ejbps, 2026, Volume 13, Issue 4, 195-201. Research Article

Impact Factor 8.181

EUROPEAN JOURNAL OF BIOMEDICAL

http://www.ejbps.com

ISSN 2349-8870
Coden USA: EJBPBO
Volume: 13
Issue: 4
Year: 2026

Al-ASSISTED VERSUS CONVENTIONAL HPLC METHOD DEVELOPMENT FOR
PHARMACEUTICAL PREPARATIONS: A COMPARATIVE STUDY
G. Poonguzhali*, S. Pravin Kumar, C. Santhoshini, M. Deepak Kumar, S. Tharunkumar, G. Kathirvel

'Student, SS Institute of Pharmacy, Sankari.
! Assistant Professor.

*Corresponding Author: G. Poonguzhali
Student, SS Institute of Pharmacy, Sankari.
DOI: https://doi.org/10.5281/zen0d0.19282250

How to cite this Article: G. Poonguzhali*, S. Pravin Kumar, C. Santhoshini, M. Deepak Kumar, S. Tharunkumar, G.
. Kathirvel (2026). Ai-Assisted Versus Conventional Hplc Method Development For Pharmaceutical Preparations: A
@ ®» &S Comparative Study. European Journal of Biomedical and Pharmaceutical Sciences, 13(4), 195-201.

This work is licensed under Creative Commons Attribution 4.0 International license.

Avrticle Received on 28/02/2026 Article Revised on 18/03/2026 Article Published on 01/04/2026

ABSTRACT

High-Performance Liquid Chromatography (HPLC) is an essential analytical technique in pharmaceutical analysis
for the identification, quantification, and quality assessment of drug substances and formulations. Conventional
HPLC method development is primarily based on empirical trial-and-error optimization and analyst expertise.
Although this approach is reliable and regulatorily accepted, it is often time-consuming, labor-intensive, and
associated with increased solvent and resource consumption, particularly for complex pharmaceutical
preparations. Recent advances in artificial intelligence (Al), including machine learning and predictive
optimization techniques, have introduced efficient alternatives for chromatographic method development. This
study presents a comparative evaluation of conventional and Al-assisted HPLC method development approaches
for pharmaceutical preparations. Conventional methods were optimized through sequential experimental trials,
whereas Al-assisted approaches utilized historical chromatographic data and predictive models to recommend
optimal separation conditions with fewer experimental iterations. The approaches were evaluated based on method
development efficiency, chromatographic performance, solvent consumption, and operational consistency. The
results demonstrate that Al-assisted HPLC significantly reduces development time, experimental workload, and
solvent usage while achieving chromatographic performance comparable to conventional methods. Overall, the
findings support Al-assisted HPLC as a complementary and practical strategy for pharmaceutical analytical
method development and quality control.

KEYWORDS: High-Performance Liquid Chromatography (HPLC), Al-Assisted Method Development,
Pharmaceutical Analysis, Analytical Method Optimization, Quality-by-Design (QbD).

INTRODUCTION regulatory requirements further mandate that analytical
High-performance liquid chromatography (HPLC) is a methods demonstrate robustness, accuracy, precision,
critical analytical tool in pharmaceutical analysis owing and reproducibility throughout the product lifecycle.

to its high separation efficiency, sensitivity,

reproducibilitP/, and  suitability  for  complex

formulations.™) It is routinely employed in

pharmaceutical quality control for the identification,

quantification, and purity assessment of active

pharmaceutical ingredients, and related substances.®

Effective HPLC method development requires careful

optimization of chromatographic parameters such as

column chemistry, mobile phase composition, flow rate,

temperature, and detection conditions to achieve optimal

resolution and reliable analytical performance.r! Strict
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Conventional HPLC method development relies heavily
on manual experimentation and analyst expertise, often
involving time-consuming trial-and-error procedures.l
In recent years, artificial intelligence (Al) and machine
learning—based approaches have emerged as powerful
tools for data-driven prediction and optimization of
chromatographic  conditions, significantly reducing
experimental workload and subjective decision-
making.”! Al-assisted HPLC method development has
the potential to shorten development timelines, improve
method consistency, and reduce resource consumption
compared to conventional approaches.®!

AIM

e To systematically compare Al-assisted and
conventional approaches for HPLC method
development in pharmaceutical preparations, with
emphasis on analytical performance, efficiency, and
practical applicability in routine quality control.

OBJECTIVES

e To develop and optimize HPLC methods for
selected  pharmaceutical ~ preparations  using
conventional trial-and-error techniques based on
chromatographic principles and analyst expertise.

e To apply Al-assisted tools or machine learning-
based optimization strategies for HPLC method
development using experimental and/or simulated
chromatographic data.

e To compare the time efficiency and experimental
workload required for Al-assisted and conventional
HPLC method development approaches.
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e To -evaluate and compare chromatographic
performance parameters, including retention time,
resolution, peak symmetry, theoretical plates, and
sensitivity, obtained from both approaches.

e To assess the accuracy, precision, linearity,
robustness, and repeatability of the developed
HPLC methods in accordance with pharmaceutical
regulatory guidelines.

e To examine the reproducibility and consistency of
Al-assisted method development in comparison with
analyst-dependent conventional methods.

e To analyze the resource utilization, including
solvent consumption and number of experimental
trials, associated with each method development
strategy.

e To identify the advantages, limitations, and
practical challenges of integrating Al-assisted
HPLC method development into pharmaceutical
quality control laboratories.

e To provide scientific evidence supporting the
feasibility of Al-driven tools as complementary or
alternative approaches to conventional HPLC
method development in pharmaceutical analysis.

Importance of the Study

e Provides a systematic scientific comparison
between Al-assisted and conventional HPLC
method development, addressing a critical gap in
pharmaceutical analytical research.

e Demonstrates the potential of
approaches to significantly reduce

Al-driven
method

development time and experimental effort
without compromising analytical performance.
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Enhances understanding of how data-driven
optimization can improve method robustness,
reproducibility, and consistency in pharmaceutical
quality control.

Supports  the modernization of analytical
laboratories by evaluating the practical feasibility
of integrating Al tools alongside traditional
chromatographic expertise.

Contributes to the advancement of regulatory-
compliant, efficient, and cost-effective analytical
method development strategies for pharmaceutical
preparations.

MATERIALS

Pharmaceutical Preparations / Analytes: Selected
active pharmaceutical ingredients (APIs) and
excipients, obtained from verified suppliers.
Samples were used as received without further
modification.

Solvents and Reagents: HPLC-grade solvents
including acetonitrile, methanol, and water;
analytical-grade buffers such as phosphate buffer
or acetate buffer were used for mobile phase
preparation. All solvents and reagents were filtered
and degassed before use.

Columns: Suitable reversed-phase HPLC columns
were employed, such as C18, C8, or phenyl
columns, based on analyte properties. Column
dimensions and particle size were selected to ensure
adequate resolution.

Instrumentation: High-performance liquid
chromatography system equipped with UV-Visible
detector or other relevant detection systems. The
instrument included pumps capable of delivering
precise flow rates and a system controller for
gradient programming and temperature control.
Software and Al Tools: For Al-assisted method
development, historical chromatographic data were
compiled and processed using machine learning
platforms capable of predictive modeling and
optimization (e.g., regression algorithms, neural
networks, or other data-driven tools).

Standards and Calibration Solutions: Reference
standards of APIs and impurities were prepared at
appropriate concentrations to generate calibration
curves and ensure accurate quantification.

METHODOLOGY
1. Conventional HPLC Method Development
a) Preliminary Assessment of Analytes and Sample

www.ejbps.com |

Matrix

Conduct a detailed literature search for existing
methods related to the analytes or similar
compounds to identify potential starting conditions
(column type, mobile phase systems).

Collect physicochemical data (e.g., pKa, solubility,
polarity) to inform selection of chromatographic
conditions.”
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b) Stationary Phase and Mobile Phase Selection

Choose an appropriate column chemistry (e.g., C18,
C8, phenyl) based on analyte properties.

Select initial mobile phase components (aqueous
buffers and organic modifiers like acetonitrile or
methanol) aimed to balance resolution, run time, and
peak shape.

c) Optimization of Chromatographic Variables

Adjust mobile phase composition, pH, flow rate,
column temperature, and gradient program
systematically.

Use iterative trial runs to refine conditions until
acceptable separation (resolution), peak shape, and
analysis time are achieved.

Perform system suitability tests at each stage (e.g.,
theoretical plates, tailing factor) to ensure method
capability.®

d) Design of Experiments (DoE) and Risk Assessment
(Optional)

Optionally apply statistical design methods such as
factorial or response surface designs to evaluate the
influence of key factors and establish a design space
(especially as part of Quality-by-Design workflows
in advanced development).™

Analyze DoE data to identify robust settings with
minimal variability.

e) Method Refinement and Validation Preparation

Finalize chromatographic settings that meet
analytical targets for resolution, sensitivity, and
repeatability.

Prepare for validation by defining calibration ranges,
precision criteria, detection limits, and robustness
tests based on regulatory guidance (e.g., ICH).

2. Al-Assisted HPLC Method Development

a) Data Collection and Preprocessing

Compile historical  chromatographic  datasets
(retention times, conditions, outcomes) for the target
analytes or similar compounds.

Encode variables as model inputs (e.g., molecular
descriptors, retention indices) to support machine
learning predictions.

b) Development of Predictive Models

Build machine learning or Al models (e.g.,
quantitative structure-retention relationships,
regression algorithms, neural networks) that can
predict retention behavior or chromatographic
performance under specific conditions.

Train models using labeled data, validate predictive
accuracy, and iteratively improve the models
through cross-validation or external test sets.
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¢) Automated Optimization of Chromatographic .

Parameters

e Apply optimization algorithms (e.g.,

Bayesian

Al models generate candidate methods that
minimize trial-and-error by forecasting analyte
behavior in silico before lab work is conducted.

optimization, reinforcement learning) to explore the

parameter

space
chromatographic

and sets

conditions

propose
that

separation quality.

e Several Al approaches can autonomously adjust
profiles, .
temperature, and other variables to achieve predicted

mobile

phase

composition, gradient

optimal performance.

d) Simulated or In-Silico Method Evaluation
e Use in-silico chromatography simulations to assess

predicted conditions,

reducing the number

physical trial runs required.

(d) Design of
} and Risk Assessment

1. Conventional HPLC
Method Development

(a) Preliminary Assessment of
Analytes and Sample Matrix

Conduct a detailed hterature search
for existing methods related to the
analytes or similar compounds
| 1

(b) Stationary Phase and Mobile
Phase Selection

maximize .

Methodology

Experiments (DoE)
(Optional)

Optionally apply statistical designs
Analyze Dot data

o)
=
A==
——

() Method Refinement and
Validation Preparation

Finalize chromatographic settings
Prepare for validation (eg. ICH)

(e) Method Refinement and
Validation Preparation
. -

Choose column chemistry,
select initial mobile phase
components |
- 1 (© A d Optimizati
" t’ ‘ of Ch grapic P: s
€) Optimization Apply optimization algorithms
hromatographic e > 2
< Vartaoies b Propose optimized conditions
p Adjust mobile phase, flow rate,
E temperature, B A0 ==/
Perform systern suitability tests 1
k. A | = (d) Simulated or In-Silico Method
- Evaluation

of e) Experimental Verification and Refinement
Implement a subset of Al-suggested conditions
experimentally to verify actual chromatographic
behavior.

Refine Al predictions based on real-world results,
incorporating human expert review to align Al
suggestions with practical instrument and regulatory
constraints.

of

2. Al-Assisted HPLC
Method Development

‘ (a) Data Collection and Preprocessing

Compile historical data
Encode inputs for modeling

Model

‘ of Predictiv
Build machine learning models
ks

Train and validate algorithms

(b) Develop

| Use simulations to assess,
- — 3 @ predict conditions

(f) Final Method Selection and
Validation Preparation

Choose best chromatographic
.-l'-’ conditions, prepare for validation

(f) Final Method Selection and
Validation Preparation

f) Final Method Selection and Validation Preparation .

e Choose the best chromatographic conditions,
balancing Al predictions with empirical results and
regulatory requirements.

Prepare for method validation according to standard
quality guidelines, ensuring robustness, precision,
and accuracy.
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Differences Between Conventional and Al-Assisted HPLC Workflows

Feature

Method basis

Primary dependency Analyst experience and expertise

Number of experiments

Optimization approach

Time to obtain initial

o Relatively longer
conditions

Conventional HPLC

Manual trial-and-error experimentation

Generally high due to iterative testing

Sequential, empirical parameter adjustment

‘ Al-Assisted HPLC

Predictive modeling and
algorithm-based optimization

Quality of data and performance of Al models

Significantly reduced through in-silico predictions

Algorithm-driven global search
of parameter space

Potentially shorter, though model
development is required

Working Principle of Al-Assisted HPLC Method
Development

Al-assisted HPLC method development is based on the
integration of chromatographic data with machine
learning algorithms to predict and optimize separation
conditions."™ Initially, historical experimental data such
as retention time, mobile phase composition, pH, flow
rate, column type, and temperature are collected and
preprocessed. These data are used to train predictive
models capable of understanding complex relationships
between chromatographic parameters and analytical
performance.!*!

The trained Al models analyze multiple variables
simultaneously and predict chromatographic outcomes
such as retention behavior, resolution, and peak
symmetry under different conditions.*? In-silico
simulations are then performed to virtually evaluate
various combinations of chromatographic parameters
without conducting physical laboratory experiments.
Optimization algorithms identify the most suitable
conditions that maximize separation efficiency while
minimizing analysis time and resource consumption.**!

The Al-predicted optimal conditions are subsequently
verified through limited experimental runs to confirm
real-world performance. Final method parameters are
selected based on agreement between predicted and
experimental results, followed by standard method
validation to ensure accuracy, precision, robustness, and
regulatory compliance.™*

Advantages of  Al-Assisted HPLC  Method
Development

* Reduced Method Development Time: Al-assisted
approaches significantly shorten method development
timelines by predicting optimal chromatographic
conditions,  minimizing  repetitive  trial-and-error
experiments required in conventional HPLC.™
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» Lower Experimental Workload: By using predictive
models and in-silico simulations, Al reduces the number
of laboratory trials, thereby decreasing analyst workload
and instrument usage.

« Efficient Solvent and Resource Utilization: Al-driven
optimization leads to fewer experimental runs, resulting
in reduced solvent consumption, lower operational costs,
and improved environmental sustainability.

» Improved Method Robustness and Consistency: Al
models evaluate multiple parameters simultaneously,
enabling the identification of robust operating conditions
and reducing analyst-dependent variability.

* Enhanced Decision-Making Accuracy: Data-driven
predictions allow objective and systematic selection of
chromatographic conditions, minimizing subjective bias
inherent in conventional approaches.

« Ability to Handle Complex Formulations: Al-
assisted  methods  efficiently  model  complex
chromatographic behavior, making them particularly
useful for multi-component pharmaceutical formulations
and impurity profiling.

» Reproducibility Across Laboratories: Standardized
Al-based optimization improves method transferability
and reproducibility across different instruments and
laboratories.

» Support for Quality-by-Design (QbD) Framework:
Al tools complement QbD principles by enabling
multivariate analysis, risk assessment, and establishment
of design space for regulatory-compliant method
development.

« Scalability and Continuous Improvement: Al models
can be continuously updated with new experimental data,
improving prediction accuracy and adaptability for future
analytical challenges.

» Complementary to Analyst Expertise: Rather than
replacing human expertise, Al-assisted HPLC serves as a
powerful decision-support tool, enhancing analytical
efficiency while maintaining regulatory compliance.
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Limitations of  Al-Assisted HPLC Method
Development

* Al models depend on the quality and availability of
historical chromatographic data, which may limit
prediction accuracy.™

* Performance may be reduced for novel or structurally
unique compounds not included in training datasets.

* Implementation requires technical expertise in both
chromatography and data science.!*”

* Some Al models lack interpretability,
prediction rationale difficult to explain.

» Experimental validation is still necessary to confirm
Al-predicted conditions.

* Regulatory acceptance

development is still evolving.

making

of Al-driven method

Regulatory
Considerations
Regulatory compliance is a fundamental requirement in
pharmaceutical  analytical method  development,
particularly for high-performance liquid chromatography
(HPLC) methods used in quality control and regulatory
submissions. Any newly developed HPLC method,
including those assisted by artificial intelligence (Al),
must meet internationally accepted validation and quality
standards to ensure reliability, reproducibility, and data
integrity.

Perspective and Compliance

According to the International Council for
Harmonization (ICH) guidelines, especially ICH Q2 (R1)
and the revised ICH Q2 (R2), analytical methods must be
validated for critical parameters such as accuracy,
precision, specificity, linearity, range, robustness, and
detection limits. Al-assisted HPLC does not alter or
bypass these regulatory requirements.'® Instead, Al
tools support the method development stage by
efficiently  predicting  optimal  chromatographic
conditions. The final selected method must still undergo
complete experimental validation in compliance with
ICH guidelines before routine use.

Al-assisted method development is well aligned with
Quality-by-Design (QbD) principles described in ICH
Q8 Q9, and Q10. By evaluating multiple
chromatographic variables simultaneously, Al models
enable a better understanding of parameter interactions
and assist in identifying a robust design space. This
multivariate, risk-based approach improves method
robustness and consistency, which are key expectations
of regulatory authorities.

From a regulatory perspective, it is important to
recognize that Al serves as a decision-support tool rather
than an autonomous system. Human expertise remains
essential for reviewing Al-generated predictions,
selecting practical chromatographic conditions, and
ensuring compliance with laboratory and regulatory
constraints. Experimental verification of Al-predicted
conditions is mandatory to confirm actual
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chromatographic performance and ensure traceability
and accountability.

Another regulatory consideration is model transparency
and documentation. Regulatory agencies require clear
scientific justification for method parameters. Therefore,
proper documentation of Al models, including data
sources, model performance, and limitations, is essential
to support audits and inspections. The use of
interpretable Al models further enhances regulatory
confidence.

In conclusion, Al-assisted HPLC method development is
compatible with existing regulatory frameworks when
applied within established validation and quality
systems. Adherence to ICH guidelines, thorough
experimental validation, transparent documentation, and
expert oversight ensure regulatory acceptance. When
used  responsibly,  Al-assisted approaches can
significantly improve method development efficiency
while maintaining the stringent quality standards
required in pharmaceutical analysis.

DISCUSSION

High-performance liquid chromatography (HPLC)
method development is fundamental to pharmaceutical
analysis. Conventional HPLC method development relies
on analyst expertise and sequential trial-and-error
optimization, which, although reliable and regulatorily
accepted, is often time-consuming and resource-
intensive.

In comparison, Al-assisted HPLC method development
provides a data-driven approach that efficiently predicts
optimal chromatographic conditions with  fewer
experimental  trials. The  Al-assisted approach
demonstrated analytical performance comparable to
conventional methods in terms of retention behavior,
resolution, and peak symmetry, while significantly
reducing development time, solvent consumption, and
analyst-dependent  variability.  The  simultaneous
evaluation of multiple parameters supports robust
method development and aligns with Quality-by-Design
principles.?”

Nevertheless, experimental verification and expert
oversight remain essential to ensure regulatory
compliance and analytical reliability. Al-assisted HPLC
should therefore be regarded as a complementary tool
rather than a replacement for conventional
methodologies.

Overall, the findings indicate that Al-assisted HPLC
method  development enhances efficiency and
consistency  while  maintaining the  analytical
performance required for pharmaceutical quality control.

RESULTS

The comparative evaluation of conventional and Al-
assisted HPLC method development approaches
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demonstrated clear differences in efficiency, resource
utilization, and workflow, while maintaining comparable
chromatographic performance. Conventional HPLC
method development required multiple experimental
trials to optimize key parameters such as mobile phase
composition, pH, flow rate, and column temperature.
This sequential optimization approach resulted in longer
development time and higher solvent consumption,
particularly for complex pharmaceutical preparations.

In contrast, Al-assisted HPLC method development
significantly reduced the number of experimental
iterations by employing predictive modeling and data-
driven optimization strategies. Al-based tools efficiently
identified suitable chromatographic conditions, enabling
faster  convergence toward optimal separation
parameters. As a result, method development time and
experimental workload were substantially reduced when
compared to conventional approaches.

Chromatographic performance obtained from Al-assisted
methods was found to be comparable to that achieved
using conventional methods. Key performance
indicators, including retention behavior, resolution, peak
symmetry, and theoretical plate count, met acceptable
analytical criteria in both approaches. No significant
compromise in analytical quality was observed with the
use of Al-assisted optimization.

Furthermore, Al-assisted HPLC demonstrated improved
consistency and reduced analyst-dependent variability
due to its systematic and multivariate evaluation of
chromatographic parameters. Reduced solvent usage and
fewer trial runs also highlighted the operational and
environmental advantages of Al-assisted strategies.
Overall, the results indicate that Al-assisted HPLC
method  development enhances efficiency and
consistency while maintaining reliable analytical
performance suitable for pharmaceutical quality control.

CONCLUSION

This comparative review demonstrates that Al-assisted
HPLC method development offers a significant
improvement in efficiency over conventional trial-and-
error approaches while maintaining comparable
chromatographic performance. Conventional HPLC
remains a reliable and regulatorily  accepted
methodology; however, it is often limited by extended
development time and higher resource consumption.

Al-assisted approaches provide a systematic, data-driven
framework for optimizing chromatographic conditions
with fewer experimental trials, reduced solvent usage,
and improved method consistency. Importantly, Al-
assisted HPLC functions as a complementary decision-
support tool rather than a replacement for conventional
chromatographic expertise. Experimental validation and
regulatory compliance remain essential components of
method implementation.
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Overall, the integration of Al-assisted tools with
traditional HPLC method development represents a
promising and practical advancement for modern
pharmaceutical analysis, particularly in addressing the
challenges posed by complex formulations and the
demand for efficient, robust, and reproducible analytical
methods.
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