chromatography data analysis can 

be time-consuming, repetitive, and prone to errors, making it challenging to reliably produce accurate results. 

The chromatography analysis procedure can be greatly improved with AI. AI is capable of doing activities like 

sensing, thinking, and learning that often require human intelligence. Chromatography analysis can be 

mechanized, refined, and improved in accuracy and efficacy through the use of AI approaches. One use of AI 

in chromatography analysis is the creation of machine learning models that can use available data to forecast 

the properties of unknown materials. For example, when using chromatography equipment to separate a 

mixture of substances, a machine-learning model can be used to predict each component's properties, including 

molecular weight, polarity, and solubility, and identify the peaks associated with each component. AI can 

improve accuracy and dependability while drastically cutting down on the time and effort needed to analyze 

chromatographic data. It can increase the chromatography process's efficiency by developing automated 

solutions, improving separation conditions, and offering real-time monitoring for peak performance. AI can be 

used to develop data processing algorithms for analyzing large volumes of chromatography data, detecting 

patterns and trends, and identifying potential contaminants or impurities, providing valuable insights into 

sample chemistry. 

 

XIII. CONCLUSION 

 

In conclusion, AI has the potential to revolutionize chromatographic analysis by enabling faster, more 

accurate, and more efficient data processing. Chromatographic analysis can be streamlined by AI, which 

reduces the possibility of human error and saves time. This makes it possible for scientists to focus on 

challenging and complex analytical problems. We should expect more advancements in chromatography 

analysis and the larger field of analytical chemistry due to the continuous development and growing acceptance 

of technology. The integration of artificial intelligence into chromatographic techniques and applications marks 

a significant milestone in analytical chemistry. AI-driven innovations streamline method development, 

enhance data analysis, and improve the reliability of chromatographic results. As AI technology continues to 

evolve, its impact on research and industry will undoubtedly expand, offering new opportunities for discovery 

and innovation. The adoption of AI in chromatography has the potential to revolutionize analytical chemistry, 

enabling researchers to achieve higher levels of accuracy, efficiency, and automation. As AI continues to 
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advance, it will play an increasingly central role in the development and application of chromatographic 

techniques, driving progress in a wide range of scientific disciplines. 

11.1 Table 1 Comparison between traditional and AI-based approach 
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