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Characterization of biopharmaceuticals integrated with PK modeling by computer simulations has
revolutionized the landscape of drug development, giving way to an unprecedented approach in the
optimization of drug design and streamlining of discovery. These computational tools allow for
virtual exploration of drug properties, behaviors, and interactions within biological systems,
providing critical insight into drug ADME profiles. This review describes the most common
simulation techniques - namely, molecular dynamics (MD), physiologically based pharmacokinetic
(PBPK) modeling, and population PK (PopPK) modeling-whereby one describes applications,
benefits, and limitations of each. MD simulations allow researchers to explain different molecular
phenomena at the atomic level, with critical information on drug-receptor binding and protein
conformational changes that give increased understanding into drug efficacy. PBPK modeling, on
the other hand, allows one to predict drug concentration profiles in various tissues and organs using
physiological, biochemical, and pharmacological data.

The model has proven to be useful for selection of appropriate dose, drug-drug interactions, and
support to regulatory submissions. Population PK modeling considers variability of response
between populations, focusing on individual factors such as age, genetics, and disease states to
optimize dosing strategies and enhance personalized medicine approaches.

Further technological advances will enable free flows of artificial intelligence and machine learning
integration into these models, making them very predictably impactful within the pharmaceutical
industry.
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1. Introduction

Biopharmaceutical characterization and pharmacokinetics offer an overall view of a drug's
ADME profile. It is very important because based on it, one can make a judgment about the
efficacy and safety of the drugs. Traditionally, all these evaluations depend on in vitro
experiments, animal studies, and clinical trials, which are time-consuming and resource-
intensive. To overcome these challenges, computer simulations have become a necessary
instrument. Researchers can predict the behavior of drugs in virtual environments, thereby
accelerating drug development. Computer simulations allow study of molecular interactions,
drug-receptor binding, and systemic behavior of drugs with the possibility of making early
decisions and minimizing physical testing. A few computer simulations are typically used in
drug development-one for each specific application and advantage *.

2. Types of Computer Simulations in Drug Development

Computer simulations have been established as the foundation on which today's medicines are
developed; they provide a rich source of knowledge concerning the behavior of drug molecules
in biological systems. A variety of simulations can predict molecular interactions,
pharmacokinetics, and drug efficacy by offering a cost-effective and efficient way in
optimizing drug design and delivery. The following is a step-by-step account of the most
significant types of simulations that are used in drug development?.

2.1  Molecular Modeling and Simulations
2.1.1 Molecular Dynamics:

Molecular dynamics (MD) simulations give the atomic and molecular motion of drug
compounds in time detail. MD has allowed the study of drug-receptor interactions, protein
conformational changes, and stability of drug molecules in different environments . MD
simulations are now used in the practice of structure-based design of drugs to look at how drugs
bind to their target proteins and predict the efficacy. This method is highly accurate, as it
models physical movements and conformational changes of proteins upon drug binding: It's
one important approach to predicting bioactivity and enhancing lead compounds 2. A schematic
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representation of how a molecular dynamics simulation is performed is shown in Fig 1.

Initial atomic model
Calculate molecular forces acting on each atom
Move each item according to those forces

Advance simulation time by 1 or 2 fs

Figure 1. Schematic Representation for simulation of Molecular dynamics

Applications:
o Evaluation of biomolecular stability and response under physiological conditions.
o Prediction of thermodynamic properties like binding affinities by free energy

calculations®.

o This includes proteins-ligand interactions that can be well interpreted to optimize
leads during the discovery of drugs “.

2.1.2 Docking Simulations:

Docking simulations predict the drug molecules' binding orientation with their target proteins.
Docking is an essential component of structure-based drug design, in which researchers model
how a small molecule, known as a ligand, interacts with a macromolecular target that is most
often a protein to estimate the strength and stability of the binding °. Docking facilitates ranking
of possible drugs in terms of a binding affinity and searching for promising lead compounds as
early as possible in the development process. The selection criteria for protein —ligand docking
is shown in Fig 2.
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Figure 2. Method for protein-ligand docking
Applications:
o Screening large compound libraries for potential drug candidates.
o It is the understanding of the key interacting activities that facilitate ligand binding and
efficacy 2.

2.2 Quantum Mechanical (QM) Simulations

QM calculations describe the electronic structure of molecules in detail, thus being able to
study the stability and reactivity of drug candidates. In metabolic stability research, application
of QM methods, specifically DFT, proves particularly favorable, as it facilitates prediction of
the course of enzymatic transformations of drugs in the body 6. QM simulation of the drug
helps in designing drugs that are more metabolically stable and less prone to degradation. This
is central for having improvements in bioavailability.

Applications:
o Prediction of Metabolic Transformations and Stability of Drug Molecules.
o Design of drugs which enter but avoid problematic metabolic pathways.

2.3 Physiologically Based Pharmacokinetic (PBPK) Modeling

The physiologically based pharmacokinetic model is even able to simulate drug ADME in a
human system by using a series of connected compartments mimicked with different organs
and tissues 7. PBPK models thereafter combine physicochemical properties of the drug with
physiological parameters, hence allowing for predictions of drug concentration-time profiles
in different tissues. PBPK models are widely used in dose selection and drug-drug interaction
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studies. They provide an important role in correlating preclinical data obtained from animals
to human situations 8. PBPK modelling depends upon anatomical and physiological data. In
PBPK, organs and tissues are grouped based on their perfusion rate.

Tissues of higher perfusion like brain, kidney, lungs, liver are taken as one compartment while
poorly perfused tissue like muscle, fat as another compartment. In PBPK model, important
organs for ADME are included. The organs in PBPK can be defined by differential equation.
For deterministic organs for blood concentration profile, such as the gut, liver, and kidney,
details of mechanism are considered for the implementation of the model. In addition to this,
additional tissues and organs can be included based on modeling purpose and hypothesis.
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Figure 3. PBPK model
Applications:
o It produces first-in-human dose selection based on preclinical data.
o Predictability in drug interaction with enzymes and transporters, targeted to

safety evaluation 7.
24 Population Pharmacokinetics (PopPK) Modeling

Population pharmacokinetics PopPK modeling analyses concentration variation in the response
of a population of patients by exploring demographic, genetic, and physiological factors °. This
approach uses clinical trial data to identify sources of variability across age, weight, gender,

and disease state and facilitates optimization of dosing strategies across different patient groups
10
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Figure 4. Steps involved in Popk Modeling

. Data Collection: Collect data from clinical trials, observational studies, or literature.
o Model Building: Pharmacokinetic behavior of the drug is base to design the structural
model. Variability is included.

o Model evaluation: diagnostic plots should be used to evaluate goodness of fit and the
criteria for description.

o Validation: Validate the model with independent datasets or through cross-validation
techniques.

o Clinical Application: Utilize the model to guide dosing decisions, especially for

specific populations where special considerations must be made, for example, pediatrics or
geriatrics.

Applications:
o Developing dosing regimens tailored to specific subgroups of patients.
o Assessing the impact of covariates such as body weight, age, and renal function on

drug pharmacokinetics
2.5 In- silico Bioavailability Prediction

In-silico simulations predict a drug's bioavailability by simulating its solubility and
permeability in the human body. This method is combined with the BCS to predict the rate
at which a drug will be absorbed after oral administration . The models facilitate
pharmaceutical companies prioritizing molecules with advantageous absorption attributes for
further development.

Applications:
o Predicting oral bioavailability based on drug solubility and permeability.
o Informing formulation strategies to improve absorption.
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3. Enhancing Drug Development with Simulations

All stages from early discovery to clinical translation of drug development have a number of
big advantages with computer simulations. Not only do they speed up the process, but also
provide better decisions and risk assessment, since the behavior, stability, and especially the
possibility of any drug interaction are told considerably by them.

3.1  Early- stage Drug Design
Lead Compound Optimization

The initial phases of drug design are optimized by MD and docking simulations to a large
extent. MD simulations facilitate the atomic-level observation of how candidate molecules
interact with their biological targets, thereby providing insight into the stability of drug-target
complexes. The findings thus allow fine-tuning of the drug structures in order to enhance
efficacy, selectivity, and pharmacokinetic properties °. Docking simulations are the most useful
tool to predict the binding affinity or conformation of the drug candidates in the active site of
receptors or enzymes. They aid in the process of drug design based on the structure, which
focuses the researcher on prioritizing compounds with higher therapeutic potential 2.

3.2 Formulation Development
Predicting Drug stability and Release:

Simulations today play an important role in formulation development, especially the forecasts
of stability, solubility, and release profiles of drugs. Indeed, researchers can evaluate drug
degradation pathways under different environmental conditions, such as pH, temperature, and
ionic strength, simulating these conditions. Moreover, models could simulate release of drugs
from many dosage forms, including tables or capsules, or even transdermal patches, providing
insights into the dissolution and absorption rate.

3.3 Preclinical to Clinical Translation
Humanized PBPK Model:

It is the most important tool used for translating preclinical findings into human studies.
Humanized PBPK models will permit drug behavior simulation in the human organism, using
factors like size of organs, blood flow, and expression of enzymes.

Thus, with such models, the animal-to-human extrapolation gap can be bridged, and they can
predict first-in-human dose as well as evaluate differences between species and absorption,
metabolism, and clearance 3. PBPK models are very useful in determining the clinical trial
design, thus potentially preventing unpredictable outcomes during early phases of clinical
studies.

3.4 Risk Mitigation
Simulation of Drug Interaction

Drug-drug and drug-food interactions are major concerns in drug discovery, as they may
constitute adverse events or reduced therapeutic efficacy. Simulations can predict possible
drug-drug interactions by simulating how drugs may affect other drugs' metabolism, especially
through inhibition or induction of cytochrome P450 enzymes .
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Further, it may determine drug-food interaction, such as the influence of different foods on
drug absorption and bioavailability. This can include establishing the effect of grapefruit juice
on CYP3A4 activity. Early stages of the development process can offer this information
regarding these interactions and thus de-risk scientific endeavors before clinical trials, hence
patient safety at a later stage.

4, Key Tools and Software for Computer Simulation
4.1 Molecular Dynamic Software

Using molecular dynamics (MD) simulations, for example, one can trace motions and
interactions of atoms and molecules over time. Some of the widely applied software packages
are:

. GROMACS:

GROMACS is the widely used MD simulation package that was originally developed for
biomolecular simulation. It can apply to the simulation of all kinds of molecular systems, from
proteins and lipids to nucleic acids. GROMACS emphasizes efficiency and fastness in
particularly large-scale biomolecular systems. It supports several force fields, making the
GROMACS application flexible to various kinds of simulation *°.

Features:

1. Parallel architectures provide a high performance.

2. MD simulations can be thoroughly analyzed with versatile tools
3. A number of force fields and simulation protocols are supported
o AMBER:

Another very commonly used software suite for MD is AMBER, mainly concentrated on
biomolecules. It offers both tools for MD simulations and for molecular modeling. Thus, it
offers the perfect tool set for the study of the structure and dynamics of proteins and nucleic
acids. It employs several force fields developed especially for biomolecular systems, giving
very accurate calculations and simulations of energy *°.

Features:

1. Extensive support for different force fields designed for biological
macromolecules.

2. Integrated tools for system preparation and analysis.

3. User-friendly interfaces to build and simulate molecular systems

. CHARMM:

CHARMM (Chemistry at HARvard Macromolecular Mechanics) is a molecular simulation
package that is dedicated toward the modeling of the dynamics of biological macromolecules.
It supports a wide variety of force fields, thereby providing very accurate simulations of
proteins, lipids, carbohydrates, and nucleic acids. CHARMM is really good with huge
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biomolecular complexes and has developed tremendous capabilities in energy minimization
and molecular docking *'.

Features:

1. Flexible Force field options with nice analysis tools
2. Rich documentation and good user support.

3. Ability to perform multi-scale simulations.

Table 1: Examples of Applications Using Molecular Dynamics (MD) Software in

Application Area

Protein-ligand Interactions

Conformational Analysis

Stability Studies

Enzyme
Mechanism

Activity  and

Biopharmaceutical Characterization and Pharmacokinetics

Description

Simulating binding
interactions between drug
candidates and target proteins
to assess binding affinities.

Exploring the conformational
landscape of
biopharmaceuticals to identify
stable and active forms.

Assessing the stability of
protein formulations under
different conditions using MD
simulations.

Investigating enzyme
catalysis mechanisms through
simulations to identify key
interactions and states.

4.2 PBPK Modeling Software

Physiologically based pharmacokinetic (PBPK) modeling helps simulate drug absorption,
distribution, metabolism, and excretion in humans and animals. Some important software tools
for PBPK modeling include the following

. Simcyp:
Simcyp is the name given to the well-applied PBPK modeling platform that was developed by
Certara. The tool simulates drug pharmacokinetics in different populations, involving
physiological, biochemical, and genetic factors. It is applied in the prediction of drug-drug
interactions and evaluation of new drug formulations, and it is therefore crucial in drug
development 8,

Nanotechnology Perceptions Vol. 20 No. S15 (2024)

Benefits

Improved hit identification
and optimization.

Enhanced understanding of
drug mechanism of action.

Optimized formulation
development and shelf life.

Improved drug design
targeting enzyme inhibition.

MD software used

GROMACS, AMBER

CHARMM

AMBER, CHARMM

AMBER, GROMACS
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Features:

1. Extensive library of physiological parameters for different demographics
2. Tools for assessing drug interactions and virtual populations.

3. Model development graphical user interface friendly.

. GastroPlus:

GastroPlus is a PBPK modeling software that emphasizes oral drug absorption and disposition.
It is another software that employs sophisticated algorithms to simulate the gastrointestinal
absorption of drugs and predict plasma concentration-time profiles. GastroPlus software is
typically applied in formulating drugs and virtual bioequivalence studies *°.

Features:

1. Use of in vitro and in vivo data for precise modeling.

2. Abilities to model complex absorption processes including transporters
. PK-Sim:

PK-Sim is a freeware application for PBPK modeling. PK-Sim supports simulation of drug
disposition from various parts of a biological system, like from compartments. PK-Sim enables
the researchers in developing population-specific models and predicts pharmacokinetic profiles
according to the patients' individual characteristics. PK-Sim is part of the freeware suite of
MoBi, which is intended for the modeling and simulating of biological systems 2°.

Features:

1. Flexible modeling environment for developing PBPK models.

2. Generation of pharmacogenomic data for personalized medicine applications.
3. A huge database of physiological and biochemical parameters.

4.3 Population PK Models

The use of PopPK modeling is essential in understanding variability in drug responses among
different patient populations. Some of the important software tools include:

. NONMEM:

NONMEM refers to the popular software with which one conducts population pharmacokinetic
modeling. It's a tool designed to make an analysis of pharmacokinetic and pharmacodynamic
data possible, whereby variability among individuals in clinical studies can be understood. It
supports complex models and gives tools for model evaluation and comparison 2.

Features:
1. Enhances modeling capabilities related to nonlinear mixed effects analysis.
Enables a huge number of statistical methods to be used for data fitting.

3. Wealth of documentation and user community to support its users.

Nanotechnology Perceptions Vol. 20 No. S15 (2024)



1241 Ashwini C. Utage et al. Computer Simulations in Biopharmaceutical Characterization...

o Monolix:

Monolix is another popular PK population modeling tool, widely known for having a user-
friendly interface and strong capabilities in modeling. It helps scientists to estimate and analyze
complex pharmacokinetics and pharmacodynamics with nonlinear mixed-effects modeling. It
supports model selection, evaluation, and simulation, and thus, this is versatile for a
pharmacometrician 2.

Features:
1. Graphical interface for model development and evaluation.
2. Tools for result presentation and diagnostics.
3. Detailed documentation and user support
5 Challenges:

There are several advantages of computer simulation in drug development; however, quite a
lot still remains to be done, especially in the area of data, computation, and regulatory
acceptance. Therefore, it needs attention to make simulations adequately integrated into
mainstream drug development and approval processes.

° Quality of experimental data:

Availability of appropriate and sufficient high-quality experimental data is one of the
significant hurdles to the proper use of computer simulations for biopharmaceutical
characterization and pharmacokinetics. Calibration and validation of PBPK models in
particular require extensive sets of data necessary to obtain accurate simulations. This type of
data set often includes a number of physiological parameters like organ sizes, blood flow rates,
expression levels of enzymes, and drug-binding characteristics. In the absence of robust and
reliable data, the simulations can become weak in terms of predictive strength, failing to deliver
useful and actionable insights 2. Thus, one of the most important challenges in using
simulations effectively is access to consistent, high-quality experimental and clinical data,
mostly for new drug entities with limited pre-existing data.

Example: The predictive performance of Simcyp or GastroPlus about drug interactions or
absorption largely depends on precise pharmacokinetic data inputs. If the input data is
imprecise, conclusions made from the model outputs can be wrong about drug safety or
efficacy 2%

° Computational Complexity:

Another critical barrier is the computational power needed to perform such simulations.
Some advanced MD simulations, such as those involving GROMACS or AMBER software,
require significant computational resources, especially when simulating large biomolecular
systems or over long timescales. In addition, analyses based on complex simulations typically
require good knowledge in fields such as computational chemistry, biophysics, and
pharmacometrics. This however places a limitation on such resources being utilized by
smaller sized companies or research institutions that may lack the computing infrastructure
Nanotechnology Perceptions Vol. 20 No. S15 (2024)
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or expertise to use the tools %.

Example: For instance, an extended MD simulation of a drug-receptor interaction on the
GROMACS platform may consume weeks on a routine computer cluster, and the task of
explaining the results to make predictions about the efficacy of a drug is an incredibly
complicated challenge that calls for knowledge in molecular simulation techniques.

° Regulatory Acceptance

Acceptance of simulation-based evidence by regulatory bodies in the approval processes is
also slow.

Submission frameworks for PBPK modeling data are available for use in regulatory agencies,
including the FDA and the EMA; however, in-silico data are only approved to a limited
extent compared to experimental data 2°. The agencies accept the possibility of PBPK
modeling and other simulations, especially in drug-drug interaction studies and dose-
extrapolation, but provide much resistance to using such results unless appropriately
validated with experiments. This means that firms may be less likely to entrust only
simulations as part of the applications for approval of drugs, and in turn, the advanced
methods may go slow in implementation in the regulatory field. Example: For instance, the
FDA's guidance on PBPK modeling acknowledges the benefits of such models but also
underlines the importance of experimental validation in high-risk conditions like first-in-
human dosing . Similarly, the EMA too has promoted the submissions of PBPK data but
has been careful enough not to use such information solely to make a decision %:2°,

6. Future Directions:

The future of computer simulations in drug development is definitely promising, especially
with the incorporation of advanced technologies such as Al and ML3°3% In the case of
biopharmaceutical simulations, this will more than enhance predictability ability in
pharmacokinetics and pharmacodynamics®3,3. Al and ML algorithms are being designed to
process massive data for identifying patterns and making predictions over drug behavior that
traditional models would miss. The design of drugs is another field where these tools are
making it possible to do things more efficiently and in a personalized manner with real-time
patient data to optimize dosages and predict outcomes with a better degree of accuracy?®,%.
Critical in this regard has also been the inclusion of real-world evidence. Simulations can
then utilize data fed from electronic health records, besides patient-reported outcomes, to
produce more accurate predictions regarding a drug's performance under a vast range of
patients®’ 38,

Real world evidence (RWE) thus becomes a test of simulation models under realistic
conditions, thereby increasing the reliability of the models themselves, filling in the gap that
already existed between clinical trials and the much broader practice of patient care. Drug
safety, efficacy, and adherence all improve to a great degree for complex or long-term
treatments. Regulatory agencies slowly begin to open their arms to these technologies394°.
The FDA, and others, are increasingly adding PBPK models and other simulations to their
toolset, particularly in drug interactions, optimization of dosing, and special populations. As
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acceptance grows, these simulations should become even more ubiquitous parts of the drug
approval process, thereby significantly reducing the amounts of testing both in animals as
well as in early-stage human subjects*,*2, The future holds both Al, ML, RWE, and positive
regulations in an environment where the role of simulations in making drug development
faster, safer, and more effective will become even stronger.

7. Conclusion

Computer simulations are rewriting the drug-development process, providing powerful tools
for predicting drug behavior, optimizing formulations, and improving clinical trial designs.
Such simulations really help push more efficiently through explorations of drug properties and
interactions, ones that may help streamline decision-making and control costs. While the
challenges associated with the lack of data, computational complexity, and acceptance by
regulatory agencies remain, it is clear that emerging integration technologies involving Al and
RWE will enhance the accuracy and potential for utility of these techniques.

In other words, as tools for computation advance and frameworks for regulation adapt,
simulations increasingly will be at the heart of biopharmaceutical research and push the
quicker, safer, and more effective processes for drug development
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