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Abstract

Computer-Aided Drug Design (CADD) has become
an  indispensable = component of modern
pharmaceutical research by accelerating the
identification, optimization, and development of
novel therapeutic agents. The integration of
computational approaches with experimental drug
discovery has significantly reduced the time, cost,
and risk associated with conventional drug
development while improving the efficiency of lead
identification and optimization. This review provides
a comprehensive overview of the fundamental
concepts of CADD and its role throughout the drug
discovery and development process. It discusses the
principles and workflows of major computational
techniques, including structure-based drug design,
ligand-based drug design, molecular docking, virtual
screening, pharmacophore modeling, quantitative
structure—activity relationship (QSAR), molecular
dynamics simulation, homology modeling, de novo
drug design, ADMET prediction, and artificial
intelligence-driven approaches. The review also
summarizes widely used software platforms and
databases that support computational drug discovery
and highlights the diverse applications of CADD in
pharmaceutical ~ chemistry, including  target
identification, lead optimization, drug repurposing,
and prediction of pharmacokinetic and toxicity
profiles. Furthermore, recent advances such as
artificial intelligence, machine learning, deep
learning, AlphaFold, generative Al, cloud computing,
and multi-omics integration are discussed, together
with current challenges and future perspectives.
Overall, this review emphasizes the growing
importance of CADD as a powerful strategy for
improving the efficiency, accuracy, and success of
modern drug discovery and supports its expanding
role in the development of safer and more effective
therapeutic agents.

Keywords: Computer-Aided Drug  Design
(CADD), Structure-Based Drug Design, Ligand-
Based Drug Design, Molecular Docking, Virtual
Screening, QSAR, Molecular Dynamics Simulation,
Homology Modeling, ADMET Prediction, Artificial
Intelligence, Drug Discovery.

I.  Introduction

The process of discovering new medicines
based on the understanding of a specific biological
target is known as drug design also referred to as
rational drug design. Drug design primarily focuses
on developing small organic molecules that can
inhibit or modulate the function of biological
macromolecules, such as proteins. Fundamentally it
involves designing molecules with complementary
shape, size, and charge to the target biomolecule,
enabling them to interact effectively and bind with
high specificity. [

In practice, the term drug design more
accurately refers to ligand design, as the primary
objective is to develop ligands capable of binding to
biological targets. Although computational modeling
techniques have achieved considerable success in
predicting ligand-target binding affinity, several
additional  properties-including  bioavailability,
metabolic half-life, toxicity, selectivity, and minimal
adverse effects-must also be optimized before a
ligand can be developed into a safe and effective
therapeutic agent. 3]

Computer-Aided Drug Design (CAAD)
plays a significant role in multiple stages of the drug
discovery and development process, helping to
reduce both research costs and development time.
The development of a new drug is a lengthy,
complex, expensive, and high-risk process that
presents numerous scientific and commercial
challenges. Consequently, pharmaceutical industries
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extensively employ CAAD techniques to accelerate
drug discovery and lead optimization. The use of
computational tools during lead optimization is
considerably more cost-effective that traditional
experimental approaches and reduces the time and
resources required by pharmaceutical research
laboratories throughout the various phases of drug
discovery.

This review aims to provide a
comprehensive overview of the evaluation in
Computer-Aided Drug design and its significance in
modern pharmaceutical chemistry, it discusses the
fundamental principles, major computational
techniques, recent technological advancements,
practical applications, advantages, limitations, and
future prospects of CAAD. By highlighting current
developments and emerging trends, this review
emphasizes the growing role of computational
approaches in accelerating drug discovery and
supporting the development of safer, more effective,
and personalized therapeutic agents. ©)

II. Fundamentals of Computer-Aided Drug
Design

II.1. History and Evaluation of CADD

The origin of CADD can be traced back to the 1970s
with the introduction of molecular modeling and
computer-assisted  visualization of  chemical
structures. Significant progress occurred during the
1980s and 1990s due to improvements in molecular
mechanics, X-ray crystallography, and nuclear
magnetic resonance (NMR) spectroscopy, which
enabled scientists to determine the three-dimensional
structure of biological targets. The availability of
genomic information, protein structure databases,
and high-performance computing further accelerated
the development of computational drug discovery.
More recently, artificial intelligence, machine
learning, cloud computing, and big-data technologies
have enhanced the accuracy and efficacy of CADD,
making it an essential component of modern
pharmaceutical research.[®

I1.2. Objectives of CADD
The primary objectives of CADD are to accelerate
drug discovery while minimizing experimental cost
and failure rate.[”]

Specific objective include:

e Identification of novel biological
targets.

e Discovery of new lead
compounds.

I1.3.

11.4.

e  Optimization of lead molecules.

e  Predication of  drug-target
interaction.

e Evaluation of pharmacokinetic
and toxicity (ADMET) properties.

e Reduction of  unnecessary
laboratory experiments.

e Improvement of drug efficacy and
selectivity ~while minimizing
adverse effects.

Importance of CADD in Pharmaceutical
Chemistry

CADD has transformed pharmaceutical
chemistry by enabling rational drug discovery
based on molecular interaction rather than
random screening. Computational approaches
help identify potential drug candidates before

chemical synthesis, thereby reducing
resources consumption and shortening
development  timelines.  Pharmaceutical

companies routinely employ CADD for target
identification, lead optimization, virtual
screening, and predication of
physicochemical and  pharmacological
properties. During recent global health
emergencies, such as the COVID-19
pandemic, CADD played a critical role in
rapidly identifying potential antiviral agents,
demonstrating its practical importance in
modern drug development.[®]

Principles of Rational Drug Design

Rational drug design is based on
understanding the molecular structure and
biological function of disease-associated
targets. The objectives are to develop
molecules that fit precisely into the active or
allosteric binding site of target proteins
through complementary structural and
physicochemical  properties.  Drug-target
interactions are stabilized by hydrogen
bonding, hydrophobic interactions,
electrostatic attractions, and van der Waals
forces. Computational techniques evaluate
these molecular interactions before synthesis,
allowing researchers to prioritize compounds
with greater binding affinity, improved
selectivity, and lower toxicity for further
experimental investigation.]
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IL.S. Types of Computer-Aided Drug Design
Computer-Aided Drug Design is generally
classified into two major categories:

a) Structure-Based Drug Design (SBDD)
b) Ligand-Based Drug Design (LBDD) 1%

a) Structure-Based Drug Design:
It is applied when the three-dimensional
structure of the biological target is
available. Protein structures obtained

from techniques such as X-ray
crystallography, NMR spectroscopy, or
cryo-electro microscopy are used to
investigate the interaction between drug
molecules and target proteins. Molecular
docking, molecular dynamics
simulations, and structure-based virtual
screening are among the most widely
used computational methods in this
approach.

Figure 1. Structure-Based Drug Design

b) Ligand-Based Drug Design:

It is employed when the structural
information of the target protein is
unavailable. In this approach, previously
identified biologically active molecules
are analyzed to identify common structural
and chemical features that contribute to
biological activity. Techniques including
pharmacophore modeling, quantitative
structure activity relationship (QSAR)
analysis, and ligand-based virtual
screening are commonly used to discover
and optimize new lead compound.
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Figure 2. Ligand-Based Drug Design
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Figure 3. Working of both SBDD & LBDD.

I1.6. General Workflow of CADD
The computer-aided drug design process
follows a  systematic sequence  of

computational and experimental steps are as
follows: [1%

e Disease identification and target
selection.

Target validation.

Protein structure determination.
Compound library preparation.
Virtual screening.

Molecular docking.

Lead identification.

Lead optimization.

ADMET prediction.
Experimental validation.
Clinical trials.

e Regulatory approval and drug

marketing.

III.  Drug Discovery and Development
Process

Drug discovery is a systematic and
sequential process aimed at identifying potential
therapeutic compounds capable of treating or
preventing specific diseases. The process begins with
the screening of a large library of chemical
compounds to identify molecules that exhibit activity
against a selected biological target. A through
understanding of the disease mechanism and the
three-dimensional structure of the target receptor is
essential, as it enables researchers to design or
modify drug molecules that can bind effectively to
the receptor’s active site. Consequently, drug
discovery starts with identifying the underlying cause
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of the disecase and selecting an appropriate
therapeutic target before progressing through various
stages of compound identification and optimization.
[11]

The early phase of drug discovery, including
lead 1identification and preclinical development,
generally require 3-6 years to complete.
Subsequently, clinical development may extend for
10 years or longer before a drug receives regulatory
approval and becomes available for clinical use.
Overall, the complete drug development process
typically takes 12-15 years and may require an
investment exceeding US$1.3 billion to successfully
introduce a new drug to market. During this process,
approximately 5,000-10,000 compounds are initially
screened, from which nearly 250 compounds advance
to preclinical evaluation. Of, these, only about five
candidates enter clinical trials, and ultimately one
drug is approved by the U.S. Food and Drug
Administration (FDA) after rigorous assessment of
its safety, efficacy, and quality. [

IV. CADD Strategies in the Drug Discovery

Over the past few decades, Computer-Aided
Drug Design has evolved into a powerful tool in
pharmaceutical research, providing a deeper
understanding of complex biological systems and
disease mechanisms. The continuous advancement of
computational technologies has enabled researchers
to identify novel biologically active compounds more
efficiently and within a significantly shorter time than
conventional approaches. CADD supports several
stages of drug discovery, including target
identification, structure-activity relationship (SAR)
analysis, pharmacophore identification, lead
optimization, and the prediction of molecular
interactions, thereby improving the efficiency of the
overall drug development process. Furthermore,
these computational techniques assist in selecting
promising drug candidates for subsequent preclinical
and clinical evaluation. [*]

The rapid advancement of CADD has
significantly contributed to reducing the time and
resources required during the early stages of drug
discovery by facilitating the identification and
optimization of potential therapeutic agents before

Process experimental validation.[']
YEAR DRUG NAME USED AS
1989 Zanamivir Anti-HIV
1997 Nelfinavir Anti-HIV
1998 Raltitrexed Anti-Cancer
1999 Amprenavir Anti-HIV
2007 Raltegravir Anti-HIV

Table: Showing the examples of drug by CADD process '3

V. Stages of Drug Discovery by CADD
Computer-Aided Drug Design supports almost every stage of the drug discovery process by integrating
computational techniques with experimental methods. The major stages are as below. [1617:18]

involved in disease.

Stages Role of CADD Common Computational
Techniques
1. Target Identification | Identifies  biological  targets | Bioinformatics, genomics,

proteomics, pathway analysis

2. Target Validation

Confirms that the selected target is
therapeutically relevant.

Sequence alignment, structural
analysis, molecular modeling

3. Target Structure | Obtains or predicts the 3d structure | X-ray crystallography analysis,
Determination of the target protein. Homology modeling.
4. Binding Site | Detects active or allosteric binding | Pocket detection algorithms,
Identification pockets suitable for ligand | molecular surface analysis.
binding.

5. Virtual Screening &

Screens million of compounds to

Structure-based virtual screening,

Hit Identification identify potential hits. ligand-based virtual screening.
6. Hit-to-lead Improves potency and selectivity | QSAR, pharmacophore
Development of hit compounds. modeling, molecular docking.
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7. Lead Optimization

Optimizes pharmacological and | Molecular dynamics, de novo
physicochemical properties.

drug designing, ADMET

prediction.

8. ADMET prediction
metabolism,
toxicity.

Predicts absorption, distribution, | In silico ADMET software,

and | machine learning models.

9. Preclinical Candidate | Selects compound with best | Toxicity prediction.

Clinical Development

Selection efficacy and safety profile for
experimental study.
10. Preclinical and | Computational tools support dose | Pharmacokinetic modeling,

optimization, biomarker discovery
and clinical trial design.

pharmacodynamic modeling.

Modern Computational Techniques Used .

in CADD
The following are the

major modern .

computational techniques in CADD are:

VI.1.Molecular Docking:

Selection of target protein or known
active ligands.
Preparation  of
compound library.
Selection of virtual
method (SBVS or LBVS).

protein  and

screening

The molecular docking is a structure-based
computational technique that predicts the
preferred binding orientation of a ligand
within the active site of a target protein. It
estimates binding affinity using scoring
functions and helps identify potential lead
compounds before experimental testing. [']

Workflow: 121

e  Target protein selection.
Protein preparation.
Ligand preparation.
Binding site identification.
Docking simulation.
Scoring and ranking

e Virtual screening of compound
library.

e Scoring and ranking of compounds.

e Hit identification.

e Hit validation and selection.

VI1.3.Pharmacophore Modeling:

Pharmacophore modeling is a computational
technique used to identify the essential steric
and electronic features for a ligand to interact
with a specific biological target and produce
the desired biological activity. These features,
such as hydrogen bond donors, hydrogen
bond acceptors, hydrophobic  groups,
aromatic rings, and charged groups, are used
to screen compound libraries and design new

Interaction analysis
Lead selection.

VI1.2.Virtual Screening:

Virtual screening is computational technique
used to rapidly evaluate large libraries of
chemical compounds and identify potential
drug candidates with a high probability of
binding to a biological target. It can be
performed using structure-based virtual
screening (SBVS), which relies on the three-
dimensional structure of the target protein, or
ligand-based virtual screening (LBVS), which
uses the structural and physicochemical
properties of known active compounds to
identify similar molecules. 2!

Workflow: 22

DOI: 10.5281/zen0d0.22011749 | Impact Factor value 7.429 1SO 9001: 2008 Certified Journal

drug candidates. 123

Workflow: 24

Selection of active compounds or
target protein.
Preparation of molecular structures.

e Identification of common
Pharmacophoric features.
e Generation of  pharmacophore

VI1.4.Quantitative

model.

Validation of pharmacophore model.
Pharmacophore-based virtual
screening.

Hit identification.

Lead optimization.

Structure-Activity

Relationship (QSAR):
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Quantitative Structure-Activity Relationship
(QSAR) is a ligand-based computational
technique that established a mathematical
relationship between the chemical structure
(molecular descriptors) of compounds and
their biological activity. QSAR models are
used to predict the activity of the new
compounds, prioritize  potential  drug
candidates, and guide lead optimization while
reducing the need for extensive experimental
testing. [2°]

Workflow: 126l
e Collection of chemical compounds
with biological activity.
e  Molecular structure preparation.
e Calculation of molecular descriptors.
e Data set division (training and test
sets).
QSAR model development.
Model validation.
Prediction of biological activity.
Lead selection and optimization.

VI1.5.Molecular Dynamics (MD) Simulation:

Molecular Dynamics (MD) simulation is a
computational technique that studies the time-
dependent behavior of biomolecules by
calculating the motion of atoms according to
evaluate the stability, flexibility,
conformational changes, and interactions of
protein-ligand complexes under physiological
conditions.?”)

Workflow: 1281
e Selection of protein-ligand complex.
System preparation.
Energy minimization.
System equilibration.
Trajectory analysis.
Binding stability evaluation.
Lead optimization.

VI1.6.Homology Modeling:

Homology modeling, also known as
comparative modeling, is a computational
technique wused to predict the three-
dimensional (3d) structure of a target protein
based on its sequence similarity to one or
more experimentally determined template
proteins. The underlying principle is that
proteins with similar amino acid sequence

generally possess similar three-dimensional
structures. (2%
Workflow: 3%

e Target protein sequence retrieval.
Template identification.
Sequence alignment.

Model building.

Loop and Side-Chain refinement.
Model validation.

Structure optimization.
Application in drug discovery.

VI.7.De Novo Drug Design:

De novo drug design is a computational
approach that generates novel chemical
structure of a biological target or the
characteristics of its binding site. The
objective is to design molecules with high
binding affinity, favorable physicochemical
properties, and desirable pharmacological
activity. Bl

Workflow: 1*2

e  Target structure selection.

e Binding site analysis.

e Fragment generation or atom-based
design.

e  Molecule construction.

e ADMET evaluation.

o Selection of promising drug
candidates.

VI.8. ADMET Prediction:

ADMET (Absorption, Distribution,
Metabolism, Excretion, Toxicity) prediction is
an in silico computational technique used to
evaluate the pharmacokinetic and toxicity
profile of drug candidates before experimental
studies. It helps identify compounds with
favorable drug-like properties, thereby
reducing the cost, time and failure rate in drug
discovery. 33341

Workflow: 1!

e Lead compound selection.

e Calculation of physicochemical
properties.
In silico ADMET prediction.
Drug-likeness evaluation.
Selection of promising candidate.
Experimental validation.

DOI: 10.5281/zen0d0.22011749 | Impact Factor value 7.429 1SO 9001: 2008 Certified Journal Page 1318



W
N\

IJPRA Journal

International Journal of Pharmaceutical research and Applications
Volume 11, Issue 4, Jul.-Aug.2026, pp:1312-1321 www.ijprajournal.com

VII.  Software and Databases Used in
Computer-Aided Drug Design

Computational software and chemical/biological

databases are essential components of CADD.

Software is used for molecular modeling,

VIIL.1. Software used in CADD: 7

docking, virtual screening, molecular dynamics
simulation, QSAR and visualization, whereas
databases provide chemical structure, protein
structures, Dbiological activities, and drug
information. 3¢

VIII.

Software Main Application
= Auto-Dock Molecular docking and virtual screening.
= Auto-Dock Vina Fast molecular with improved scoring.
= MOE (Molecular Operating | Molecular modeling, docking, pharmacophore modeling,
Environment) QSAR.
=  GROMACS Molecular dynamics simulation.
=  AMBER Molecular dynamics simulation of biomolecules.
= PyMOL Protein and ligand visualization.
= Open Babel Chemical file conversation and molecular descriptor
calculation.
= LigPlot+ Protein-ligand interaction analysis.

VIIL.2. Databases Used in CADD: 38!

Database

Purpose

=  Protein Data Bank (PBD)

Three-dimensional structures of protein and nucleic
acids.

= PubChem Chemical compounds, structures, and bioassay
information.

= ChEMBL Bioactive molecules with activity data.

=  DrugBank Detailed drug, target, and pharmacological information.

=  PDBsum Structural summaries and protein-ligand interactions.

= UniPort Protein sequence and functional information.

Applications of Computer-Aided Drug
Design in Pharmaceutical Chemistry

Computer-Aided Drug Design (CADD) has
become on indispensable tool in pharmaceutical
chemistry by improving the efficiency of drug
discovery and development. It integrates
computational methods with experimental
research to identify, optimize, and evaluate drug
candidates while reducing the time cost, and
resources required for developing new
medicines. CADD facilitates the prediction of
molecular interactions, optimization of lead
compounds, and assessment of pharmacokinetic
and toxicity properties before laboratory testing,
thereby increasing the probability of successful
drug development. 3%40:41]

IX.

Target Identification and validation.

Hit Identification through Virtual Screening.
Lead Optimization.

Prediction of ADMET Properties.
Structure-Based and Ligand-Based Drug
Design.

Drug Repurposing.

Discovery of drugs for Various diseases.
Personalized Medicine.

Reduction in Drug Development Time and
Cost.

Recent Advances in Computer-Aided
Drug Design (CADD)
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Recent development in Computer-Aided
Drug Design (CADD) have significantly transformed
pharmaceutical research by integrating artificial
intelligence, advanced molecular modeling, and
high-performance computing. These innovations
have improved the accuracy of drug efficacy and
safety, thereby accelerating the drug discovery
process. [42:43:44]

e Artificial Intelligence (AI) and
Machine Learning (ML).

e Deep Learning-Based Drug Discovery.

e AlphaFold for Protein Structure
Prediction.

e Generative Al for DeNovo Drug
Design.

e Cloud-Based CADD Platforms.

e Big Data and Multi-Omics Integration.

e Advanced Molecular Dynamics and
Free Energy Methods.

e Explainable Al and Automated Drug
Design.
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