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

Andrea Jess Josiah, Krishna Kuben Govender,* Penny Poomani Govender,
and Suprakas Sinha Ray*

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 FR𝜶 and FR𝜷. 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
targeted therapeutics.

1. Introduction

Folic acid (FA), chemically represented as (C19H19N7O6), is
alternatively known as (pteroyl-l-glutamic acid) a B9 vitamin,
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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.[1] The terms
“folic acid” and “folate” are frequently used
interchangeably; however, FA is not natu-
rally occurring.[2]

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.[3] Folate receptors
are classified as glycoproteins and com-
prise ≈240–260 amino acids[4] with a rel-
ative molecular weight of 35–40 kDa.[5]

These FRs are categorized into four iso-
forms, namely FR𝛼, FR𝛽, FR𝛾 , and FR𝛿.[6]

Isoforms (𝛼, 𝛽, and 𝛿) are transmembrane
proteins attached to the cell surface via gly-
cosylphosphatidylinositol (GPI) anchors.

Conversely, the FR𝛾 isoform lacks the GPI anchor, resulting in
detachment from the cell surface.[1] 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.[7]

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.[8] Literature indicates the up-
regulation of FRs in various carcinomas, which include the lung,
kidney, brain, ovary, colon, breast, and myeloid cells.[9] How-
ever, FRs exhibit low levels of expression in non-malignant cells,
comparatively[8]; consequently, FRs can be considered a potential
tumor biomarker.[10]

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.[11] 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.[12]

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.[12] A review by Lin et al.,[13]

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.[14] 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 MMmethods in this re-
search area.

2. Drug Discovery and Development

Drug discovery is characterized as a financially intensive and
technically complex process.[15] Daina et al.,[16] 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).[17] 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.[18] 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

Figure 1. Stages of drug development.[17]This 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 uponmarket entry.[15] 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.[19]

3. Overview of Drug Receptor Theories

The development of receptor theories is fundamental to un-
derstanding the molecular mechanisms responsible for drug
action.[20] 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.[21] Receptors are
defined as a protein or a protein complex located intracellularly,
extracellularly, or in both cellular environments.[22] 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.[23] Furthermore, current theories recognize that
receptor binding can exhibit various outcomes, beyond the
activation or inhibition of a biological process.[24] The concepts
of agonism, antagonism, partial agonism, and inverse agonism,

Adv. Theory Simul. 2024, 7, 2400377 2400377 (2 of 22) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH

 25130390, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adts.202400377 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [03/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

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


www.advancedsciencenews.com www.advtheorysimul.com

Figure 2. Molecular structure of folic acid.[29] 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.[25] 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.[26]

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.[27]

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 facilitatedmore 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 acidmoiety joined
via an amide bond[28] (Figure 2)
The glutamic acid residue contains two carboxylic groups that

are deprotonated at a physiological pH of 7.4.[30] Folates are in-
ternalized into cells through receptor-mediated endocytosis fa-
cilitated by FR𝛼. 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).[31] 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.[32]

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.[33] 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.[3] In ep-
ithelial carcinomas FR𝛼 is predominantly expressed compared
to the other isoforms, leading to an increased binding affinity
for FA.[9] The up-regulation of FR𝛼 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 FR𝛼 is compromised, causing an er-
ratic distribution of FR𝛼 throughout the cell membrane.[31] This
cascade of events culminates with greater accessibility of FR𝛼 to
drug compounds and/or drug conjugates in the circulatory sys-
tem, rendering FR𝛼 a promising candidate for targeted cancer
therapies.[34] (Figure 3)
The disruption in cell polarization of FR𝛼, 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.[28] 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.[35] 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.[10]

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.[37] 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.[38]

SBDD relies on 3D structures of biological targets, predom-
inately proteins or nucleic acids, to facilitate the discovery and
optimization of new drug compounds.[39] 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.[40] 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.[41] 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.[42]

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,[5] created with Biorender.com.[36] 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.[43] 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.[44]

4.1. Key Tools in Computational Chemistry

Computational chemistry fundamentally employs two key ap-
proaches: classical mechanics and quantum mechanics.[45]

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.[14]

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.[46] 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.[47]

Molecular mechanics methods can be referred to as forcefield
methods, as the parameters within the mathematical expression
for energy constitute a forcefield.[48] However, the MM method

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.[49]

The MM expression leverages the potential energy function
and includes several principles, theCoulomb interaction between
rigid point charges, a Lennard–Jones-type van der Waals term,
and bonded terms[50] (bond stretching, angle bending, torsions,
out-of-plane deformations, or improper torsions):

EMM =
∑
bonds

kb
(
d − d0

)2 + ∑
angles

k𝜃
(
𝜃 − 𝜃0

)2 + ∑
dihedrals

k∅
[
1 + cos (n∅ + 𝛿)

]

+
∑

non−bonded pairs

AB

{
𝜀AB

[(
𝜎AB

𝛾AB

)12

−
(
𝜎AB

𝛾AB

)6
]
+

1 qAqB
4𝜋𝜀0 𝛾AB

}

(1)

where key parameters include d for bond distance, 𝜃 for bond
angle, and ∅ for bond torsion, describing the spatial configura-
tion of atoms. Equilibrium states are represented by d0 and 𝜃0,
with n indicating torsion multiplicity and 𝛿 the torsion phase.
The force constants for bonds, angles, and torsions are kb, k𝜃 ,
and k𝜑, respectively. Non-bonded interactions are described by
distance rAB and Van der Waals parameters 𝜖AB and 𝜎AB, while
electrostatic interactions involve atomic partial charges qA and
qB, and 𝜖0 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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 25130390, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adts.202400377 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [03/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

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


www.advancedsciencenews.com www.advtheorysimul.com

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
mechanics force fields.

• Considers detailed interactions, e.g. van der
Waals forces and electrostatics.

• Provides a realistic representation of molecu-
lar interactions.

• May oversimplify complex interactions.
• Limited accuracy in predicting binding affinities.

Knowledge-based • Derived from statistical analyses of known
protein–ligand complexes.

• Uses experimental data to predict binding
affinities.

• Ability to capture specific interactions ob-
served in experimental structures.

• Limited by the availability and quality of training data.
• May not generalize well to novel ligands or targets.
• Vulnerable to biases in the training dataset.

Empirical • Incorporate various empirical energy terms to
predict binding affinities.

• Ability to be optimized to reproduce experi-
mental binding data.

• Provides a balance between accuracy and
computational efficiency.

• Reliance on empirical parameters may limit general-
izability.

• May not capture all relevant interactions in complex
systems.

• Optimization of coefficients can be challenging and
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.[51] Ini-
tially, simulations were limited to biological systems comprising
only a few hundred atoms. Today, state-of-the-artMD 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.[52]

Molecular Dynamics calculations implement molecular laws
of motion, enabling the simulation of molecular conforma-
tional alterations or movements in response to force fields.[53]

In biochemical research, MD simulations predominantly involve
molecular motion driven by forces computed by MM.[54] 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.[55] Specifically, the equations of motion are
given by:

d2ri (t)

dt2
=

Fi (t)

mi
(2)

where Fi(t) is the force acting on the i-th particle at time t, mi is
themass of the i-th particle, and ri(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.[56]

ri (t + 𝛿t) = ri (t) + vi (t) 𝛿t +
1
2
ai (t) 𝛿t

2 (3)

vi (t + 𝛿t) = vi (t) +
1
2

[
ai (t) + ai (t + 𝛿t)

]
𝛿t (4)

When defining amodel system, a primary concern is the repre-
sentation of solvent molecules.[57] 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.[58,59]

4.3. Quantum Mechanics

4.3.1. Relationship between energy and structure

In theoretical calculations, the primary objective is to ascertain
the optimalmolecular structure which is characterized by its low-
est energy state referred to as aminimumenergy.[45] 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.[60]

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.[63] This is an open-access article distributed under the
terms of the Creative Commons CC BY license.

corresponds to a specific configuration.[61] 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.[62] These points represent transition states
(TS), which indicate the lowest energy barriers between twomin-
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[45]

(Figure 4a,b).[63] 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 Schrödinger equation, expressed as ĤΨ = EΨ.
Where Ĥ represents the Hamiltonian operator, the wavefunction
is denoted by Ψ 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.[64] The Born–Oppenheimer (BO)
approximation is a key tool in solving the Schrödinger 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.[65] Therefore, by applying the BO approximation,
the Schrödinger equation is solved by treating nuclei as relatively
static, focusing on the electrons’ movement with fixed nuclear
positions.[66]

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.[67] The
selection of basis sets represents a critical equilibrium between

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.[68] Common basis set types in-
clude Slater-Type Orbitals (STOs), which solve the Schrödinger
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 PlaneWaves, ideal for describing crystals and peri-
odic structures due to their effectiveness in periodic systems.[67]

The term “Ab Initio” originates from the Latin phrase “from
the beginning” or “from first principles.” These calculations
are fundamentally based on the Schrödinger equation,[69] and
generate an energy value and a wavefunction when solving the
Schrödinger 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.[70] However, the Schrödinger
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. Ab initio calculations are slower than MM, specifi-
cally with larger molecules.[71] 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.[72]

To enhance accuracy, post-Hartree–Fockmethods are utilized, in-
corporating electron correlation effects. These methods include
Configuration Interaction (CI), Møller–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 Schrödinger equation. However, SE cal-
culations involve increased approximations and a precompiled
library of integral values with optimized properties such as geom-
etry or energy.[73] Parameterization is a process that incorporates
experimental values into mathematical models to optimize
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Figure 5. Commonly employed exchange–correlation functionals. Adapted from.[76] 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 Schrödinger 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.[74]

Density Functional Theory (DFT) calculations are based on
the principles of the Schrödinger 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.[70] 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.[75]

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.[76] Exchange–correlation functionals can generally be
categorized into five main groups. (Figure 5) indicates various
functionals within these groups.

Local Density Approximation (LDA): Assumes the exchange–
correlation function at any point depends solely on the local elec-
tron density.[77]

Generalized Gradient Approximation (GGA): Extends LDA by
incorporating density gradients, providing a more accurate elec-
tron density distribution.[78,79]

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.[80,81]

Hybrid Functionals: Combine a GGA with a fraction of exact
exchange fromHartree–Fock theory, aiming to capture both local
and non-local electron correlation effects.[82]

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.[80,81]

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.[83] Addition-
ally, hybrid GGAs like 𝜔B97X-V, 𝜔B97X-D3, and 𝜔B97X-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 𝜔B97M-V, local GGAs including

Adv. Theory Simul. 2024, 7, 2400377 2400377 (7 of 22) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Table 2. Comparative analysis of molecular mechanics versus quantum mechanics methods: Advantages and disadvantages.

Computational method Advantages Disadvantages

Molecular Mechanics • 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 inputmod-
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.

• 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
classesmay 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.

Ab Initio • 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 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 Schrödinger equa-
tion for the hydrogen atom.

Semi-empirical • 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.

• 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.

Density function theory • 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.

• 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.[84]

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.[85–87]

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 relevant lit-
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
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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.[88] 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.[89] A wide array of compu-
tational tools are available for molecular docking methods, in-
cluding both proprietary and open-source options.[90] 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.[91] However, AutoDock Vina, Glide, and
AutoDock GOLD have been identified as the leading options,
as they demonstrate accurate docking scores.[88] 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.[88]

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.[92] There are several software pack-
ages available for MD simulations which include, CHARMM,
GROMACS, NAMD, AMBER, and OpenMM.[93] 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.[94] The systematic review ofMD 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.[95–97] 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.[98]

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.[67]

The progression of research on FR interactions from 2014 to
2023 highlights a significant evolution in strategies for cancer

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 (FR𝛼, FR𝛽) 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-
sicalmechanics without quantummechanical validations limited
the study’s scope. By 2015, the focus shifted to investigating FA’s
dissociation from FR𝛼 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 FR𝛼 and FR𝛽 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 FR𝛼 and FR𝛽
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 FR𝛼 and FR𝛽, highlighting the importance
of amino group orientation for binding stability and suggesting
pathways for further drug development targeting FR𝛼. 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-BSANPs 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 𝛽-cyclodextrin (𝛽CD) conjugated with FA to FR𝛼,
signifying a leap in potential for targeted drug delivery. The re-
search highlighted the promise of heterocyclic substitutions on
FA for increasing affinity toward FR𝛼, 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 FR𝛼 and
FR𝛽, 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 ComputationalModels: 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.[99]

It is instrumental in drug delivery systems (DDSs) for simulat-

ing drug and delivery vehicle behaviors, aiding in the optimiza-
tion of drug delivery strategies.[100] 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.[101] Conversely, CFD operates through the use of nu-
merical algorithms.[102]

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.[103] 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) andmachine 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.[104,105]

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 onmolecular 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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