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Advancements and Perspectives in Folate-Based Anticancer
Drugs: Bridging Quantum and Classical Mechanics in

Folate Receptor Research
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This review highlights the role of computational chemistry, specifically
quantum and molecular mechanics, in the development of folate-based
anticancer drugs. Folate receptors (FRs) are overexpressed in cancerous cells,
rendering these receptors a key focus in the design of targeted drug delivery
systems. These computational tools are fundamental for analyzing
drug-receptor interactions and overcoming the limitations of traditional drug
development processes. A 10-year literature survey demonstrated
advancements in employing FRs for targeted cancer therapy. Key findings
reveal that structural modifications to folate derivatives consistently enhance
binding affinities and specificity toward FRa and FRA. Computational
methodologies predicted and analyzed molecular interactions, validated by
experimental data. Functional groups play a crucial role in enhancing binding
stability and interaction strength within FR binding pockets. Detailed
structural insights into folate derivatives and antifolates interacting with FRs
have identified critical residues involved in binding, aiding the design of

which is an essential element required in
various biological processes. These pro-
cesses include the synthesis of RNA and
DNA, cellular division and subsequent pro-
liferation, and hematopoiesis.!!! The terms
“folic acid” and “folate” are frequently used
interchangeably; however, FA is not natu-
rally occurring.[?!

Folate receptors (FRs) enable the con-
nection between fundamental biochemical
functions of FA and several cellular pro-
cesses through FR isoforms and unique
structural characteristics.! Folate receptors
are classified as glycoproteins and com-
prise ~240-260 amino acids!*! with a rel-
ative molecular weight of 35-40 kDa.l’]
These FRs are categorized into four iso-
forms, namely FRa, FRf, FRy, and FR4.I¢]

targeted therapeutics.

1. Introduction

Folic acid (FA), chemically represented as (C,oH;yN,O;), is
alternatively known as (pteroyl-i-glutamic acid) a B9 vitamin,
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Isoforms (a, f, and §) are transmembrane

proteins attached to the cell surface via gly-

cosylphosphatidylinositol (GPI) anchors.
Conversely, the FRy isoform lacks the GPI anchor, resulting in
detachment from the cell surface.l'! These isoforms are biolog-
ically multifunctional, playing a role in the synthesis, methyla-
tion, repair, and cell division of DNA. Additionally, FRs are in-
volved in subcellular localizations and tissue-specific expression
patterns.l’]

Folate receptors have attracted significant interest in targeted
drug delivery strategies for epithelial carcinomas, primarily at-
tributed to the disparity in FR expression levels between can-
cerous and non-cancerous cells.l®] Literature indicates the up-
regulation of FRs in various carcinomas, which include the lung,
kidney, brain, ovary, colon, breast, and myeloid cells.’) How-
ever, FRs exhibit low levels of expression in non-malignant cells,
comparatively!®); consequently, FRs can be considered a potential
tumor biomarker.[1%]

In pharmaceutical R&D, traditional trial-and-error experi-
ments frequently result in unsatisfactory outcomes, necessitat-
ing re-evaluation and re-testing. These conventional methods
contribute to the unpredictability and time and capital-intensive
development process.'!! In a recent review, the UK Research
and Innovation-Biotechnology and Biological Sciences Research
Council (UKRI-BBSRC) highlighted the challenges of managing
large-scale, complex data within pharmaceutical development.['?!
Furthermore, the research council presented a viable strategy
that involves leveraging advancements in computing and
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algorithms for computational analysis and modeling. Adopting
a data-intensive approach focused on enhancing the findability,
accessibility, interoperability, and reusability of data can poten-
tially benefit pharmaceutical R&D. This strategy promises to
streamline the handling of extensive, varied datasets, driving
innovations in drug development.!'?] A review by Lin et al. /3]
indicated that the rapid evolution of computer hardware, soft-
ware, and algorithms has significantly propelled advancements
in drug design and development. These improvements have
facilitated the integration of various computational methods that
are time and cost-efficient in the drug development process.

Theoretical chemistry describes the fusion between mathe-
matical methods with principles of quantum or classical me-
chanics, forming a strategic approach for analyzing and under-
standing chemical systems. Computational chemistry emerges
as a sub-discipline, characterized by applying theoretical chem-
ical concepts via advanced software tools.'*! Two integral com-
ponents in computational chemistry are quantum mechanics
(QM) and molecular mechanics (MM) calculations, which are
employed to analyze and predict the molecular structure and be-
havior of chemical compounds.

These computational techniques have revolutionized the drug
development process, enabling researchers to study and under-
stand the interactions between a drug and its corresponding
molecular target. In the case of FRs, QM and MM have been
extensively used to gain insights into the interactions between
folate-based drugs and their respective receptors. These studies
have provided valuable information on the binding affinity, con-
formational changes, and energetics of drug-receptor interac-
tions, aiding the design and optimization of novel folate-based
drug systems.

This review critically examines the use of QM and MM in FRs
and folate-based drugs. It assesses the contribution of QM cal-
culations to understanding drug—receptor interactions, evaluates
the accuracy of these methods, and compares them with MM ap-
proaches. Additionally, this review discusses the advantages and
limitations of QM and MM, identifying current trends and po-
tential future directions in computational pharmacology. This ap-
proach aims to provide a comprehensive and critical analysis of
the efficacy and applicability of QM and MM methods in this re-
search area.

2. Drug Discovery and Development

Drug discovery is characterized as a financially intensive and
technically complex process.[**l Daina et al.,!*! reported that the
timeline for new drug development from inception to market
launch is ~10-15 years, with associated costs of ~2.6 billion
US dollars (Figure 1).'7] The discovery and development of
new drugs involve a comprehensive five-stage process. The
pre-discovery or target identification phase includes extensive
biological and genetic data analysis to understand disease mech-
anisms and identify potential targets.!'8] Subsequently, the drug
discovery stage entails screening various molecules to determine
those that demonstrate a therapeutic benefit. The preclinical
development stage focuses on elucidating the mode of action
of drug candidates, assessing potential toxicity, and validating
efficacy through in vitro and in vivo models. The formula-
tion evaluation stage employs a plethora of technologies and
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Figure 1. Stages of drug development.['IThis is an open-access image
distributed under the terms of the Creative Commons CC BY license.

methodologies, including high-throughput screening, medicinal
chemistry, and various omics technologies, to systematically re-
fine hits into potent and selective drug candidates through lead
optimization. The clinical stage involves rigorous testing of these
candidates to assess safety and efficacy in a practical setting. The
final stage includes regulatory review, approval, and post-market
surveillance to ensure the long-term safety and effectiveness of
the drug upon market entry.'>! The integration of computational
chemistry into drug discovery streamlines the identification and
optimization of candidates through virtual screening and ratio-
nal molecule design. This method efficiently predicts compound
efficacy and safety, reducing traditional development cycles. By
elucidating molecular disease mechanisms and drug interac-
tions, it accelerates drug discovery, enhancing time and cost
efficiency.[*%]

3. Overview of Drug Receptor Theories

The development of receptor theories is fundamental to un-
derstanding the molecular mechanisms responsible for drug
action.[?] The foundational concept, by Langley and Ehrlich,
explains that drug compounds exert a biological effect upon
binding to specific sites on cells. This concept describes the
“lock and key” model, where the drug (key) binds to a specific
receptor (lock) to elicit a biological response.?!l Receptors are
defined as a protein or a protein complex located intracellularly,
extracellularly, or in both cellular environments.[?2l A biolog-
ical response is triggered upon the interaction of a drug and
molecular target, which can result in either a therapeutic or
adverse effect.[?)] Furthermore, current theories recognize that
receptor binding can exhibit various outcomes, beyond the
activation or inhibition of a biological process.**! The concepts
of agonism, antagonism, partial agonism, and inverse agonism,
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Figure 2. Molecular structure of folic acid.l?’! This is an open-access arti-
cle distributed under the terms of the Creative Commons CC BY license.

describe diverse effects, reflecting the dynamic nature of
receptor-drug interactions.[”®] A pivotal factor influencing re-
ceptor binding outcomes is receptor selectivity, which evaluates
the binding of a ligand to multiple receptors and subsequently
identifies the optimal receptor depending on binding affinity.[¢]
Consequently, binding affinity plays a significant role in the
pharmacodynamics and pharmacokinetics of a drug. A higher
binding affinity between a receptor and the corresponding ligand
results in a lower required drug concentration to achieve full
saturation.[?’]

Studies focusing on receptor and ligand analysis have been
revolutionized by the integration of MM and QM methods, due
to the visualization and manipulation of receptors at the atomic
level. This advancement has facilitated more accurate predictions
of drug—receptor interactions, contributing to the development of
more efficacious and safer pharmaceuticals.

3.1. Molecular Structure of Folic Acid and Mechanisms of
Cellular Internalization

Folic acid has a molecular structure that can be segmented into
three constituents. The initial constituent is a heterocyclic pteri-
dine moiety composed of two rings connected to the second con-
stituent, para-aminobenzoic acid (PABA), via a methylene bridge
at carbon 6. The third constituent is a glutamic acid moiety joined
via an amide bond?®! (Figure 2)

The glutamic acid residue contains two carboxylic groups that
are deprotonated at a physiological pH of 7.4.3% Folates are in-
ternalized into cells through receptor-mediated endocytosis fa-
cilitated by FRa. This process initiates the formation of an endo-
cytic vesicle, following the plasma membrane’s encapsulation of
the receptor-ligand complex. The receptor-ligand complex sub-
sequently navigates through intracellular organelles such as early
endosomes and compartments for uncoupling of receptor and
ligand (CURLs).3! The dissociation of the receptor-ligand com-
plex is facilitated by CURL and is expedited by the reduction in
pH to ~5. Thereafter, the late endosome and lysosome fuse, re-
sulting in the cytotoxic drug being released into the cell. The re-
ceptors are routed to the recycling endosome for either degra-
dation or re-expression on the cell surface, enabling subsequent
rounds of endocytosis.[*?]
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3.2. Molecular Interplay between Folate Receptors and Folic Acid

The pteroic acid moiety of FA binds to the FR, which is a deep,
negatively charged pocket. The glutamic acid residue extends out
of the pocket, providing a site for drug attachment.3*! An inher-
ent characteristic of FRs is the high binding affinity toward FA
and its metabolically active derivatives which include, dihydrofo-
late, tetrahydrofolic acid, and 5-methyltetrahydrofolate.*) In ep-
ithelial carcinomas FRa is predominantly expressed compared
to the other isoforms, leading to an increased binding affinity
for FA.®l The up-regulation of FRa expression is attributed to
a phenomenon associated with tumorigenesis. During this pro-
cess, the cell structure is adversely affected, leading to disorga-
nized vasculature, breakdown of intercellular junctions, and re-
duced adhesion among endothelial cells. As a result, the polar-
ized cellular localization of FRa is compromised, causing an er-
ratic distribution of FRa throughout the cell membrane.®! This
cascade of events culminates with greater accessibility of FRa to
drug compounds and/or drug conjugates in the circulatory sys-
tem, rendering FRa a promising candidate for targeted cancer
therapies.3l (Figure 3)

The disruption in cell polarization of FRa, coupled with an ele-
vated binding affinity toward FA, has generated substantial inter-
est in developing drug conjugates where FA functions as a tar-
geting ligand.[?®] Employing FA as a targeting ligand provides
several advantages, including low molecular weight, enhanced
tissue permeability, increased stability in both acidic and alka-
line environments, cost-effective, non-immunogenic, and versa-
tility in conjugation with various organic molecules, nanoparti-
cles (NPs), and antibodies.[**] Moreover, FA plays a fundamental
role in the viability of both cancerous and non-cancerous cells,
with a heightened significance in malignant cells, which depend
on FA for their uncontrolled and rapid proliferation. This criti-
cal function arises from FA’s involvement in intracellular one-
carbon methylation reactions and nucleotide base synthesis./'!

4. Theoretical Background

Structure-based drug design (SBDD) and ligand-based drug de-
sign (LBDD) are fundamental strategies in pharmaceutical re-
search for developing novel drugs.*”) Computer-Aided Drug De-
sign (CADD) is a key element that integrates with both SBDD
and LBDD, improving the efficiency and effectiveness of drug
development.18!

SBDD relies on 3D structures of biological targets, predom-
inately proteins or nucleic acids, to facilitate the discovery and
optimization of new drug compounds.*! The SBDD method
identifies a biological molecule associated with a disease as
the target. Thereafter, a 3D structure of this drug target is ob-
tained via X-ray crystallography, NMR spectroscopy, or cryo-
electron microscopy.[*! Subsequent analysis focuses on design-
ing molecules that accurately fit into the binding site of the tar-
get, followed by the analysis of molecular interactions between
the designed molecule/s and the target site.[*!] This is achieved
through molecular modeling, docking simulations, and virtual
screening. The final step comprises the synthesis and biological
activity testing of these drug compounds.[?]

Conversely, LBDD is employed when the structural details
of a target are unknown. The LBDD approach first identifies
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Figure 3. The effect of tumorigenesis on increased folate receptor availability. Adapted from,[*] created with Biorender.com.[*¢] This is an open-access

article distributed under the terms of the Creative Commons CC BY license.

ligands exhibiting biological activity, followed by a structure—
activity relationship (SAR) analysis of known ligands.[**] Molec-
ular databases are screened to identify new compounds that
demonstrate comparable biological activities. The data acquired
enables the prediction of potential drug candidates without direct
knowledge of the target structure. This approach employs vari-
ous techniques including quantitative structure—activity relation-
ship (QSAR) modeling, machine learning, and pharmacophore
modeling.[*

4.1. Key Tools in Computational Chemistry

Computational chemistry fundamentally employs two key ap-
proaches: classical mechanics and quantum mechanics.!*’]
Within these approaches, there are five distinct methods. The
classical mechanics approach includes MM and molecular dy-
namics (MD) calculations. In contrast, the QM approach encom-
passes Ab Initio, semi-empirical, and density functional theory
(DFT) methods.**!

4.2. Classical Mechanics

Classical mechanics forms a fundamental basis point in molec-
ular docking and molecular dynamics simulations (MDS).
Molecular mechanics is based on a mathematical model that
utilizes the ball-spring model to represent molecules, where
atoms are linked by bonds resembling springs.[*] A central func-
tion of MM is geometry optimization calculations, which identify
a molecular configuration with the lowest energy. These calcula-
tions are achieved by several factors, including knowledge of the
standard spring length, the interconnecting angles, and the en-
ergy expenditure required for bond extension or compression.!*’]
Molecular mechanics methods can be referred to as forcefield
methods, as the parameters within the mathematical expression
for energy constitute a forcefield.[*®! However, the MM method
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does not consider electrons; therefore, various electronic proper-
ties such as electrophilic or nucleophilic behavior and charge dis-
tribution are not accounted for. Molecular mechanics is a rapid
and efficient method capable of accommodating large molecules
without necessitating significant computational resources.[*’]

The MM expression leverages the potential energy function
and includes several principles, the Coulomb interaction between
rigid point charges, a Lennard—Jones-type van der Waals term,
and bonded terms®® (bond stretching, angle bending, torsions,
out-of-plane deformations, or improper torsions):

EMM = Y k,(d—dy)* + Y ky(0=6,)"+ Y ky[1+ cos (nf+5)]
bonds angles dihedrals

12 6
1 qAqB
v Y ale, (_> _<m> 4 LaAdB
non—bonded pairs Yap YaB 47ey Yap
1)

where key parameters include d for bond distance, 6 for bond
angle, and @ for bond torsion, describing the spatial configura-
tion of atoms. Equilibrium states are represented by d,, and 6,),
with » indicating torsion multiplicity and & the torsion phase.
The force constants for bonds, angles, and torsions are ky, k,,
and kg, respectively. Non-bonded interactions are described by
distance rAB and Van der Waals parameters ¢AB and cAB, while
electrostatic interactions involve atomic partial charges gA and
¢B, and €0 denotes vacuum permittivity. These elements collec-
tively define the forces and energies in molecular simulations.

4.2.1. Molecular Docking

Molecular docking predicts the optimal binding mode of a lig-
and to a protein by generating potential conformations or ori-
entations within the protein’s binding site. The process involves
sampling, which explores the conformational space, and scoring,
which evaluates and selects the most probable binding modes.
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Table 1. Comparative analysis of the advantages and disadvantages of various scoring functions in molecular docking.

Scoring function Advantages

Disadvantages

Force-field ® Based on physics principles and molecular ® May oversimplify complex interactions.

mechanics force fields.

® Limited accuracy in predicting binding affinities.

® Considers detailed interactions, e.g. van der

Waals forces and electrostatics.

® Provides a realistic representation of molecu-

lar interactions.

Knowledge-based ® Derived from statistical analyses of known ® Limited by the availability and quality of training data.
protein—ligand complexes. ® May not generalize well to novel ligands or targets.
® Uses experimental data to predict binding ® Vulnerable to biases in the training dataset.
affinities.

® Ability to capture specific interactions ob-

served in experimental structures.

Empirical ® |Incorporate various empirical energy terms to ® Reliance on empirical parameters may limit general-
predict binding affinities. izability.
® Ability to be optimized to reproduce experi- ® May not capture all relevant interactions in complex
mental binding data. systems.
® Provides a balance between accuracy and ® Optimization of coefficients can be challenging and
computational efficiency. subjective.

Three primary scoring functions are used in molecular dock-
ing: force field-based, knowledge-based, and empirical. Each type
of scoring function has its strengths and limitations, and the
choice of scoring function depends on the specific requirements
of the docking study, the nature of the ligand—protein interaction,
and the available computational resources. Researchers often em-
ploy a combination of scoring functions or tailor them to the spe-
cific system under investigation to enhance the accuracy of pre-
dictions (Table 1).

4.2.2. Molecular Dynamics

Since the inception of molecular dynamics (MD) simulations in
the 1970s, the field has witnessed remarkable progress.’!l Ini-
tially, simulations were limited to biological systems comprising
only a few hundred atoms. Today, state-of-the-art MD simulations
can encompass systems with ~50 000 to 100 000 atoms. More-
over, with the appropriate computational resources, simulating
systems containing up to 500 000 atoms is feasible. This signifi-
cant advancement is largely attributed to the integration of high-
performance computing (HPC) technologies.[>?!

Molecular Dynamics calculations implement molecular laws
of motion, enabling the simulation of molecular conforma-
tional alterations or movements in response to force fields.[>!
In biochemical research, MD simulations predominantly involve
molecular motion driven by forces computed by MM.5* Typi-
cally, an atomistic model is employed to represent all interacting
particles at the atomic level, encompassing both solute and sol-
vent molecules. This model is positioned within a simulation box
sufficiently large to fully contain the system. The dynamics of the
interactions between the solute and solvent are governed by New-
ton’s laws of motion.>*) Specifically, the equations of motion are
given by:

d’r,(t) _ Fi(1)

¥ " m @)
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where F;(t) is the force acting on the i-th particle at time t, m;, is
the mass of the i-th particle, and r,(t) is the position of i-th particle
at time t.

Furthermore, velocity—Verlet or leap-frog are algorithms used
to iteratively update the state of the model system across several
time steps, resulting in a temporal evolution simulation.[>®]

ro(+ 6 =10 (1) + v, (1) 6t + %ai () 68 3)

b (b4 60) = v, (1) + % [a; (8) + a; (¢ + 61)] 6t 4

When defining a model system, a primary concern is the repre-
sentation of solvent molecules.’”] Previous studies indicate that
explicit representation of solvent molecules is the most effective
approach, despite the resultant increase in the size and complex-
ity of the simulated system.[%>°]

4.3. Quantum Mechanics
4.3.1. Relationship between energy and structure

In theoretical calculations, the primary objective is to ascertain
the optimal molecular structure which is characterized by its low-
est energy state referred to as a minimum energy.l** This founda-
tional understanding enables the derivation of numerous chem-
ical and physical properties. A central concept to this research
discipline, particularly molecular dynamics, and reaction mech-
anisms within chemical physics, is the Potential Energy Surface
(PES). A PES is a mathematical representation that describes the
energy of a system, typically a set of atoms or molecules, as a
function of their geometrical arrangement.[%]

A PES model is described as a multidimensional landscape,
where each point represents an atomic or molecular configura-
tion, with each elevation point indicating the potential energy that
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Figure 4. a) The Potential Energy Surface (PES) landscape and b) represents a reaction path.[83] This is an open-access article distributed under the

terms of the Creative Commons CC BY license.

corresponds to a specific configuration.[®!l The PES model iden-
tifies stable structures by an energy minimum and high-energy
configurations by an energy maximum. Additionally, it high-
lights saddle points, defined as locations on the function’s surface
where the gradient is zero, however, these points are neither local
maxima nor minima.[®?] These points represent transition states
(TS), which indicate the lowest energy barriers between two min-
ima, corresponding to different isomers in a single-molecule sys-
tem. A TS is key in outlining isomerization pathways. Moreover,
in systems involving molecular association or dissociation, the
potential for systematically mapping reaction mechanisms, in-
cluding reactants, intermediates, and products, is established!*’]
(Figure 4a,b).[%3] Therefore, PES provides a direct link between
structures and energies.

4.3.2. Concepts of the Quantum Mechanics Approach

The core concept in the QM approach is the wavefunction, de-
rived from the Schrédinger equation, expressed as HY = EY.
Where H represents the Hamiltonian operator, the wavefunction
is denoted by ¥ and is dependent on the spatial coordinates of
all nuclei and electrons within the system. The total energy of
the system is represented by E.[* The Born—-Oppenheimer (BO)
approximation is a key tool in solving the Schrédinger equation
as it simplifies the study of molecules by separating the move-
ments of electrons and nuclei. The approximation assumes that
electrons, due to their smaller mass, exhibit rapid motion com-
pared to nuclei.[®! Therefore, by applying the BO approximation,
the Schrédinger equation is solved by treating nuclei as relatively
static, focusing on the electrons’ movement with fixed nuclear
positions.[6¢]

A central aspect of QM is the approximation of electron behav-
ior by employing basis sets which are mathematical functions.
The primary focus of basis sets is atomic nuclei, therefore, essen-
tial for electron modeling in molecules or solids. Furthermore,
are key components for electronic structure calculations.[®”] The
selection of basis sets represents a critical equilibrium between
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accuracy and computational expenditure, to maximize efficiency
within specified computational constraints. Basis sets exhibit
variability in complexity and compositional elements, incorpo-
rating diverse functional types.!®! Common basis set types in-
clude Slater-Type Orbitals (STOs), which solve the Schrédinger
equation for hydrogen-like atoms and offer detailed electron in-
teraction descriptions; Gaussian-Type Orbitals (GTOs), favored
for their computational speed and ease of use in molecular cal-
culations; and Plane Waves, ideal for describing crystals and peri-
odic structures due to their effectiveness in periodic systems.(*’]

The term “Ab Initio” originates from the Latin phrase “from
the beginning” or “from first principles.” These calculations
are fundamentally based on the Schrédinger equation,®®! and
generate an energy value and a wavefunction when solving the
Schrédinger equation for a molecule. Furthermore, the wave-
function also computes electron distribution, which is essential
in assessing a molecule’s polarity and identifying reactive sites
for nucleophiles or electrophiles.””) However, the Schrédinger
equation is not solvable for molecules containing more than one
electron and, therefore, requires the use of approximations. The
extent of these approximations defines the ‘level’ of the ab initio
calculation. AD initio calculations are slower than MM, specifi-
cally with larger molecules.l”! Ab initio calculations employ var-
ious methods, with the Hartree-Fock (HF) method as the foun-
dational technique for more advanced approaches. The principal
limitation of the HF method is excluding electron correlation.!”?!
To enhance accuracy, post-Hartree—Fock methods are utilized, in-
corporating electron correlation effects. These methods include
Configuration Interaction (CI), Meller—Plesset perturbation
theory (MP2), and Coupled Cluster theory, all of which extend
and refine the groundwork established by the Hartree—Fock
method.

Semiempirical (SE) calculations similar to ab initio methods
are also founded on the Schrédinger equation. However, SE cal-
culations involve increased approximations and a precompiled
library of integral values with optimized properties such as geom-
etry or energy.”3] Parameterization is a process that incorporates
experimental values into mathematical models to optimize

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Commonly employed exchange—correlation functionals. Adapted from.[7¢] This is an open-access article distributed under the terms of the

Creative Commons CC BY license.

calculated results. Semiempirical methods merge theoretical
foundations (the Schrédinger equation) with empirical (experi-
mental or high-level theoretical) data. Semiempirical calculations
are more time-consuming than MM but significantly faster than
ab initio calculations.[”4]

Density Functional Theory (DFT) calculations are based on
the principles of the Schrédinger equation, similar to ab initio
and semiempirical approaches. However, DFT does not com-
pute a wavefunction; instead derives an electron distribution,
known as the electron density function. The computational
efficiency of DFT calculations exhibits greater speed compared
to ab initio methods; however, are less rapid than semiempir-
ical approaches.”%! In DFT calculations, the Hohenberg-Kohn
and Kohn-Sham theorems are employed in a complementary
manner to determine the electronic properties of a system. The
Hohenberg-Kohn Theorem establishes that electron density
is an essential determinant of a system’s properties. Concur-
rently, the Kohn—-Sham Theorem practically computes these
properties via a system of non-interacting electrons. The main
task in DFT calculations is generating accurate approximations
for the exchange—correlation potential within the Kohn-Sham
framework.[”’]

Exchange—correlation approximations are fundamental to
DFT, these approximations account for electron exchange
and correlation effects in a system. In DFT, the total energy
is expressed as a function of the electron density, with the
exchange—correlation energy term representing electron in-
teractions due to the Pauli exclusion principle and correlation
effects.’®l Exchange—correlation functionals can generally be
categorized into five main groups. (Figure 5) indicates various
functionals within these groups.
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Local Density Approximation (LDA): Assumes the exchange—
correlation function at any point depends solely on the local elec-
tron density.l””]

Generalized Gradient Approximation (GGA): Extends LDA by
incorporating density gradients, providing a more accurate elec-
tron density distribution.l”7°]

Meta-Generalized Gradient Approximation (Meta-GGA): An
advanced exchange—correlation functional that enhances accu-
racy by considering additional terms beyond electron density and
gradients to capture complex electronic interactions. 881

Hybrid Functionals: Combine a GGA with a fraction of exact
exchange from Hartree—Fock theory, aiming to capture both local
and non-local electron correlation effects.!®?]

Meta-Hybrid Functionals: Combine GGAs or meta-GGAs
with extra components like Hartree-Fock exchange or second-
order Moller-Plesset theory to balance accuracy and computa-
tional efficiency in describing electronic interactions.[8%81]

In drug design, selecting the right density functional is es-
sential for accurately predicting molecular properties. Hybrid
functionals like B3LYP are widely used due to their balanced
treatment of exchange and correlation effects. Whereas meta-
approximations such as M06-L excel in predicting properties
like molecular excitation energies. Recent functionals like MN15
provide accuracy for both ground and excited states. Improved
functionals, including M11 and M11plus, enhance accuracy
for properties such as van der Waals interactions.®*] Addition-
ally, hybrid GGAs like wB97X-V, ©B97X-D3, and wB97X-D
are effective for capturing non-covalent interactions, which
is beneficial in drug design. For bioapplications, functionals
that describe non-covalent interactions effectively are crucial.
Recommended options include wB97M-V, local GGAs including
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Table 2. Comparative analysis of molecular mechanics versus quantum mechanics methods: Advantages and disadvantages.

Computational method

Advantages

Disadvantages

Molecular Mechanics .

Ab Initio °

Semi-empirical .

Density function theory .

Computations can be efficiently conducted on per-
sonal computers with moderate specifications,
broadening its accessibility across a diverse user
base.

Integration of rapid processing, accuracy, and
minimal computational requirements has estab-
lished MM as a standard feature in numerous
modeling software suites.

Generates effective initial structures as input mod-
els in computational methods including semiem-
pirical, ab initio, or DFT calculations.

Can simulate extensive systems with thousands to
millions of atoms, making it ideal for biological

macromolecules and materials.

The absence of empirical parameters in ab initio
calculations, allows for application in a wide range
of molecular species, including transition states
and stationary points.

Based on QM, offer significant theoretical rigor
without depending on empirical data for param-

eterization.

Calculations are executed rapidly in comparison
to ab initio and DFT, the rapid calculation time is
achieved at the expense of a reduction in accuracy.
The generated geometries are sufficiently accurate
for numerous input models that require further or
more complex analyses.

Transition state (TS) geometries can be estimated
and subsequently employed for higher-level com-
putational analyses.

Generate relative energies for cations, radicals, an-
ions, and strained molecules.

Electron correlation is incorporated, enabling DFT
to determine geometries and relative energies
with accuracy comparable to MP2 calculations.
Preferred method for geometry and energy calcu-
lations in drug design and bioapplications.

Lacks the capability to provide data on the
configurations and energy levels of molecu-
lar orbitals and the electronic spectra.
Employing an unsuitable forcefield can re-
sult in significant inaccuracies, as force-
fields parameterized for specific compound
classes may not exhibit reliable performance
when extended to different classes of com-
pounds.

Parameters are derived for ground-state sys-
tems, limiting the ability to accurately repre-
sent geometries in bond-making and bond-
breaking processes.

Calculations are resource-intensive and
time-consuming, specifically for extensive
systems or complex molecules. This limits
the size of systems that can be feasibly
investigated.

Requires high-end computing resources,
specialized software, and expert knowledge.
Ab initio methods rely on approximations
to make calculations feasible. These approx-
imations can introduce errors and limita-
tions in the results obtained.

Can only exactly solve the Schrédinger equa-
tion for the hydrogen atom.

Unreliable results for molecules beyond the
training set.

Parameters are prone to miscalculate steric
repulsions, nucleophilicity, and basicity, re-
sulting in inaccurate charges and molecular
structures.

Parameters are unreliable in hydrogen bond
modeling.

Requires significant computational re-
sources, especially for large systems or high
levels of theory

Can encounter self-interaction errors—an
electron incorrectly interacts with itself, af-
fecting predictions of ionization energies
and electron affinities.

B97-D3, revPBE-D3, and BLYP-D3, and local meta-GGAs such
as B97M-rV, MS1-D3, and M06-L-D3.184]

4.3.3. Advantages and Disadvantages

The following section (Table 2) provides a comprehensive analy-
sis of the various QM and MM methods previously highlighted,
focusing on their respective advantages and disadvantages. This
comparative analysis aims to provide a balanced perspective, en-
abling a better understanding of the strengths and limitations of
each approach.[8-#7]

Adv. Theory Simul. 2024, 7, 2400377 2400377 (8 of 22)

4.3.4. Previous Studies on Folate Receptor/s and Folate-Based
Anticancer Drugs

A systematic review of FR research and subsequent studies on fo-
late drug-based treatments over a decade (2014-2024) represents
a focused effort to understand the interaction between FA, FRs,
and the development of folate-based drugs for cancer treatment
(Table 3). Employing Google Scholar as the primary database,
three specific search phrases were employed to gather relevantlit-
erature: “QM analysis of folate receptors,” “MM analysis of folate
receptors,” and “Computational analysis of folate-based drugs.”
This search yielded a total of 29 papers. Of these, 22 papers were

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD A1 3(cfedt [dde au Aq paueA0b 8.2 Sao1Le YO ‘SN J0 S3INJ 10) ARIq1T8UIIUQ AB]IM UO (SUO N PUO-PUR-SLLIBY WD A3 (1M A1 1 [Bu 1 [UO//:S1Y) SUORIPUOD PUe SWLB | 8L 89S *[Z02/0T/S0] Uo AfiqiTauIuO AB]IA ‘Yolessay [Q1peIN Ued LY Uinos AQ 2005202 SIPe/200T OT/I0p/wod As | Im Aeiqijeuluo//sdiy Wwolj pepeojumod ‘8 ‘%20z ‘0680ETSE


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuiuoD)

lzo1]

loot]

‘suolje}
-nw juiod o1 anp Ajuyye 3uipuiq ul suoleLEA
Suluredxe ‘ejep |ejuswiiadxa jo uonelaidial

-U1 211S1WOIE Ue paJayo siskjeue |euoijeindwo)
“Ayjeuonduny sojdadal uo suomeinw jo ed
-wir ay1 3uny3nysiy ‘adAy ppim ay3 sa syuenw
10} SJUBISUOD UOIJBIDOSSIP Ul SUOIJRLIBA L}IM
‘Ayuiyye Suipuiq syl pa1daye suoleINW julod
'spuoq uaj

-04pAy pue suoidesanul Sunpels y3noayy Ajiq
-e3s Supueyua ‘Suipuiq 4 40§ [e1dnId 21am (G8A
‘OVLM ‘TOLM ‘90LY ‘€0LY) sanpisal dydads
‘adeospue| £31a

-Ud 3y} pue sadueyd [eandnuls uo elep Suipia
-04d ‘DY 4 WOLJ UOIBIDOSSIP S\ Ul SI]E]S 3jeIp
-3WIaIUI PayNuap! suolenwis solweukpelsiy

“ayis uipuiq ajeweln|3-1ay e (D43 pue ‘14dd
‘g¥4 ‘vy4) sianodsuesy arejoj(izue) pue pjoy
-jeds aulpiwAd[p-¢‘z]ojosikd usamiaq uoide
-123u1 3y} 0] pajrejad sjySisul [BINIONIIS SIPIAOI
‘K121x0} Jamo| yum Ade

-Jayowayd pajadie; o) kemyied e s1sa83ns sy
y3nouay ae1dn aA11D3|aS PaduEYUS J0) [B1IUS1Od
‘sajejojue [Kouaiyy auipiwniAd[p-¢‘zlojolikd
painiisqns-9 ul Auaipe pue 3uipuiq Jayiod
-SUBJ} DAI}DAY3 JOJ UOIBWIIOUOD puk ‘Yidua|
uteyd apis pide oujwe ‘sdnoid pioe dijkxoqied
-4 pue -v jo aduedyudis pajelisuowaq
‘SIS

-ayjuhsolq aunnd Suidaye ‘s|ja2 Jowny uewny
g3 Ul 9SeJ9)SUBIALLIOS 9PI103|PNUOGL apiLeu
-A13 nqyui ABuons || pue £ spunodwio)
'S||92 ¥4 UO S193y3 palien

yum ‘sjj@> Juissaidxa-v ¥4 piemo} uoiHqiyul
9A1303|35 d]BJISUOWAP £|—(| PUB £ Spunoduwio)

v/N

v/N

(xod

-wod Joydadai—puedr]) adAy |spow Jejndsjopy
(3uan|0Ss J23BM dEd 1) [SPOW UOIEAOS
(9se6Lwaed ¥3gINY) play 22104

(SOVINOYD) a1emyos siskjeue Suiaisn|d
(sovwoun

—0'Z Q3INNTd) 24eMyos  sOILIBUAPEISIN
(SOVINOYD) a4eMYyos suoienwis gin

uone|noed aseyd sen

(xo1d

-wod Jsoydadai—puedi) adAy japows JejndajoN
(X¥64ININ) Pl3y 32104

(30) uonesedaid pued

(9°L"Z Lipea) asemyos 3unpop Jen3jo

‘xje1dn a1ejoy Suajon

-u1 saidesayy Jadued pue Kiaaljap 3nip paradie;
-3]e[0) UO Y4 PUB Y4 USIMISQ SUOIDEII)
-Ul JB|NJ3[OW JO S129Y3 |euolduny ay1 aiojdx]
“foeandde siskjeue

Jeuoneindwiod SulNsus ‘sjuelsuod ajes pue
SJUBISUOD UOIJEIDOSSIP [BIUBLULIAAXS YIIM Way}
Sunedwod Aq synsai |euoneindwod ajepijep
‘Buipuiq Suunp saSueyd |euoijewiojuod Joydad
-21 pue puedi| uizAjeue ‘vy4 pue Y4 UsaMlaq
suoI3eIRIUI SUIpUIq DIISILLOJE 3Y) SZII3JDEIBYD)
*sadueyd |einnils

pue ‘swua) A31aua ‘sajels ajelpawuiaul uo Jul
-SN20} ‘DY4 WOJJ UOIRIDOSSIP S,y4 31e311S9AU|

‘sapow Suipuiq punodwiod jo uoiPIp

-24d 314NDDE J10J 24BMOS SUIDOP By} AlePI|EA
'SSOUAINAYD

pue A11A1D3|3s 4oy Sjuswalinbai [eanpnas Ay
-USp! 03 UOIHGILUI 3SBL 43D pue Hodsuel} Dy 4
10} SUOITBLUIOJUOD PIJIOP Ul SIDUIIYIP SSASSY
‘spunod

-Wod ayj Jo saniAlPe |edidojolq Yyl puelsiop
-un 0} suolPeIjUl pue sapow Sulpulq azkjeuy
*(aseL4YVyD) asesaysueiyjhwiioy apiosd
-nuoqu apiweun|S pue gy4 pue vy4 yuIm
spunodwod pazisayluAs Jo suoldeIAIUI 121pald

SLoc

¥10¢

R}

sSuipuy jueoyiudis

soluBYPIW
wnjuend

SOIUBYDAW [BDISSE|D)

Apnis ays Jo swie |euoneindwo)

Jes)

.w;Ouavuw‘_ 9]€|04 JO w_m%_mcm _mCO_HmazarCOU ‘¢ 9|qelL

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (9 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuiuoD)

‘sanjeA puoq uieuad uo 3uiudie g14a
pue QA yum ‘sydisur puoq uadoipAy pajeanal
(9140 ‘QW ‘Bunpop) suonenwis Jend3jol

EER[IE]

-1ay1p A84aua Sulpuiq uo paseq vy 4 10} A1IAIDF|
-as juedyiudis pajesssuowap g—/ spunodwod
‘A|8uouys asow Suipuiq sSojeue saduo| yum
‘yr8uauys 3uipuiq pasuanyur yidua| punodwiod
"0y 4 paiiajaid (sjuswade|das suizeikd) g

—/ 3IYym “104-44 ueys saidiaus Suipuiq saydiy

poylaw
(g14a)
Buipugy3n
_mco_ﬁvc_d
JSTNVETq]
(a
-8140-225)
SUOIDBIIUI

(41278M 10J dEd]1) [9POW UOIIBA|OS
(NaT1-gS66339INY) PI3y 32104
(xo)dwod y4N-Yy4) 2dA) [apoLu Jendsjoy
(SOVINOYD) 2ieMyos uone|nwis QN

‘suolpe
-123u1 A3y 1y311y3iy 01 saxa|dwiod Y4N-Y4 dy1d
-ads u1 sojweudp puoq uadoipAy a1edisanul
"A11]1qeIS auIWI21ap 01 Saxa|dWod 4N

-¥4 pue104-¥4 Jo senadoud |einionuys 9zkjeuy
‘|ennuajod

Bunadie; SY4N $S9SSE 0} 4 PUB 0¥ 10} Y4 JO
9SO} YUM SYAN JO s
"f¥4 pue Y4 Yum (Syy4N) S918|0}1UE JUIDSAI

ye Suipuiq asedwo)

[96] pa1qIyxa aAp uadsaioy Yim 9— spunodwiod e Je|ndajowaiu| (z'¥ pogoiny) asemyos Sundop JBINJ3ON -ony [aAou aulu jo saidsaus Suipulq aulwialRg e 8107
“K1an1jap Snup Adesayy 19dued ur asn 'Suole|NWIS |BUOIIR)
10} pa1epI[EA A]|ED139108Y)} 2JB SISWILIPUSP Ylog e -ndwod y3nouys Adesayy 49oued Joj swalsks Kia
'05£D3d-V4 4910 ¥4 Y1 pJemo} -Alj9p 3nup se saniqeded siawpuap aiojdx3 e
0$€€D3d-V4 jo Anuiyje padueyus Ajjeurdiew "0S€€ D3d pue
e sajeljsuowsap  siskeue  aAneledwo) o 0SZ D3d Aq uonpajoid pue Ayjignjos aienjer] e
05L “d4 3y} pue siawip
D3d 0} dAIE|24 9DUE]SISAU UOIEPEISIP D1jELWIAZ (xa)dwod s03dad -Uap U2aM]aq ‘SUOIIDBIDIUI JBND3JOW IZABUY
-ua pue A)jiqnjos padueyud SUqIYX2 0SEE DI e -21 9le|oj—idwilipusq) adAy [apow JBNDSON e ‘uon
"4 2y1 Bunadiel a10jaq pasodxa (6°0°5 MaIA (sax0q 421eM d€d| 1) [9POW UOIIEBAIOS o -deJajul Jojdadai—iswipuap uo uonednfuod
-JUBA[OS  219M  sjuswiBely 21B[O) JAWLPUSQ e uelssnen) (QWN) 21eMyos uoienwis AN e 0$€€ D3d PUE 0SZ D3d J0 1edW U1 SSISSY @
Buipuiq ¥4 uonesedaud (W3HDWVVd Pue WNYYHD) Py 22104 o “suopuod [eai3ojoiskyd sopun
[goL] JaWILIPUSP 199148 10U PIP 0SEE DId PUBOSZ DIAd o JBwpuaQ (z'¥ pogoiny) aiemyos Sunoop JBINJSON e sy4 01 3ulpuiq siawilipusp NId-v4 21ednsoAu| e /10T
“Bupjoop |nyss920NS J0j suoleIUI J0d poytaw
-dnou8 Suiuasul jo aduepodwi ay) sa1005I9p (g14q)
-un 32}20d ¥4 3Y1 Ul S[BUGIO JO UOIEZI[EIOT o Suipuigysn
'sy18ualis uoldeIa) |euoipuny ‘Sd4 yum
-ul Buosis s|eanas siskleue QINNT PUe OWNOH e fusuaQ suo13oeIRIUI punoduiod uo paseq swalsAs A1anl|
‘uorpasul panoiduit 1oy 12xd0d (zzL -ap 8nup pajadie; SuiuSisap Joy syBisurapinold e
¥4 2y yum udije suonejustio 3ul pasidjpeld e +914Q) “19320d ¥4 ay3 ul uonezi|edo| |elq
“Aunidaes pajadiey uoinquisip -10 Januol) pue saiadoid [e11qI0 puelSIapUN e
9dUBYUD dABALIRP 3yl uo sdnoud |euonippy e U033 (xod ‘sanpisal 33pod Zuipuiq
'y4 01 pasedwod Ajuye pue AIAID3| (zz1 -wod Joydadai—puedi)) adAy |apows JejndBON e YUM  SUOIDBISIUI JeNd3joWRIUl 91S1ISIAU| o
-9s Y4 19y31y s1qIyxe aAleALDp ¢ punodwio) e +g14a0 - uone|noed aseyd sen o ‘poytaw 3uipuig-ySn jeuoinouny
‘ug1Sap aAIBALIDP 91B|0) Ul S2INJONILS asay Sul a-9.14a-dds) (wipoS|e Ausuap ayy 3uisn sapadoid xadwiod azhjeuy e
-pIOAB SpURWILLIOD3J ApN3s a3 ‘uoliasul punod suolEBIRUI uepplewel—3unpop 3|qixe|4) adA Buppoq e *spunoduwiod unoj yum
[s6] -wod apadwi y4 jo uuaid ayy ul sureyd 3uo e Je[nd3joWIAIY| (z'¥ pogoiny) asemyos Supdop JBINJ3ON S2UNIONIIS UOIDEIDIUI Y4 PuUB VY4 1B|NDJED o /107
mU_CNLUQCL
FEN| sSuipuy jueoyiudis wnuend SOIUBYDIW [BDISSE|D) Apnis ayj jo swire jeuoiendwod Jean

(panunuod) ¢ a|qeL

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (10 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuiuod)
's109J3 198.1€3-JO PadNPal YIIM §||9d
Jowiny Joy Aypyidads pasueyua 3unsadsns ‘| 9y
yum puoq uadoupAy anbiun e uo paseq ‘Suiad
-1} oy1dads-vy 4 1oy [enuatod s,/ parydiySiH
Auyje
yaxeam Ajpairejas y3noyy ‘anbiun s/ 3unsal
-3ns ‘upop Jadaap s,918|04 01 9dUBIUR 33d0d
a1e|04 2y} Jeau Sulpuiq adens s /D pasedwio)
Auyje 3ul
-puiq pue A11j1qeis xa|dwod Joj |enud ‘op[dag ‘lennuajod Sunadiey s /D utepadse
Yim suoipesdiul z—H pue ‘geldil ‘LoL4eS 01 $22U3J3YIP puB saLE|IWIS 3uISSIsSE ‘s a1e|
‘094 yum spuoq uadoipAy A|qejou ‘vy4 pue -0y 01 ©Y4 yum apow Suipuiq s,/D 24edwio) e
[D U29MIaq SuoIPEIAUI dYyIdads  payluap| ‘wisiueydaw ulpuiq
0y4 yum A1jiq 9y puejsiapun 01 ‘vy 4 pue £ apndad usamiaq
-1xa|} Buipuiq sy Supueyua ‘uoneindyuod |10d suoldeIalUl 2-H pue spuoq uaSolpy azkjeuy e
WIOpUEJ B Ul /D S|B3A3J 21NJDNIYS Q¢ PaldIpald ‘0Y4
'sanpisal (xod yum Ajuyye Suipuiq pue UOITELLIOJUOD S} PUE)S
0¥ Y}M suolideIjUl Z—H pue spuoq uadoipAy -wod> utajoid—apidad) adhy [spows Jejndsjoly -19pun o3 7> apnidad jo aindniis g¢ ayl [PPOIN e
Suipnjour suonesajul £oy ul Suide3us ‘sduesy (SOVINOYD) 2iemyos uonenwis qiA ‘sanpisal Suipuiq £a3 Suijuapt vy 4 yum
Ll -ua 123p0d Suipuiq-a1e|0) S, 0y Je3u spuiq /D V/IN (0adsn|D) asemyos Supdop Jejndajoy suoldesajul pue apow Sulpuiq s./D PIpald e 8107
‘uoljeWI0)
-U0d 1B|ND3|OW S1P9)4E UoIeZIWIUIW Uols|ndal
D1I2}S PUE SD118]S0.13|3 AQ UOIIEZI|IGE]S JDLUOS|
‘Buipuiq Jo1dadau ur saduaiayip (dx1€9) 'S1094J3 OAIA Ul 91BN|BAD
Aidwir (sueuy soy A ‘s1d 10y n/z) sadeys 1punsiq [euonduNy 140 01 soiweuAp ajndajow sueJ} pue sp Juuedwo) o
‘suoioesaiul [edidojoisAyd Sunoaye ‘suely saiuadoud "A11qeasul woy s1> 3uiute|dxs pue
UBY] SDIWEUAD JOMO|S MOYS SaINpniis sid 31U0i13[3 geqoid 25ua1sIX20D JaWOS! SID 3uidIpald e
'uolINQIISIPal UoI}d3d pue sadueyd Jaldeeyd 09N ‘auljes
puoq o3 payul| st A11j1qelsul 2139843ua S, WI0j SID sa18iaua ul swuoy puedi suesy pue s> Sunednsaau| e
“JoIARY anie[ey ‘puoq apie
-3q [B4N1ONJIS DlWeuAp sajedipul ‘spuedl| ure} (14a (spue3i)) adAy japow Jejndsjoy ay1 Suoje suonendod sawosi s> Juizkjeuy o
-122 Ul winuqijinba sues—sid e Joj [enuaod ay | -ueIssnen) (d€dI1) |9pow uoneajos ‘Ajiaoe [ea18ojoiq ui 3|04 s,uoieindy
‘Ajiqelsea [eanonays Sunsadans ‘spue uonnquIsip (6766439NY) PJay 92404 -UOd puOq SPILE B} PUBISIIPUN O} SAINIINILS
loLt] -31) ur 9ouasaid Jawosi s1d JuedyIudis panIasqO Ausuap uoia|3 (SOVINOYD) 2iemyos uonenwis qiA JB|ND3|OW ,SAAIIBALISP S} pue 21e|o) Suliojdx] e 3102
‘KjaAnadsai
‘low [ed) G| pue | jow [ED) 9~ jo saidiaud
Yam vy 4 ueyr Suipuiq xa|dwod D4y pue XLIN
Ja8uons pamoys suolrendjed A3isus Juipulg
“19y00d
Y4 2yl piemo} pajusno ase sdnosS oujie 'sadualayaid pue
uaym ny4 o1 aednfuod ayy jo Suipuiq s|qels saluLye aAIe[al ,5101dadal 21BN |BAS 0] D4y puE
pa1edipul suolje|nwis sdlweukp pue 3uppoqg (2188n(U0d X ] |N-UI104d) 9dA) ]9pow Jend3jo N Y4 yum XLIA Jo saidiaus 3uipuiq aiedwio) o
'9]BUI|OJ LUNID[ED Y1IM JOU INq (sajnasjow 'sy4
V4 Yyim paseasnap ajerdn J114-0D-XLIN-NZH J1a1em oy aseyd juiod 5|3uIS) |apow uoieAjoS pue X]IN usamiaq saidsoua Sulpuiq a1endjed e
"D114-0D-XLN-NZH 404 (Lv¥S SOWOYD) play 22404 "sax9|dWwiod Y4-X LIN JO AN|IqEIS BUf1 SSIsSY e
A|leoy10ads ‘sjja0 anedau-ny 4 ueyy oxeidn 21ed (SOVINOYD) 21eMYyOS uoneNWIS QA ‘g4 pue 0y4 pue sajednluod
lsoL] -nfuod X1\ 4aySiy pamoys s|jad annisod-vy4 v/N (euIA d20Q0INYy) aseMy0s 3uidop JeN23|ON XL Usamiaq suolesaul Sulpuiq 21e311saAu| o 8107
solueYAW
FEN| s3uipuy juedyiudis wnuend SDIUBYDIW [BDISSE|D Apmis ays jo swie |euoneindwod JLEVN

(penupuo)d) ¢ s|qel

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (11 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuruoD)
'sdnou3d Jayjo o3 pasedwod
punodwod 3y 01 A|qels atow syul| dnosd HO ‘sjopowu dul
‘f1a10w areweln|3 ayy yum 3uioe -puiq uo paseq spunodwod pajadiel-101dadas
-J31U1 S3aNPISaJ Ul suolenidonyy 1a8ie| ‘sanpisal a1ejoj justod Joy saiSajesss udissp asodold e
1xp0d Buppop ¥4 Ul suonenPNy  Jouly 'sdnoud oulwe pue
*saxa|dwod ||e ul wnu ‘|Axoqued ‘|Ax0ipAy jo ajos ays Sunydiydiy ‘sy4
-qi|inba a1edipul WU Gz°Q Mojaq sanjer QSINY pue spunoduwiod U2am}aq SUOIDBIAIUI UILUEXT e
'S9|Nd3|oLW Jajem 03 Y1ys spuoq uadolp (xod A111qe1s xo|dwod
-ky s f1910w a1ewein|3 ‘Kyatow uuiald ul uoiea -wod Joydanai—puedi|) adAy |apow Jejndajopy uo sdnoug |euoipuny Jo adUAN|UI BY} SSISSY e
-19sU0d puoq uagoipAy moys suolne|nwis giA (4218M J0J d€d]1) [9POW UOIIBA|OS ‘8uipuiq Jo1dadai—punodwiod ajediysanu| e
"HOOD— < ¢HD— < HO— 43pJo 3y ul (upi-gs6642quiy) pjay 23404 'S4 YHM SuOIIDEIAIUI 310[dxXd 01 (EHD—
saidiaua Suipuiq pue sjuswow 3jodip punod (SOVINOYD) 2iemyos uonenwis qiA ‘THN— ‘HO— ‘HOOD—) sdnoud |euonouny
pLul -Wod saseasnul uoldnposiul dnoid [euoidunyg v/N (3po@oiny) a1emyos Sudop Jejnd3joN paueA yum spunodwod mau Ajuamj 21eas) e 6107
‘8uipuiq 1oydadal
0] 9UI|ES WOJ) SIUBWISN[PE. [BINIINIIS Y1IM ‘DUS
aAIOE s, 0-101dadas 21e|0) By) ul spuedl inoy
10y sasod Buipuiq sepwis paipasd Suppoq
‘PaAIaSqo a4am Ajisuap
uo4123|3 pue ‘adeys ‘suoijewIojUOd duOgydEq
Ul S2DURJAYIP ING ‘SUOIIDBIDIUI IDJBM JB|ILUIS
"JUBISUOD A[9AIJE|94 PAUIBLUA J21BM YIIM BIIE
UoIDEIAUI BY) ‘suoljeleA |einjonuis andsag
‘uoljeWwIojuod pue A1j1q
-IXa|} paidaye spuoq wao\_—uxr_ Jde|ndajoweiiu|
"SUOIJBIIBA UIOIJEIUSLIO PIDE OUILUE L)IM
‘pajou sainponiis Jeaul-isenb o ‘adeys-z “n
"SUOIIBLIOJUOD JudWISel) [BUILLID) pUE
uuaid oyads yum Kujiqixayy pamoys spuedil
‘lennuanyul ssa| si Jed |esjuad ayj faananais (dx1€9)
10} [BD1114D 3B SPIDE OUILUE [BUILLIS} PUE UL} JeuondUN} 40 ‘spue
'SYIys AIsuap uoidsd (ueissnen) (xod -31] jo sonsuadeiEYd JRNddjOW 21eTNISAAU| o
pazijedo| o1 pa| sadueyd ainPNIS |edIWaYD o8N -wod Joidadai—puedl)) adky |spows JendsjolN ‘suone|
'SUOIIBLLIOJUOD JBdU (L4a- (d€dI1) |9pow uoneajos -NWIS SOIWeUAp Je|N23|OW J1ISILLOJE BIA UOIIN|
J0 7 -0 1punsip pue Aijiqixaly Y31y paynuap| uelISsSnen) (¥8439NY) PI3y 32104 -0s ul s30|eue S} pue 23€|0} 03Ul SIYBISUI UIEIGO
‘auljes suole|noed (SOVINOYD) aiemyos uonenwis qiA ‘suoipuod |ediSo)
[eLt] Ul S91B|OJIjUE UNOJ pUB SIIB|OJ OM]} P3|[3POIN jutod 38uis (eUIA d20QOINYy) dieMYOS ZUdOP JBINIBON -o1sAyd Japun sajejojijue pue ajejoj uiqLISI] e 6102
‘sited auo| uadAxo 4o uadouyiu yum sQ\
ul saidiaua uoleziuol paseasdul pue yiduais ‘suoljoesaiul utajoud
puoq uadoipAy uaamMIaq U] B PaAIaSqQ (XZ-90N pue ‘Buipuiq Joidadai—puedl “Aiaide0Iq S,V4
'SI9WLI0JUOD 9314 3|qE1S O} pue dx1€q) 109je sa3ueYD |BUOITBLLIOJUOD MOY 21e31ISaAU|
paiedwod saidiaua uoleziuol QINQOH Ul 9sea1d [euoidUNy 14 'saypeoidde [euoneindwiod a1epijea o} erep
-Ul A2 G'0X B MOYS SIWIOJUOD Y4 dAIDEOIg (ueissnen) |ejuaLiIadxe YHM SIaLwIojuod 4 jo saldiaud
'S9]1B1S pUN0g-u1ajoid Ul pue s1awIoy 08N UOIIEZIUO| [EDIL3A 3y} asedwiod pue 3)e|NdjeD e
-U0d UIMIaq SdUAIBYIP Sunou ‘SIaLIojU0D (ueissnen) 'SI9WI0JU0D
V4 J0j s31319Ua UOIEZIUO! [EDILAA P3JE|NdJED JSIETES V4 jo espdads uoipdajoloyd adusjeA dleNWIS o
“f1910W |Kozuaqouiwe uoneziuo| *SJ3WIO)
-d ayr woy asue Auewnd suoneziuor 319 (14a -U0D /4 JO 2INJONJIS DIUOIII|D BY} PUBISIDPUN o
-Ud }S9MO| PaMOYS SISA[EUE 21N1DNJ1S D1U0JID3|] —ueissnen) ‘Apn1s yidap-ui 1oy a|qess 1sow
“Apiqixayy [eanianas 3unydiysiy ‘y4 jo siawioy uoneziwndo 9211 9y} uo 3u1ISNd0} pue sidWI0JU0d 09 Zu1zZA|
[z11] -uod> aseyd-sed a|qeis jsow 2aiy) payluap| JEDTITIS) v/N -eue Aq A1|IqIXa|} [BUOIIBWIIOUOD S,/ 240|dX] o 6102
SoluBYDAW
FEN| s3uipuy jueoyiudis wnuend SOIUBYDAW [BDISSE|D) Apmis ays jo swie |euoneindwod FLEYN

(penunuod) ¢ ajqeL

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (12 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuiuod)
‘|9A9] JBIND3jOW By} 1B WSIUBYDIW UOI}
(dx1€g) -2€ 3y} Suikjlied pue s3uipuy [ejuawiiadxe Sul
'siso}foopua Sunow [euoidUNy 140 -poddns ‘sy4 ay1 yum SqN JO SuolldeIIUI pue
-04d ‘s92BJINS |22 J2DUBD UO Y4 01 pulq UBD SIN (ueissnen) fyuyge Suipuiq sy wuyuod Ajleuoneindwio) e
VSg-AN-y4 saresisuowap siskjeue 3uppoq sa1840ud *sy3isul Auadoud
'SUOI}DBIDIUI JUB[BAOD-UOU eam y3noayy [e3GI0 (d€dI1) |9pow uoneajos |ed1wayd 4oy ‘saididua QN PUE OINOH
ays Sulpuiq ¥4 ay1 01 spuiq SdN VYSg ul JAN Je|n23|o N (xod Suipnppul  ‘aunionais  d1U0JRIR S, UIRdLIAW
‘Aiaioe [ea13ojoiq pasueyua st 03 3uinquiuod (14a -wod Joydanai—puedi|) adAy |apow Jejndajopy sulwexs 01 suonended 14q Aodw3 o
‘ded pueq A8i1sua pajensja ue pauqiyxe JAN —uessnen) (¥S7d0O) pJay 92404 ‘swisiueydaw 3unad
's1so1ko0pua aAipde Sunjowoud ‘sy4 1oy Ajuyye uoneziwndo (3am» -1€] [|9D J3DUBD 413U} 31BPIdN|d 0} SY 4 03 uipuiq
1l SdN VSg-JAIN-Y4 pawayuod Suppop Jejndajo|y Aiawoan —198u1polyds) asemyos Jupppop Jend3jop (sdN) sopruedoueu ysg-IKN-y4 21e313S9AU| o 0202
‘Kdesayy 42>
-ued 4oy saydeosdde Kiaaljap Snup pasueyus o}
BunNqQuIUOD ‘BuBIqUIBW 3Y)} PUE -y USaMIDq
suojdesaiul areouiul ayy sydiysiy Apnis ay
‘spoy1aw Kianljap Snip paseq-aie|oy Suidojanap
40y [e12NID “1xa3u0d [ed130joisAyd e ul solweukp
J01dadau oqul syydisul sapinoid p-y4 pasoyoue *s||92 Jaoued 3unadiey Kiaaijap Snip
-1dD Sunesodiodul |spow Jakeiq pidijinw v jo Sulpuejsiapun adueyud 0} ‘v-y4 A|[edadsa
‘Buljepow ‘sioydadas urajoud paloydue-aueiquiaLu
wiaysAs ajesndde Ul aduepodwi sy 3uliodsiap JO  SDIWeUAp puB  SUOIDEIAIUI  JUILIEX] o
-un ‘ejep |eluaWILIAAXS JOLIIW A]2SO|D SO UOIS ‘salpadoud aueiquiswi |19 d13sejdoau [apowu
-Ud} 9DBJINS 0JIZUOU JUBISUOD Y}IM SUOIIB|NLUIS oy} puejsiapun o} siajewesed Japio wiNuR)
'SUOI1eJ9)|E |BINIDNIIS Jofew WOl -nap pue ‘ease pidi| ‘sajyoid Ausuap azhjeuy e
PUISIP ‘DUBIGUIBW dY) WOy KBME pue piem (d€dI1) |opow uoneajos 'sadueyp |eINIONIIS pUB SUOIENIdINY SN
-0} Juawanow uiajoad Zunesipul ‘suonow ,Sul (xo)dwod Jordadas—puedi|) adAy japowu -JoA uo Suisnooy ‘sawayds 3uljeds ainssaid sno
-ABM,, SHQIYxa awinjoA 1a3pod 3uipuiq pued 1en23|o|\ (0IOADTdY) SISAjeue aueiquId|y -L/BA J3PUN JOIABYI] UBIGLUAW pUE Y4 240|dXT o
“JOIABY9q dUBIQUIAW pue 4 spedul (SOVINOYD) 2iemyos uonenwis qiA 'swialsAs K1anijap Snup paseq-alejoy Apnis
[or1] Apueoyiudis 3uijeds aunssaud didosjosi-iwas v/N (9EWINYVHD) play 22404 01 0-y4 Yyum |[apow Jake|iq pidijinw e dojansq e 0202
*UOIIN|OS Ul W10y
JuawWolne) Jueulwopald s,a1ejoj Ajlie|d 0 elep
YN [BuswadxXa pue [BD132403Y} SAUIqUIOD)
‘UOIBLIOJUOD S, 3|Nd3jowW ay) Aq padueyd
-un  sutewas Zuuspio A3isus siawolne| 's|9
‘uiayd Jo ¢N pue [N 1e (dx1€9) -pow |euoieindwod yim OSING pue Ja1em ul
a3ueyoxa uojoid pides yum ‘OSNQ pue Jarem JeuondUny 140 SI9LIOINE.] Y4 JO SYIYS [EDILAYD YAIN 21B|ND[ED o
Ul SJ9WO0IN.] Wede| Wwiyuod ei3dads YN HL (ADd- ‘Buppop 9|qIxay eiA
‘suon ueissnen) YN (xord ¥4 Yl yiM suoldeISIUL SISWOINE] {4 DIPaid e
291Ul Y4 9|qesedwiod ZunsadSns ‘suoidesan (ueissnen) -wod Joydadai—puedi|) adAy |spow Jejndajopy 's1awioiney Jo Ayduesaly £31aus ayy uo uonew
-ul aules JejlWis HQIYxa sisawoine] Welde| yiog O8N (d€d11) [9pow uoneAjos -104U0D JE|NJ3jOW JO dUINRUI By} o1ediisanu| o
42y31y | _jow [e] §°Z (ueissnen) (6266439INY) pIaYy 22404 "SUl[es Ul SI3W0INe} Y4 3AI3SqO 0}
Bulaq  |N-v4  yum  quapye-A3isus  jsow uoneziwndo (SOVINOYD) 2iemyos uonenwis qiA SUOIJB|NLUIS SOIWBUAD JB|ND3JOW DIISILOIE 3S o
[sLi] Ayl SI Y4 JO Jawoine} ¢N-y4 LWede| ay| Ainawoan (euIA 320Q0INYy) aseMmos 3undop Jend3|oN /4 JO SWIOJ DLIBLWIOINE] 3|qE)S 1SOW BY] AjIUap| e 6102
SoluBYAW
JEN] s3uipuy jueoyiudis wnuend SDIUBYDAW [BDISSE|D Apnis ays jo swie jeuoneindwo) Jea)

(penupuod) ¢ 3|qel

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (13 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND
SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuiuoD)
‘saideJayy pajadie) ul suon
‘Kianijap Snup paiadie) Joy [enuajod s a1e3n(uod -DeJaul J03dedai-3nup jo Aijiqeis pue Adedye
ay1 Suuodsiapun Aujiqels pue £3iaua 01 A|qe ay) sedueyua uonednfuod gdg moy alojdxy e
-10AE} 3U1INQLIAUOD SANPISaI PayIIuap! siskleuy e ‘K1anijap Adeuayy sedued paradiey Joy
‘a1s Suipuiq Y4 ayi 1e Aljiqow anpisal pasnp uonednfuod gdg-y4 jo |enualod ayy a1eS13sanu| o
-a4 pue Aupiqeis pasueyus uonednluod gdd e IS
“fouaisisuod wasAs Sunedipul ‘sanjea 3y pue Suipuiq vy ay1 jo A3iaua pue KyijIqow Kijiqels
ASINY 2|qeIS YHMm paAdlyde sem wnuqiinby e d€dIL) [opOW UOIEAOS o ay3 uo uonednfuod g4 jo 1edwi oy} sulwexy o
‘ny4-ode pue (xod 's21
v4 paiednfuodun sa waishks y4/Adg-v4 ay -wod Joydadai—puedi|) adAl |apow JENJSON e -Weudp pue suoldeIalul y4/ddg-v4 dzAjeuy e
Jo Aujiqers Jaydiy pawyuod suonenwis QN e (aS¥Ly ¥IAINY) PlaYy 22404 o 0¥ piEMO] SLIBISAS 2a4)-puedi|
‘0Y4 pue 4 parednfuod usamy (3L ¥39NY) s1emyos uonenwis QN e pue y4 paiednfuodun sa qdg o1 parednfuod
l6LLl -2q Anuyye Suipuiq ySiy pajesjsuowap Suppoq e v/N (}pogoiny) aiemyos 3upo0p JeNBON e v4 jo Aujiqels pue Ayuwe Suipuiq ayy Apnis e 1207
(Xz90 "¥4 01 punoq vy 4 ayi pue Odg e
pue dA1€g) U39M]9q WISIUBYDSW UOIDEBISIUI BY] 31BPIDN|T o
|euoipuny | 4Q *s398.e) [e2130]01q Y1IM SUOIDEID)
08N -u1121paid 01 Odg € UIYIM SIS dAIIOBAI AJ1IUSP| o
sojweukpoway | "Odg€ Jo Ainioeal e
AujiqeziejodiadAn -N23|OW PUE SUOIJISUEBI] DIUOJID3D 91e311SaAU| o
[enuaiod ‘sa181aua [euonelqiA Joj (Q3d)
11B1S04109|9 uonnquisiqg A3iaug |enuslod ay) azkeue pue
"OSING pue Jaiem ul AyjiqezisejodiadAy saydiy Je[nd3jo N sdnou3d [euoiduny Aiuapt 03 ea0ads uewey-| 4
Bu1j0U ‘SIUA|OS JUDIIYIP SSOIDE BAIN Y|I| SPIEp SIAN pue ¥|-14 Jo siskjeue aaijesedwod & 1PNpUOD o
-uejs 03 sanjea 0N s,punodwod ayy Suied sa181aua *S]UBWIUOIIAUS aseyd-1uanjos
-wod ‘saiadoud [eonndo Jesuljuou pajedilsanu| o [eNgIo Ul JOIABYSQ SH PUEBISIOPUN O} SJUIA|OS SNOLIBA
‘aunjesadwua) Yim sUoIdUNY Ul 3SEIDUl UB Je[nd3jo N ul Odgg jo saiuadoud eanoniis sy} sulwiexy e
Suiniesqo (3 000L—00L) sa4njesadway ssode (ywaan) ‘Odg¢ jo uon
suoipuny diweudpowayl d1eis pandwod e sjuawiugisse -ewJojuod [ewido pue A1ijiqels ayl aulwiRRg e
‘sonst |eUOIIRIQIA ‘spoyisw
-1apedeyd puoq H— Suoas Sunydiydiy ‘sa|3 uoneziwndo (xod oidodsospads  Suisn  ainpnuis  aendsjow
-ue pue syi3ua| puoq [ed119109Y} pue |ejudwI Aiawoan -wod Jojdasai—puedl|) adAy |spow Jejnd3ON e (odgg) auo-| -ua-g-doid (jAusydowoiq
[gL1] -1adxa uaamyaq aduaniSuod ySiy pajesisuowaq e ueds 534 (3p0@oiny) 21emyos 3udop JEND3ON e -p)-L —(|A-p-1Auaydiq)-¢—(32) wiyuod e 020z
"0 Y4 01 pasedwod suolidesaul punod
-Wo0d Jaeam o} sped| pod Jsjlews s, Y4 e
"apisino ajeweln|d
pue 19ypod padieyd Ajaanedau ayy ur ajeosard “fouadys 3unnadie ¢ pue v ¥4 pasueyus
yum  ‘Buipuiq  ajejoj diwiw  spunodwio) e 10y spunodwiod Suiidnod sy pue y4 3uikjipow
g 101 kq saqoud pajadies-arejoj jo A1dyidads anoidw|
-dadas yum 31 9dnpai 1nq o J01dadal yum Auye ESENIETe)
Suipuiq anosdwi sdnoud |euonduny Jaduo e juade 3uiBewi/onnadesayy sdueyus o3 sadhy
‘suoljdesdiul Joydadal ui sdnoud sayro -qns ¥4 dyidads Joj sajejojiue pajadiel udisaq e
ueyy alow A1jiqeis adueyus sdnoid |AxoiphH e (d€dIL) |9pow uoneAjoS e *f pue » sy4 yum Auye Suipuiq
‘g pue » Y4 yum uonezi| (g-g14q) (up|i-gseeiaquuy) p|ay 22104 e uo azis dnoud |euonpuny jo Pedwi 3y} SSISSY o
-1qe1s xa|dwiod aouanpyul Apueosyiudis (oulwe uoneziwndo (SOVINOYD) 2iemyos uonenwis QN e ‘Buipuiq ¢ pue v sy 4 uo (oulwe ‘|AxolpAy ‘|Axoq
[z6] ‘|Ax01pAy ‘|Axoqued ‘|Ay1aw) sdnoud euonpuny o 21NN (3p0@oiny) a1emyos 3udop JBNDION e -1ed ‘|Ay1aw) spaya dnoud jeuoinduny azhjeuy e 020z
sdlueydaw
FEN| sSuipuy jueoyiudis wnuend SOIUBYDIW [BDISSE|D) Apnis ayy jo swie jeuoiendwod Jesp

(panunuod) ¢ ajqeL

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (14 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

(panuguop)
‘uoljew
-WEUl PUB S||9D JDUBD UIIMIBQ 31BIIUSISYIP
0] gy4 pue vy Joj sajejojue pajadiel udisaq e
'saxa|dwod punoq ayy ui wnuqi| ‘suone|nwis giN y3noays saxa|d
-inba pajesipur sjuswiapd [eandNIIS Alepuodas -WO0D puNoq JO SJUaLWIJa [BINIINIIS AIepuodas
pue juawade|dsip aienbs ueaw 1001 Ul A1j1qeIS pue juswade|dsip aJenbs uesw 100J aulwex] e
"B3JE 9DBJINS PUE ‘BN ‘saxajdwod
-|oA 19320d ‘sanpisas Lol ‘sainidnals Sul (xoyd JO BaJE 3DBJINS pUE ‘BUWNjOA 19xd0d ‘sanpisal
-puiq jo siskjeue y3noiy) pauted sem suoide -wod Joydadai—puedi)) adAy |spow JejNdBON e uoippesdul  ‘saunpnais  Sulpulq  azAleuy e
-193u1 Jendajow saxa|dwiod ayy ol 1ydisu) (d€dIL) [9pow UoneA|oS o 'S91B|0}1IUB 3531 10} gy
"K1an1jap Snup pajadiel-vy Joy e1ud) (NQ11-9S66434INY) PI3Y 22104 o pue vy4 usamiaq saiSiaua Suipuiq asedwo) o
-od s1ay1 SunyBiydiy ‘gy4 pue y4 o3 saidiaua (SOVINOYD) 2iemyos uonenwis i\ e ‘g4 pue ¥4 yum sajejojijue [pAou 1Yo
[zzLl Suipuiq 1punsip pamoys g pue ¢ spunodwo) v/N (3p0goiny) aiemyos 3undop JeNBON e Jo saiuyje Suipulq pue sainnils 91e31saAU| o 220
‘ejep Auyje Suipuiq [eauawil
-19dxa y1Im JUR1SISUOD ‘Sa1I01D3(eI} patILUI| Yiim
sjinsas adnpoidas o1 Ajjiqe suonenwis ayy
Aq paiepijea sem yoeoisdde |euoneindwiod ay |
Buipuig
SAI12YS o) [e1d swisiueydaw Zunydiydiy
‘SUOI1DBIIUI qUIOINOD PUE S|BEA\ J3P UBA pUE
‘Bunpoels-z ‘spuoq uadoipAy Aq paziisideleyd
sem 31is aAI1oe 3y o1 Suipulq Joydadai—puedi] ‘s
‘suonendy -dojanap wiaysAs K1anijap Snip paradie; anoudwi
-uod 3uipuiq |eyuawiadxe Sunedijdas ui Aoeand 03 Sulie ‘0-¥4 01 SIAIIBALISP S)I PUE 21B[0) JO
-2e s,uoienwis ayl Suiwiyuod ‘xajdwod vy sadess Suipuiq snoauejuods |eiiul 3y 9zAjeuy e
-21€]0} 3y} JO a4nan3s [e3skid ayy yum Suiudije ‘Auyje pue Aypyads puesi| jo Suipuels
auo yum ‘paynuapl aiam sasod Juipuiq om| -1apun pajielap e y3nouyy swiarshs Aiaijap Snip
‘saipuyye 3uipuiq pa1adier-n-y4 Suiudisap ojul syydisul apinoid e
Joyeam  pajeljsuowap  aulyyuiokosand  pue ‘sjuawiuoliAUS |edi3ojoisAyd
a1exaijoyd|\ “3uipuiq dyadsuou pake|dsip Ul ‘aueJqUIAL |92 B Ul pappaquia Joidadal ayy
paxaJjawiad ajiym 4oidadal ay) Jo IS dAIPE uo 3uisnooj ‘suondesajul Joydadai—puedi| Apnis e
ay1r o1 3uipuiq dyads panuqiyxe paxaiifel "0-y4 01 ssadoud 3uipuiq
pue ‘31e|0j04pAYRIIRYAYIB -G ‘318|104 (xod ay1 Buunp suoijdeISUI JBIND|OWISIUI BY) S1Ep
‘spue3i| JUaJayIp SSOID. Uol} -wod Joydadai—puedl|) adAy |spow Jejnd3ON e -1on[3 pue spuedi| ay3 jo A10y10ads ayy ajenjers e
-eJNp pue ‘uoiedo| ‘swiy 3uipuiq ul uoleleA (d€dIL) [9pow UONEA|OS ‘suoljipuod [ed13ojoisAyd Japun suoljein
Buimoys ‘spuoddsouBU UIYHM SI|NdIOW |[B (SOVINOYD) 21eMyos uoienwis iN- e -wis QN Wole-||e Suisn -y 4 01 SIAITBALISP INOY
lLteul Jo Bulpuiq snosuejuods pajeaAas suolE|NWIS v/N (WNYVYHD) PIay 92104 o pue sw.ioj 21e|oj oM} jo Zulpulq ay) 91e31ISaAU| o 1202
‘Adeiayy 19duED Joj S91EPIpUED PE3| SE
807104 PUe £0704 10Ag) suoidipaid xo] JNQY
“19%p0d Buipuiq vy 4 Y1 UIYIM SUOIIDEL
-1B D13BISOJIII[ ISBAIDUI SUOINIISNS dSAY | ‘udisap puedi| vy4 ui sdiysuoieas
"0yY4 pue sSojeue AIADE—24N1DNIIS JOo BulpuBISISpUN PIDUBAPY e
9say} UsaMIaq  sax3|dwod  9|qRIS  Wyuod 'SjuaWIeaI] Paladiel-vy 4 10} SIAIBALIDP
suolje|nwis solWeukp pue 3upop Jends|oln d€dILl) [opow uoieAoS e asayl jo |enusjod dnnadessyl syl s$sISSY e
"91IS SAIDE S, 0y 4 YHM suoiidesdiul pue Suipuiq (xod 0y
8uons 1uqiyxe 80704 pue £07104 sSojeue v -wod Joydadai—puedl)) adAy |spows JeNBON e pUB SSAIIBALIBP Y4 PaIniiisqns-dijakdoisiay
0y (asyLy ¥INY) PRy 92104 o UIMIdq  SUOIPDRISIUI  JenddjOW  dzZAeuy e
1o} Ajuyye s3ojeue y4 duBYUS SuonNIISgNs (439INY) 21emyos uonenwis AN e "0y 4 yum A111qe1s pue AluLye s 4 uo suoi
loz1] (80104) ausydoiyzozuaq pue (£704) sjozes3aL v/N (po@oiny) asemyos 3uppop JendsoN e -nIsqns d12Ad0919Y JO S109Y9 a3 1eNsaAu| e 1202
solueyd3W
§EN] s3uipuy jueoyiudis wnuend SOIUBYDSW [BDISSE|D) Apnas ay3 jo swie |euoneindwod SEETY

(panunuod) “¢ ajqeL

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (15 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

25130390, 2024, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adts. 202400377 by South African Medical Research, Wiley Online Library on [03/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND

SIMULATIONS

www.advtheorysimul.com

www.advancedsciencenews.com

[sz1l

[vzil

[ez1]

‘syuage oi3sou

-3e1p JadUED 3A11D3|3S BUI1EaID JO) SNUIAE M3U B
Sunsaddns ‘Hd moj 1e 3|qels aiow aq 03 paiIp
-a1d S Y4 YlM UOIDRISIUI S ,318(0)-Yd L A-PD
‘Suipuiq Suedw ‘Buu uuaid s ,y4 sjad

-a4 a)1s Sulpuiq s,0y4 ul | gdsy Jo uoieuolold

"ays pued|| sy uiyum Suipuiq s,y4 uo

S109)42 413} PUB SANPISAJ S, Y4 JO SIIBIS UOl}
-euojoud ur sadueyd paynuapl suonenwis g
‘Aij1qess uondesajul Jundaye ‘Hd

|ea180jo1sAyd o3 pasedwod (pjoj-000z Aq) Ajje!
-1ewelp sdoip vy 4 4oj Alulye s y4 ‘Hd a1pde 1y
‘944 01 pasedwiod ny4

01 Anuyye 3uipuiq 4aydiy ploj-0§ B SHGIYXe v
'94N12N13S JB[NJ3|OW JI3Yy) 0} SUOIedy

-lpow Jouiw aydsap ‘suonipuod |edidojoisAyd
Japun Joleyaq s,y dlwiw A|8ie| saiejoyuy
‘sarpadodd J1ays 10aye A3ydi|s suoiedyipow
Jejndsjow aigns 3unsaddns ‘y4 woly sadud
-I2YIp |BJNIONIIS JOUIW [BIASS SaN[eA SINY
"4 01 JejIWIS J91EM

Ul SUOIJBLLIOJUOD PalIeA puE A)

_XME HCNUW:C
-3Is ,Sa1e|04llUE 3lJISUOWBP SUOEINWIS A
‘s3unjues A31aua PUNSIP YIM SUOIPAS
uipuaidoulwerp-y‘z pue uuaid ayy 4oy suol}
.m‘_BM_..vCOU 9|qEl1s m_mw>wh m_mx_mcm Juawoine|
Az

01 saiadoud juepixoiue Je|iLUIS dleJISUOWIP
s3|ndajow alejojljue oy |enuajod uoleZIUO!
|ediuaA pue A31aus uoleOSSIp puoq H—N

‘uonesndyuod 3uipuiq
9|qers ajow e 3unsaddns ‘xoidwiod 0y4/v4
pazi|eiskid ayy o1 pasedwod weassdn Ajiqi
-3l s3] pamoys xa|dwod N4-G-D3d-V4 YL

‘Buipuiq 3nup 3uinosdwi ‘dooj 9)q

-IX3|} S,211S dAIDE dY) dZ1|IqeIs 1ey) (9| sA] pue
‘opLdiL ‘ggLdil) senpisas dypdads paynuap
044 yum xajdwod Znipoid N4-6-D3d-v4 dYi
puUE SpIDE OUILE U29MIaq SISA|jEU. LOIDEBIIU|
"2UOJE /4 UBL1 Y4 Yim Aluie Buipuiq

pue Aupqels saysSiy sey xajdwod Snipoid N4
-6-D3d-V4 Y1 ey} pajedIpul suoenwis g

v/N

(axzeam)
Jeuonduny | 4Q
(ueissnen)
OdN
$109}43 JUDA|OS
uone|nded
£31aua
juiod-3j3uis
uoljeziwido
[SIEDICELS)

v/N

(xod

-wod Joydasai—puedl|) adAy |spow Jejndsjopy
(44vD pue gS¥1y) spjay 2204

(438 NY) 24eMyos uonenwis N

(xord

-wod Joydasai—puedl|) adAy |spow Jejndajopy
(d€dIL) [9pow uoeajos

(44vD) pay 2104

(438 NY) 21eMyos uonenwis g

(xod

-wod Joydadai—puedl|) adAy |spow Jejndajopy
(d€dl11) [ppow uonenjos

(ase6yIaNY) PPy 92104

(¥38Nv) 21eMyos uone|nwis AN
(3po@oiny) aremyos 3uydop Jejndsjoy

‘uoldeIUI
Y4 -4 uo Hd jo 1oedwi ayy Suipueisiapun £q
Adeuayy pue soijsoudeip Jadued adUBYUS O} WY

‘suonenwis qA
y3nouys xa|dwiod vy 4 -4 ays ul sadueypd |euol}

-ewJojuod pue Ayjiqess paonpul-Hd azdjeuy

"Y4 pue sajes uoijeuojold sanpisai

3|qeZIUO! DY UIIMID] LOIIDBIDIUI Y] SUILUEXT
"DY4 PUE Y4 U2IMI] S|[D

JduEd Hd JIpIde Jo S109a Zuipuiq ay3 a4o|dx3

sa|nd3jow Jo
$94N12N13S JAISN|D pUB ‘YSYS ‘ASINY ‘Suipuoq
uaSoipAy 10IABYIQ |EUOIIELLIOJUOD SBUILUEXT
'sySisul Aiqels

|BUOITBLLIOJUOD 104 SUOIeINLWIS I\ 12NPUod
'S9|ND3|OLU 91B[OJIJUE PUE 9)B|OJ LUOJJ SUOIIED
|edIpes pue s|edipes jo Ajjiqeis ayy azAjeuy
"421eM ul |eijuajod UOIBZIUOI [BDI1IA

pue £3iaua UOIEIDOSSIP puoq H—N 21e[NdjeD
"v4 03 s338[0411

-ue unoy jo saiuadoud juepixonue ay} asedwo)
"K1aA119p Snup pajadiey Joj suonedijdwi J1ayy
pue ¥4 Yyum N4-G-D3d-v4 pue V4 jo sspow
Suipuiq ayy a10|dxa 03 suoneNWIS QA dZI|1IN
'91IS 9AIDE DY 4 Y}

qesls ay}
03 ‘9¢| A7 pue ‘OpLdiL ‘gglLdiL Buipnpul ‘spie
oulwe dydads jo uonnquIuod dy} azkjeuy

01 juadelpe dooj 9|qixa} 3y Jo UoIje

‘spoyaw
Jeuoneandwiod 3uisn ays aAIDe DY 4 BY] UIYHM
N4-5-D3d-V4 Pue 4 Jo Ajiqels ay3 23edisanu|

"0y 4 Yyum Snup
-oud N4--D3d-V4 Y3 pue v jo soieukp 3ul
-puiq ay1 21BpIdN|9 0] SUOIIB[NWIS A 12NPU0)

ceoe

[44v4

[44\14

)

s3uipuy jueoyiudis

SoluBYPIW
wnjuend

SOIUBYDSW [BDISSE|D)

Apnis ayy jo swie jeuoneindwod

JLETN

(panunuod) *¢ ajqeL

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

2400377 (16 of 22)

Adv. Theory Simul. 2024, 7, 2400377


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND
SIMULATIONS

www.advancedsciencenews.com

deemed directly relevant to the study’s objectives and were there-
fore selected for comprehensive analysis. The selection criteria
ensured a focused review on the utilization of QM and MM anal-
ysis methods, to deepen the understanding of how FA can be
used effectively in cancer therapeutics.

In recent years, molecular docking has evolved into a cru-
cial instrument for in-silico drug design and development within
the framework of classical mechanics approaches.®®! This tech-
nique models interactions at an atomic level, specifically be-
tween small molecules and a protein of interest. This results in
the behavior characterization of small molecules when within
the binding site of a target protein.®] A wide array of compu-
tational tools are available for molecular docking methods, in-
cluding both proprietary and open-source options.I*®! A previ-
ous study indicates that the most frequently utilized software
applications for molecular docking are AutoDock Vina, Discov-
ery Studio, Surflex, AutoDock GOLD, Glide, MCDock, MOE-
Dock, FlexX, DOCK, LeDock, rDock, ICM, Cdcker, LigandFit,
FRED, and UCSF Dock.”!) However, AutoDock Vina, Glide, and
AutoDock GOLD have been identified as the leading options,
as they demonstrate accurate docking scores.!®] The systematic
review analysis of docking tools indicates 13 studies employed
AutoDock or AutoDock Vina and two studies, which correlates
with the findings of Agu et al.[38]

Molecular dynamics simulations are extensively employed to
explore conformational changes during the interactions between
proteins and macromolecular complexes, providing an under-
standing of basic functions, operational principles, and mecha-
nisms at the molecular level.l”?] There are several software pack-
ages available for MD simulations which include, CHARMM,
GROMACS, NAMD, AMBER, and OpenMM.[**] Literature indi-
cates that GROMACS is a preferred option for MD simulations,
especially in protein studies. Key advantages of GROMACS in-
clude speed, accuracy, and adaptability in conducting high-speed
biomolecular simulations.® The systematic review of MD simu-
lations reveals that GROMACS is the most commonly used soft-
ware in FR research, with 12 studies utilizing it, followed by AM-
BER with five studies.

Table 3 indicates several studies that have included the self-
consistent charge density functional tight-binding (SCC-DFTB)
approach.®>%7l This approximates QM derived from DFT and
uses a second-order expansion of the DFT total energy expres-
sion. It aims to overcome the limitations of conventional DFT
methods in accurately modeling biological systems, especially
in scenarios involving weak binding forces and charge transfer
problems.[8]

Furthermore, in all studies that have QM calculations, GTOs
were employed. In biological research, GTOs are prevalently em-
ployed for the electronic structure calculations of biomolecules,
with the 6-31G(d) basis set being predominantly used. This set,
distinguished by the inclusion of polarization functions (d func-
tions) on heavy atoms, enhances the accuracy of electronic struc-
ture descriptions for molecules comprising elements like car-
bon, nitrogen, oxygen, and sulfur. In addition, this basis set bal-
ances detailed molecular insight and computational manageabil-
ity; therefore, is preferred in the study of biomolecular electronic
structures.[?’]

The progression of research on FR interactions from 2014 to
2023 highlights a significant evolution in strategies for cancer
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therapy, particularly in the context of targeted drug delivery sys-
tems. Early research from 2014 to 2016 established the founda-
tion by focusing on the prediction of interactions with synthe-
sized compounds, analyzing binding modes, and understanding
the structural requirements for effective and selective drug deliv-
ery systems targeting FRs. In 2014, the research aimed to pre-
dict interactions with FRs (FRa, FRf) and glycinamide ribonu-
cleotide formyltransferase (GARFTase), analyze binding modes,
and validate docking software. The study identified selective inhi-
bition by specific compounds and highlighted structural features
crucial for binding and activity, suggesting pathways for targeted
chemotherapy with lower toxicity. However, the reliance on clas-
sical mechanics without quantum mechanical validations limited
the study’s scope. By 2015, the focus shifted to investigating FA’s
dissociation from FRa and characterizing atomistic interactions
using MD simulations and metadynamics. Key residues and in-
termediate states were identified, enhancing the understanding
of dynamic binding processes and receptor functionality. This
study provided a deeper insight into receptor-ligand interactions
but was focused primarily on FA dissociation, limiting its broader
therapeutic implications.

In the following years (2017-2018), research efforts concen-
trated on analyzing interaction structures and intermolecular in-
teractions. The first study in 2017 employed density functional
tight-binding (DFTB) methods to calculate interaction structures
with FRa and FRf and analyze intermolecular interactions. The
study provided valuable insights into structural features and
binding modes. However, being purely theoretical, its direct ap-
plication to drug design is limited. The second study in 2017 as-
sessed the binding of FA-PEG dendrimers to FRs, demonstrating
enhanced solubility and stability, and potential for cancer therapy.
These findings highlighted practical implications for drug deliv-
ery systems, yet in vivo studies were needed for further validation.
In 2018, the first study focused on determining the binding en-
ergies of novel fluorescent antifolates (NFAs) with FRa and FRp
using molecular docking and dynamics simulations. The study
identified higher binding energies for NFAs with specific struc-
tural properties and provided insights into hydrogen bond dy-
namics, aiding in the design of targeted antifolates. However, the
impact of fluorescent properties on biological systems was not
fully explored. The second study in 2018 investigated MTX con-
jugates’ binding to FRa and FRp, highlighting the importance
of amino group orientation for binding stability and suggesting
pathways for further drug development targeting FRa. By 2019
and 2020, the scope of research expanded to examine the confor-
mational flexibility of folate derivatives and the influence of func-
tional groups on the stability of these complexes, alongside the
development of multilipid bilayer models for fine-tuning drug
targeting mechanisms. In 2019, the first study explored FA con-
formational flexibility and electronic structure using DFT and
MD simulations, identifying stable conformers and ionization
energies. The study provided detailed insights into FA conform-
ers; however, didn’t entirely address practical applications in ther-
apeutic contexts. The second study in 2019 investigated folate and
antifolates in solution, revealing structural flexibility and consis-
tent interactions with water. While this study advanced the under-
standing of the dynamic nature of these molecules, its broader
implications for drug design and delivery required further ex-
ploration. In 2020, the first study developed a multilipid bilayer
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model to study folate-based drug delivery systems, providing in-
sights into a receptor—-membrane interactions crucial for devel-
oping effective drug delivery systems. The second study in 2020
investigated the binding of FA-Myr-BSA NPs to FRs, demonstrat-
ing the potential for cancer cell targeting and enhanced biological
activity. However, in vivo validations were necessary to confirm
these findings.

This period marked a shift toward a more nuanced investi-
gation of molecular structures and interactions to refine can-
cer therapy approaches. Alongside these developments, compu-
tational methods also saw parallel improvements. The transition
from basic molecular docking to complex MD simulations and
QM calculations illustrates a broader trend toward leveraging en-
hanced computational techniques for detailed insights. The re-
search increasingly focused on the specificity and selectivity of
folate-based drugs, aiming to minimize off-target effects and en-
hance therapeutic efficacy.

Furthermore, the exploration of novel drug candidates and tar-
geted delivery systems reflects an ongoing pursuit of innovative
solutions in drug development. This is observed from 2021 to
2023, when studies demonstrated the enhanced binding affinity
and stability of g-cyclodextrin (#CD) conjugated with FA to FRa,
signifying a leap in potential for targeted drug delivery. The re-
search highlighted the promise of heterocyclic substitutions on
FA for increasing affinity toward FRe, and detailed MD simu-
lations provided key insights into spontaneous binding mecha-
nisms of folate forms and derivatives. Investigations into novel
antifolates in 2022 revealed distinct binding energies to FRa and
FRp, demonstrating their potential for precision drug delivery.
Additionally, research on FA-PEG-5-FU prodrug complexes em-
phasized the role of specific amino acids in enhancing drug—
receptor complex stability.

4.3.5. Future Directions

Dynamic Behavior under Physiological Conditions: ~ Studies fre-
quently concentrate on static binding interactions, often neglect-
ing the dynamic behavior of ligand-receptor complexes under
physiological conditions. The 2022 study on pH effects repre-
sents progress in this area; however, further research is required
to comprehensively understand the behavior of these complexes
across diverse physiological environments.

Broader Range of Ligands: Most studies concentrate on a lim-
ited set of folate derivatives and antifolates. Exploring a broader
range of ligands, including those with novel functional groups or
backbones, could uncover new insights into FR interactions and
potential therapeutic applications.

Synergistic Effects with Other Therapies: Most studies focus on
folate or its derivatives in isolation. Investigating the interaction
mechanisms between these compounds in combination with
other therapeutic agents or within multi-drug regimens could of-
fer valuable insights for developing comprehensive cancer treat-
ment strategies.

Integration of Computational Models: In the field of drug deliv-
ery, an array of simulation methodologies can be implemented.
The Monte Carlo (MC) simulation uses stochastic sampling and
generates numerous potential outcomes in complex systems.[”]
It is instrumental in drug delivery systems (DDSs) for simulat-
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ing drug and delivery vehicle behaviors, aiding in the optimiza-
tion of drug delivery strategies.['%) Both Finite Element Analy-
sis (FEA) and Computational Fluid Dynamics (CFD) can be em-
ployed to simulate the translocation of a pharmaceutical agent
through a biological system. The FEA is suited to complex sys-
tems, as it divides the system into smaller segments for individ-
ual analysis.['%] Conversely, CFD operates through the use of nu-
merical algorithms.['?]

Currently, MD, MC, FEA, and CFD are used independently in
DDS simulations. Combining two or more of these methods can
enhance the understanding of DDS by leveraging the strengths
of individual approaches as a collective.

There are two integration modeling strategies. The first is a
multiscale model that integrates different models across varied
time and length ranges, which necessitates optimization and val-
idation to achieve coherence with data outputs. Despite its com-
plexity, this framework is a robust tool for advancing drug deliv-
ery technologies and improving therapeutic outcomes.!'! The
second strategy is a hybrid model, which combines multiple sim-
ulation techniques to model different aspects of DDS behavior.
Hybrid models are more resource-efficient than multiscale mod-
els, as no data exchange between different ranges is required.

Artificial intelligence (AI) and machine learning (ML) hold sig-
nificant potential for advancing the field of drug delivery. These
technologies process extensive datasets from simulation models,
identifying and connecting patterns, where traditional statistical
methods fail.[10410%]

Advancing Scientific Research through Open-Source Platforms
and Collaborative Practices: Open-source software platforms,
serve as a universal infrastructure for the development and dis-
tribution of simulation models. The dissemination of simula-
tion data and models, coupled with data sharing and collabo-
ration among researchers, significantly enhances the accuracy
and reproducibility of these models. These practices foster trans-
parency, stimulate innovation, and contribute to the advance-
ment of scientific research.

5. Conclusion

The process of pharmaceutical development, from concept to
market, is both protracted and financially burdensome. The inte-
gration of computational chemistry into this landscape has accel-
erated the development process by employing drug efficacy and
safety profile assessments. Central to drug action mechanisms is
the “lock and key” model of receptor engagement, which serves
as a predictive framework for the outcomes of drug interactions,
whether therapeutic or adverse. This model is subject to ongoing
optimization, thereby enhancing the precision and efficiency of
drug development efforts.

Further enhancing this landscape is Computer-Aided Drug
Design (CADD), which plays a pivotal role in refining Structure-
based and Ligand-based Drug Design strategies. The SBDD is
informed by detailed 3D structural analysis of biological targets,
while LBDD compensates for the absence of structural data by
focusing on the bioactivity of potential ligands. In computational
chemistry, classical mechanics (MM and MD) and quantum
mechanics (Ab Initio, semi-empirical, DFT) form the core
methodologies. The MM and MD methods are advantageous
in speed and capacity to handle complex molecules; however,
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cannot calculate electronic interactions. In contrast, quantum
mechanical methods provide a comprehensive understanding of
molecular energetics and electronic structures but are resource-
intensive, presenting a trade-off between speed and precision in
drug design predictions.

Over the last ten years, this trade-off has been explored through
a comprehensive review of FR research, highlighting consider-
able progress in developing folate-based drugs for cancer therapy,
with an emphasis on the contributions of computational drug
design. Key findings include the predominant use of molecu-
lar docking and dynamics simulations to understand drug-target
interactions, with AutoDock Vina, Glide, and AutoDock GOLD
emerging as accurate tools for docking. GROMACS stands out
for molecular dynamics simulations, preferred for its efficiency
and precision.

The research trajectory evolved from foundational analyses of
FR interactions and binding modes to more complex strategies
for selective drug uptake and detailed studies on molecular struc-
tures and interactions. Quantum mechanics advancements, like
the SCC-DFTB approach, improved the accuracy of modeling bi-
ological systems. The use of Gaussian-type Orbitals (GTOs) with
the 6-31G(d) basis set became common for calculating electronic
structures, offering a balance between detail and computational
manageability.

Recent years have seen a focus on enhancing drug specificity
and selectivity, with computational methods evolving to provide
deeper insights into molecular behavior. This decade of research
has been pivotal in advancing cancer therapy through targeted
drug delivery, leveraging computational techniques for more ef-
fective treatment solutions. However, while theoretical and com-
putational advancements have been substantial, practical appli-
cations and experimental validations remain crucial for trans-
lating these findings into effective therapeutic strategies. Future
research should focus on bridging the gap between computa-
tional predictions and real-world applications, emphasizing in
vivo studies and clinical trials.
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