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Abstract: Drug delivery systems transfer medications to target locations throughout the body. These
systems are often made up of biodegradable and bioabsorbable polymers acting as delivery compo-
nents. The introduction of density functional theory (DFT) has tremendously aided the application of
computational material science in the design and development of drug delivery materials. The use of
DFT and other computational approaches avoids time-consuming empirical processes. Therefore,
this review explored how the DFT computation may be utilized to explain some of the features of
polymer-based drug delivery systems. First, we went through the key aspects of DFT and provided
some context. Then we looked at the essential characteristics of a polymer-based drug delivery
system that DFT simulations could predict. We observed that the Gaussian software had been ex-
tensively employed by researchers, particularly with the B3LYP functional and 6-31G(d, p) basic
sets for polymer-based drug delivery systems. However, to give researchers a choice of basis set for
modelling complicated organic systems, such as polymer–drug complexes, we then offered possible
resources and presented the future trend.

Keywords: drug delivery system; DFT; polymer; nanocomposites; quantum mechanics

1. Introduction

One of the most exciting areas of biomedical research is the investigation of innovative
drug delivery methods. To improve medication cell/tissue selectivity, rate of release,
therapeutic index, and bioavailability, multidisciplinary scientific techniques integrating
traditional or engineered technologies are applied. The building elements of these systems
are typically biodegradable and bioabsorbable polymers, with their copolymers serving as
delivery components [1,2]. To boost the therapeutic efficiency of medications, therapeutic
agents, and vaccines, drug delivery systems are used to transport them to a specific location
within the body with a regulated release [3]. Computational methodologies, such as DFT,
have been developed to bypass time-consuming empirical procedures for the optimization
of these formulations.

Density functional theory (DFT) computations, in particular, offer outstanding levels
of accuracy with comparable computation time and are more inexpensive in terms of
computational resources than other ab initio approaches currently in use. Additionally, it
avoids the many electron wavefunction in favor of electron density, and has the potential
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benefit of dealing with only one function of a single spatial coordinate. Moreover, it
employs generalized gradient approximations (GGAs), which use the density gradient to
generate a more precise function [4–6].

DFT are a strong and low-cost method for revealing a material’s fundamental informa-
tion, including energy, geometric structure, electrical, and optical characteristics. It offers
important theoretical predictions and assistance from the standpoint of material design.
It provides crucial information at the levels of atoms, molecules, and unit cells from the
perspective of interpreting the results. The influence of element doping on the geometric
and electrical characteristics of polymer-based drug carriers, as well as the interaction
between the drugs and the nanocarriers, is considerably aided by DFT calculations [7,8].

For example, Kazemi and colleagues used DFT calculations to examine the hydro-
gen bonding interactions between letrozole and methacrylic acid-trimethylolpropane
trimethacrylate copolymers as drug delivery systems [9]. Meanwhile, Karatars and co-
workers investigated the interaction of curcumin with a poly(lactic-co-glycolic acid) and
montmorillonite composite in a drug delivery system from the first principle calcula-
tion [10]. The drug delivery potential of hexagonal boron nitride (h-BN) and PEGylated
h-BN (PEG-h-BN) for the delivery of the anticancer medication Gemcitabine (Gem) was
investigated by Farzaneh and colleagues using DFT simulations. With an adsorption energy
of -15.08 kJ/mol, the drug physically adsorbs into the h-BN surface by the growth of π-π
stacking. The findings also show that the PEG group grafting to h-BN resulted in π-π
stacking, which is enhanced by the generation of strong hydrogen bonds and resulted in a
20% increase in adsorption energy (−90.74 kJ/mol) [11].

With numerous research investigations carried out in recent years, the utilization of
computational material science, in particular, DFT calculations for polymeric DDS, sym-
bolizes a new paradigm in the area of polymer science. However, there have not been any
thorough evaluations of this significant topic, though. Therefore, in this work, we provided
an evaluation of DFT calculations for predicting the parameters of polymer-based drug
delivery systems. First, we outline the most important aspects of DFT while also providing
some background information. Then, we looked at the fundamental traits that DFT cal-
culations may predict. As a result, electronic, energetic, thermodynamic, and adsorption
properties such as binding energy (Eb) were explored. Moreover, quantum molecular de-
scriptors, including band gap energy (Eg), chemical hardness (η), and electrophilicity (ω),
were considered to explain the reactivity of polymer–drug systems. Additionally, to gain
insight into the inter- and intramolecular interactions of polymer–drug complexes, natural
bond orbital (NBO), atoms-in-molecule (AIM), charge decomposition analysis (CDA), and
density of state (DOS) spectra are taken into account. Noncovalent interactions (NCI) and
reduced gradient of density (RDG) assays for examining the noncovalent contact between
the drug and the nanocarriers were detailed, along with an in-depth explanation of the
release mechanism of pharmaceuticals from polymer-based carriers. To conclude this study,
we presented a future trend for the use of DFT for drug delivery utilizing polymers and
gave insight into computational resources that are essential.

2. DFT: A Quick Overview

The first-principles approach is based on quantum mechanics (QM), which expresses
the conduction of electrons and atomic nuclei in every condition. The basic equation in this
computation is the Schrödinger equation (Equation (1)). The many-body problem occurs in
many-electron systems when electrons interact with one another [12–14].

ĤΨ = EΨ (1)

where Ψ is the wavefunction, Ĥ is Hamiltonian, and E is the system’s energy.
Several approximations, such as the Born–Oppenheimer approximation, were devised

to solve the complex Schrödinger equation. Two theorems proposed by Hohenberg and
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Kohn served as the foundations of DFT. The Hohenburg–Kohn equation may be written as
Equation (2) according to the first theorem.

E0 = Ev[ρ0] = T[ρ0] + vee[ρ0] +
∫

ρ0(

1 
 

ɍ )v(d

1 
 

ɍ )d

1 
 

ɍ (2)

where T is the sum of electronic kinetic energy, ν(

1 
 

ɍ ) is the function for nuclear potential
energy for an electron at a point

1 
 

ɍ , v is electron–electron repulsion, and the overbars denote
the average variables.

The second hypothesis proposes a density minimum principle, stating that the ground
state energy of any trial electron density (ρtr) cannot be lower than that of the true ground
system and may be represented by Equation (3).

Ev[ρtr] = Ev ≥ E0 = [ρ0] (3)
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ɍ ). In DFT, we represent the ground-state energy in
terms of n(
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ɍ ) instead of Ψ [15,16].

F[n] = min
Ψ→n
〈Ψ|{T + νee }|Ψ〉 (4)

Moreover, the Kohn–Sham technique is a method for calculating atom and molecule
energy, structure, and characteristics [17,18].
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EXC stands for exchange-correlation (XC) energy, which consists of correlation, ex-
change, columbic correlation, and self-interaction correction. To determine the electronic
structural characteristics of polymer-based drug delivery systems, the DFT method has
been widely employed. The traditional DFT approach, which uses LDA and GGA exchange-
correlation (XC) functionals, produces a band gap that is underestimated. Several approxi-
mations such as DFT+U, DMFT, hybrid functionals (B3LYP, PBE0, and HSE), GW approxi-
mation, etc., have been proposed to attain better results. Although hybrid functionals and
GW give a more exact value of band gap, they come at a hefty computational expense.

The materials science community has access to several DFT codes. The programs are
based on various potentials, basis sets, exchange-correlation functionals, and Schrödinger
equation-solving techniques. ABINIT, ADF, CASTEP, DMol3, ONETEP, Gaussian, and
GAMESS are some examples of DFT programs. Table 1 summarizes the different DFT-based
software, the functionals, and the basis set used in polymer-based drug delivery systems.

Table 1. Calculations in polymer-based drug delivery systems using DFT software applications.

Polymeric Carrier Drug/Therapeutic Agent DFT Code DFT Functional/
Basis Set Ref.

Polylactic-co-glycolic acid and
montmorillonite Curcumin COSMO module of

TURBOMOLE V6.1 B97-D/TZVP [10]

Disulfur-bridged
polyethyleneglycol/DOX

nanoparticles
Chlorin e6 (Ce6) Jaguar module in

Schrödinger
M06-2x/6-311(d,p)

method [19]

Hyaluronic acid and Zr-based
porphyrinic MOF (HA-PCN-224) Doxorubicin DMol3 program PBE/DNP 4.4 [20]
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Table 1. Cont.

Polymeric Carrier Drug/Therapeutic Agent DFT Code DFT Functional/
Basis Set Ref.

polymer membranes (PDMS, PVA,
PUI, PTMG-650-MDI-AP,

PPG-725-MDI-AP,
PCL-1250-MDI-AP)

Pure liquid solvents
Dmol3 module in

Accelrys Materials
Studio

GGA/VWN-BP/DNP
v4.0.0 [21]

PEG-h-BN Gemcitabine GEM GaussView software,
Gaussian 09 package

M06e2X/
6-31G(d,p) [11]

Methacrylic
acid-trimethylolpropane

trimethacrylate copolymers
Letrozole Gaussian-98

B3LYP and B3PW91
levels/

6-31G(d)
[9]

Acrylamide-base hydrogel
Antimalarial (chloroquine,

primaquine, and
amodiaquine)

- wb97xd/6-31++G(d,p) [22]

Chitosan, silicon dioxide, and
graphene oxide Cisplatin Gaussian 09 B3LYP/LANL2DZ [23]

Graphene oxide/polyethylene
glycol Sumatriptan Gaussian B3LYP/6-31+G(d) [24]

Polylactic-co-glycolic acid Anti-cancer sgents of
thiazoline Gaussian 03 B3LYP/6-31G(d) [25]

Folate functionalized
poly(styrene-alt-maleic

anhydride), PSMA
Gaussian 09 B3LYP/6-31G(d,p) [26]

Polyheterocycles

Antischistosomiasis
(praziquantel, niclosamide

ethanolamine salt,
niclosamide, and

trichlorfon)

- B3LYP [27]

Poly-carboxylic acids
functionalized chitosan Cisplatin Gaussview 05. - [28]

PEGylated fluorinated graphene
Camptothecin (CPT) and

doxorubicin
(DOX)

- [29]

Chitosan nanocomposite Ifosfamide anticancer COMPASS - [30]

Polyester dendrimers Ibuprofen Gaussian 09 W M06-2X/6-31G(d) [31]

Polyamidoamine (PAMAM) and
polyester dendrimers Favipiravir - M06-2X/6-31G(d) [32]

Hyperbranched polysiloxane
containing

β-cyclodextrin
Ibuprofen - B3LYP/6-31G(d) [33]

chitosan Nucleobase (DNA/RNA) - B3LYP/6-31++G(d,p) [34]

Poly(O-vinyl
carbamate-alt-sulfones)

Mucosal drug
(Rhodamine B) - B3LYP, 6-311++G-

(d,p) [35]

PAMAM dendrimers 5-Fluorouracil Gaussian 09 B3LYP/6-31G(d,p) and
M06-2X/6-31G(d,p) [36]

Chitosan nanoparticle Hydroxyurea Gaussian 09 B3LYP/6-31G(d,p) and
M06-2X/6-31G(d,p) [37]

Polyethylene glycol-based
nanocomposite Cephalexin DMol3 B3LYP [4]
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3. Fundamental Properties of Polymer-Based Drug Delivery Systems

DFT computations may be used to derive several characteristics of polymer-based
drug delivery systems [11]. To obtain the desired feature under examination, researchers
might use a variety of strategies. However, Figure 1 presents a common procedure for
applying DFT calculations. The creation of the drug’s and excipient polymer’s molecular
structures often marks the beginning of the procedure [38,39]. Additionally, these struc-
tures may be imported from both public and commercial molecular structure databases,
including the Protein Data Bank [40], PubChem Structure [41,42], and databases for poly-
mer materials. The energy of each particular molecular structure can then be reduced by
performing an initial structural relaxation. This enables the drug’s binding energy to be
computed when an adsorption calculation is run to determine the most thermodynamically
advantageous adsorption sites. On the other hand, interaction energy will be calculated
when an adsorption calculation is performed without first optimizing the structure. Ground
state calculations are used to further relax the drug–polymer combination that has formed.
The generated complex may then be utilized to forecast excited state attributes, such as
UV, IR, and using frequency calculations. To examine the thermodynamic properties, the
optimized complex’s total energy may be determined. The energy gap and molecular
orbital characteristics of the drug–polymer configurations can be predicted using electronic
simulations in the interim [43]. The many DFT computed characteristics of drug delivery
systems based on polymers are explored in the following paragraphs.
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3.1. Optimized Geometry and Adsorption Properties

One way to investigate the interaction of drug molecules with the polymer-based
carrier is to calculate binding energy from the first principle. Both an extremely strong and
a feebly weak connection are detrimental to delivering pharmaceuticals and therapeutic
substances. One objective of carrier design is to achieve the best possible balance between
payload protection and payload release, maximizing transfection [34]. There are several
techniques and DFT codes that can be used to model the adsorption of drug molecules
onto the polymeric carrier. The drug can be docked on the polymer carrier with a module
such as a Glide module in Schrodinger [19]. Alternatively, to determine the adsorption site,
the Monte Carlo technique can be employed through the Adsorption Locator module [44]
in the material studio to sample various configurational spaces to predict the most stable
and optimized binding location of the drug on the carrier. Thereafter, the total energy of
the drug–carrier complex, the drug, and the carrier is calculated by performing geometry
optimization calculations. The geometry optimization is set to increase accuracy and ease
of application by using structural analysis to find the most stable arrangement [45–48].

When simulating macromolecules such as polymer, van der Waals (vdW) interaction is
often accounted for, as such, long-range dispersion correction terms (DFT-D), e.g., Grimme’s
D3 [49,50], Grimme’s D4 [51,52], and Tkatchenko–Scheffler (TS) [53,54], are used. Moreover,
basis set superposition error (δBSSE) is employed to correct binding energies, that are
obtained by the Boys–Bernardi counterpoise, while zero-point vibrational energies (ZPVE)
are considered in reactive systems [11,55,56].

The dispersion corrected adsorption energies (Eads) of interacting components in the
investigated complex may be estimated using the following Equations (6) and (7):

Eads = Edrug−carrier complex −
(

Edrug + Ecarrier

)
(6)

EDFT−D = EDFT + EDp (7)

where Edrug, Ecarrier, and Edrug−carrier complex are the energies of drug, carrier, and com-
plex, respectively. EDp is the long-range dispersion correction or basis set superposition
error (BSSE), which may be adjusted for all interaction energies using the counterpoise
correction approach.

The calculated binding energies of drug–carrier complexes are usually negative in
drug delivery systems, indicating an exothermic reaction [57–61]. According to Masoumi
and colleagues, on the DFT investigation of the electronic properties of SiO2 nanotube
(SiO2NT) interacting with a copolymer poly lactic-co-glycolic acid (PLGA). It was reported
that the adsorption energy between the PLGA and SiO2NT is greater than the carbon
nanotube (CNT) after geometry optimizations were carried out. Because of this, the
exothermic reaction between PLGA and SiO2NT is about an order of magnitude larger than
the reaction between PLGA and CNT [62].

Similarly, Karataş and colleagues used the B97-D functional with the TZVP basis set in
a DFT investigation on the interaction of curcumin in a drug delivery system containing a
composite with montmorillonite and poly(lactic-co-glycolic acid). The interaction between
two lactic acid (LA) and glycolic acid (GA), monomers, and two PLGA copolymers con-
taining five units of LA and GA molecules was demonstrated, as illustrated in Figure 2.
The shorter PLGA copolymer dimer model is stabilized by both intra-molecular (1.90 Å)
and inter-molecular (1.84 Å) hydrogen bonding (Figure 2). This reveals that individual
acid monomer interactions are preferable to those in the block copolymer dimer [10]. Since
the geometrical parameters may not be adequate for a thorough examination of the ana-
lyzed intermolecular interactions at the studied configurations, other interaction properties
are investigated.
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Figure 2. The optimized configurations for the dimer structures of (a) the GA-LA-LA-GA tetramer
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3.2. Electronic Properties and Quantum Molecular Descriptors

The highest occupied molecular orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO), and the HOMO-LUMO energy gaps (Eg) are strong indicators of the
electronic properties of an interaction system. The HOMO and LUMO are also known
as the frontier orbitals and are crucial variables that provide qualitative information on
the excitation characteristics of modelled substances. Meanwhile, the energy gap (Eg) is a
valuable tool for determining the chemical reactivity of interreacting molecules in a drug
delivery system [63–65].

As illustrated in Figure 3, Cortes et al. presented the frontier molecular orbital (the
HOMO and LUMO) knowledge of antimalarial drug (chloroquine, primaquine, and amodi-
aquine) interactions using the acrylamide-case hydrogels model [22]. It is worth noting that
HOMO orbitals are positioned in a specific molecular location for the antimalarial drugs,
which indicates a high probability of better interaction between the drugs and hydrogel as
the monomer chain increases.
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The quantum molecular descriptors in DFT calculation are the chemical-reactivity
descriptors (µ, η, s, ω, ∆N) utilized to explain the interplay between polymer-based
excipients and drug activity in drug delivery systems. These descriptors are generally the
chemical potential (µ), the global hardness (η), the softness (s), the electrophilicity index
(ω), and the maximum charge transfer index (∆N). The global hardness or a molecule’s
hardness (η) is specifically related to its resistance to changes in electrical distribution
and has shown to be effective in the rationalization of chemical reactions, whereas the
molecule’s softness is the inverse (s = 1/η) of the global hardness. The electronegativity
(χ) of an element describes the degree to which it tends to acquire electrons and generate
negative ions in a chemical process of the delivery system. The electrophilicity index (ω)
estimates the reactivity of a molecule by assessing its capacity to accept electrons, whereas
the chemical potential (µ) shows the direction of flow of electrons from the higher µ to the
lower µ until the chemical potential becomes equilibrated.

ECT =
(
(∆Nmax)Drug − (∆Nmax)Excipient

)
(8)
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∆Nmax = −µ/η (9)

∆Nmax = 2ω/χ (10)

χ = −(EHOMO + ELUMO)/2 (11)

η = (−EHOMO − (−ELUMO))/2 (12)

µ = (EHOMO + ELUMO)/2 (13)

ω = χ2/2η (14)

ω = µ2/2η =

(
−µ

η

)
χ∆Nmax/2 (15)

Equations (8)–(15) show the mathematical link between the electronic properties
and quantum molecular descriptors. In an adsorption process of a delivery system, η is
calculated to be half of the HOMO-LUMO energy differences, µ is defined as the average of
HOMO and LUMO energies, andω can be calculated according to Equations (14) and (15).

The softness, hardness, electrophilic index, and electronegativity of the targeted area
and drug can be connected to the reaction rate, structural stability, polarizability, and
molecular toxicity of any chemical compounds in the biochemical system [66,67]. For
instance, if the energy gap (band gap), i.e., the difference between the HOMO and LUMO
of any molecule is small, consequently, the molecule is highly polarizable, and often
exhibits strong chemical reactivity with low stability. It should be noted that a good-
electrophilic molecule has a higher value of both µ andω, compared to a good-nucleophilic
molecule [68]. Therefore, the chemical descriptors must be computed using DFT to investi-
gate the electronic properties of the drug on the target cell throughout the polymer-based
drug delivery process.

3.3. Thermodynamics Properties

The density functional theory (DFT) is applied to drug delivery systems to provide
a deeper understanding of essential energy changes due to adsorption and the energetic
magnitudes of molecular-level insights to explain the thermodynamic behavior of the
interacting system. The thermodynamic parameters such as enthalpy (∆H), entropy (∆S),
and Gibbs free energy (∆G), for drug systems, are determined at temperature (298 K) and
pressure (1 atmosphere) [22,69,70]. The negative values of ∆H imply exothermic reactions,
whereas the positive values of ∆G suggest non-spontaneous reactions. Positive entropy
indicates an increase in the disorder of the delivery system ∆S > 0 [43,71].

The Gibbs free energy function ∆G, of the drug delivery system at a constant tempera-
ture could be obtained by adding the value of enthalpy to the entropy-temperature product
as expressed in Equation (16):

∆G = ∆H− T∆S (16)

In a recent DFT study using B3LYP-D/6–31 + G (d, p), Alireza et al. reported an im-
provement in the drug delivery efficacy and the anti-inflammatory activity of sulfasalazine
in two configurations with PLGA in water and dichloromethane environments. The opti-
mized configurations of the model (complex A and B) are shown in Figure 4. In complex A,
the sulfasalazine drug establishes a double hydrogen bond with the PLGA microparticle
via its carboxylate group, thereby making it more stable than complex B.
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In the thermodynamic approach, the Gibbs free solvation energy (∆Gsolv) for com-
plex A and B was reported to be − 0.15 and + 0.14 eV, respectively, while their enthalpy
(∆Hsolv) values were − 0.65 and − 0.38 eV, respectively. The negative values of ∆Gsolv and
∆Hsolv in complex A indicate the spontaneous contact and exothermic process between the
sulfasalazine and the PLGA interactions. The difference in values of ∆Gsolv demonstrates
the entropic effects between the adsorption process of the drug and carrier in the two
complexes [72].

3.4. Release Mechanism of Drugs from Polymer-Based Carriers

Drug molecules are adsorbed on the excipient with appropriate strength and driven to
the target location, where they are released, into a biological system. To model the release
profile of the drug/carrier delivery system, geometry optimizations are performed for the
drug/carrier complexes with additional hydrogen proton (protonation process) to model
the lower pH environment. Drug release from the carrier surface is very important and
can be achieved through external or internal stimuli [73]. The proton attack in the delivery
mechanism causes drug molecules to separate from the carrier surface. The released drug
can thereby bind with the target site to treat the disease effectively [67]. The recovery time
for drug desorption from a carrier can be predicted from the following transition theory:

τ = v−1
0 exp

(
−Eb
KT

)
(17)

where v0 represents the attempt frequency (~1012 s−1), T is the temperature, and k is the
Boltzmann’s constant (~1.99 × 10−3 kcal/mol·K).

Equation (17) above relates the drug’s adsorption energy on the carrier to the recovery
time. Bagheri et al. reported a very short recovery time of about 0.02 s at room temperature
for the release of the drug adrucil from the surface of the Si-doped phagraphene. Thus, it
can be said that phagraphene is a good option for the transport of the medicine adrucil
thanks to Si-doping [74]. Similarly, Xu and colleagues used density functional theory to
explore the release mechanism of an anti-cancer medication hydroxyurea (HU) molecule
from the adsorbed boron nitride fullerenes (BNFs) surface. The HU drug was, therefore,
physically adsorbed on the BNF surface due to the hydrogen bond interaction between
the hydroxyl (OH) groups of the HU drug and the nitrogen (N) atoms on the BNF surface,
as observed during the adsorption process. Therefore, the possible release mechanism of
the drug from the surface of the carrier is a result of the proton attack, as illustrated in
Figure 5 [67].
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3.5. Charge Decomposition Analysis (CDA) and Density of State (DOS) Spectrum

In a drug delivery complex, the charge decomposition analysis (CDA) aids in un-
derstanding orbital intrinsic properties and throws light on the mode of charge transfer
between fragments of molecular orbitals, as well as the charge transfer transition in its
isolated state for achieving charge equilibrium. The density of states (DOS) analysis deter-
mines the number of states in a unit energy interval of a system; it is the most important
metric for analyzing fragment interactions and determining their molecular orbital (MO)
energy level contributions in the complex. The CDA and DOS spectra both offer a visual rep-
resentation of the interacting components [75–78]. Multiwfn is a multifunctional software
designed to make visual exploration of electron and molecule structures in wavefunction
analysis easier [79].

By applying DFT calculations at the B3LYP/6-31G(d) level, Kazemi and coworkers
studied the hydrogen bonding interactions between methacrylic acid-trimethylolpropane
trimethacrylate copolymers and letrozole. The DOS spectra between drug 1 and copolymer
4 in compounds 7, 8, and 13 provide insight into the nature of intramolecular interactions.
Figure 6 shows the display of the hybridization of the drug and the copolymer. As a result,
the DOS spectra are used to quantitatively determine the existence of interactions [9].

According to Mehvish and coworkers in their DFT approach to the therapeutic poten-
tial of graphitic carbon nitride as a drug delivery method for cisplatin. The incorporation
of additional MO energy levels in the g-C3N4–cisplatin complex resulted in a larger value
of HOMO (5.56 eV) and a lower value of LUMO (3.42 eV), which led to the reduction of Eg
(band-gap). This narrower energy gap (Eg) between the border MOs aids charge transport
in the g-C3N4–cisplatin complex. These findings show that the cisplatin medication was
successfully attached to the g-C3N4 molecule. As seen in the orbital-interaction diagram
CDA-diagram in Figure 7, charge transfer happens as a result of new molecular energy
levels being introduced into the complex’s MOs by the medication and carrier components.
These findings show that the cisplatin medication was successfully attached to the g-C3N4
molecule. The CDA and DOS data both demonstrated how the inclusion of additional MOs
in the g-C3N4–cisplatin complex as a result of the intermixing of cisplatin and g-C3N4
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Mos contributed to a substantial drop in the energy gap (Eg = 2.15 eV) and its subsequent
participation in charge transfer between two fragments [78,80].
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3.6. Natural Bond Orbital (NBO) and Atoms-in-Molecule (AIM) Analysis

The electron charge-transfer mechanism is an important component in the adsorption
of an adsorbate on an adsorbent. While natural bond orbital (NBO) analysis is effective for
examining intermolecular charge transfer with intramolecular and intermolecular interac-
tions between bonds in a molecular system, AIM analysis is a more efficient method for
determining the nature of intermolecular interactions [11]. Furthermore, NBO calculations
in the delivery system can be utilized to determine the direction and quantity of charge
transfer from one unit to the next in the equilibrium geometries during the adsorption
process [81].

According to the NBO and AIM analysis performed by Bazyari-Delavar and colleagues
on interactions between polyester dendrimers and ibuprofen using DFT, the stability of the
drug–carrier complex could be attributed to the intermolecular hydrogen bonds formed
between the functional groups of the interacting components, i.e., the carriers (polyester
G1 dendrimer) and drug (ibuprofen) molecules. To further understand the encapsulation
mechanism, the G1: Ibu complex is stabilized by hydrogen bonds produced between the
hydroxyl groups of dendrimer and the carboxylate groups of Ibupofen [31].

3.7. Noncovalent Interactions (NCI) and Reduced Gradient of Density (RDG) Analyses

Since the non-covalent interactions (NCI) between drug and carrier play an important
role in drug offloading at the target location in the drug delivery system. The reduced
density gradient (RDG) analysis is used to investigate the various non-covalent interactions
that exist inside molecules [38,78]. The NCI-RDG analysis is utilized to learn more about
the intermolecular interactions, repulsive interactions, and nonlocalized dispersion among
the reacting components. This method has emerged as a useful tool and efficient method
used to visualize weak interactions such as hydrogen bonding, van der Waals (vdW), and
strong repulsive (steric) interactions within the non-covalently interacting structures.

In general, the electron densities of vdW interactions are relatively low, whereas the
electron densities of interactions due to the hydrogen bond and the steric effect are very
high. Olfa and colleagues revealed the distinct forms of non-covalent interactions in the
antiviral activities of hybrid hydroxychloroquine in the treatment of coronavirus 2 (SARS-
CoV-2) investigations using the DFT method at the B3LYP/6-31G* level of theory. Figure 8
depicts the zones of interaction between hydroxychloroquine and hydroxychloroquine
sulfate. There are three areas of contact, as can be shown. vdW interactions are shown by
the green zones. Repulsive interactions (steric effects) are mostly confined at the cycle level,
as indicated by the red color. The blue patches indicate the presence of hydrogen bonding.
These interactions are based on electron density characteristics [82].
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Figure 8. Graphical illustration of the reduced density gradient vs. electron density (A,B) and
the various forms of interactions (C,D) of hydroxychloroquine and hydroxychloroquine sulfate
compounds. Reproduced with permission from ref. [82]; Copyright 2021, Wiley.

Farzad and coworkers also reported distinct forms of non-covalent interactions based
on the color-filled RDG isosurface during the investigation of the probing impact of
polyethylene glycol (PEG) on the adsorption mechanisms of Gemcitabine (Gem) drug
on the hexagonal boron nitride (h-BN). The RDG vs. sign(λ2)ρ and RDG-based NCI iso-
surface plots of two configurations of the drug–carrier complex were predicted by the
Multiwfn program as shown in Figure 9. Because of the formation of π-π stacking between
the drug and the carrier, the green region in the first configuration is more than the green
region in the functionalized complex, as shown in Figure 9a,b, respectively. While in
Figure 9b, in the second configuration, the formation of the hydrogen bonds causes the
blue area to be increased [11].

3.8. Molecular Electrostatic Potential (MEP) Diagram

The molecular electrostatic potential (MEP) diagram is a useful property to study
reactivity to electrophilic or nucleophilic attacks and visualize the location of the electron
density in the drug delivery systems. In the establishment of a hydrogen bond, there are two
separate areas, such as positive and negative, that represent the H-donor and H-acceptor
features of molecules, respectively. The map of MEP is color-coded. The positive region is
depicted in blue for a nucleophilic attack, whereas the negative region is indicated in red
for an electrophilic attack and green indicates zero potential areas in the molecule [83,84].

The use of MEP to investigate the interaction between the molecules of chitosan
and the gene carrier (nucleobase) was effectively reported in a DFT research by Deka
et al. Chitosan interacts with nucleophilic sites in nucleobases during the formation of the
chitosan–nucleobase adduct by forming hydrogen bonds between the amino-H atom of
chitosan and the O or N atom of nucleobases. Figure 10 shows an isosurface diagram of
chitosan and guanine, with a negative charge area surrounding the N7 and O atoms of
guanine serving as H-acceptors and a positive charge density around the H atoms of the
NH3 group acting as H donors [34].
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Figure 10. MEP isosurface diagram of the complex model for chitosan and guanine. Reproduced
with permission from ref. [34]; Copyright 2015, Elsevier Science Ltd.

The electron density of drug–excipient complexes may also be shown using electro-
static potential (ESP) charting inside isosurface plots in conjunction with MEP maps. In a
DFT study by Singh et al. [83] on the vibrational spectra of 5-chlorouracil with molecular
structure, using DFT/Gaussian 09 with GAR2PED code. The MEP surface plots were traced
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using different colors to represent the electrostatic importance together with iso-surface
contours electron density EPS mapping of 5-chlorouracil as shown in Figure 11a,b, respec-
tively. These plots are the basis for the understanding and visualization of the relative
polarity of the molecule [59,85].
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Figure 11. (a) The surface plots of MEP and (b) the iso-surface contours electron density EPS mapping
of 5-chlorouracil. Reproduced with permission from ref. [83]; Copyright 2022, Springer.

On surface mapping/arrays, MEP increases in the following order: red, orange, yellow,
green, and blue. In this case, negative MEP reflects the attraction of a proton in the red
region owing to the concentrated ED in the molecule, whereas positive MEP indicates
the repulsion of a proton in the blue zone due to the atomic nuclei regions and the low
concentration of ED in the molecule. The red hue represents the negative area and suggests
nucleophilic reactivity, whereas the blue color depicts electrophilic reactivity in the positive
region of MEP surface plots.

4. Conclusions and Outlook

In this work, we have explored different fundamental properties that are used in
the calculation and prediction of drug delivery performance in the biological system. As
mentioned in this article, we highlighted how DFT has been widely utilized to investigate
the interaction, thermodynamic, electronic, charge transfer, and release mechanism aspects
of polymer-based drug delivery systems.

Despite the use of various DFT software to solve drug delivery behavior, the Gaussian
software has been widely used, particularly with the B3LYP and 6-31G(d, p) functional
and basic sets, respectively. It is envisaged that the logic of rational drug delivery systems
and the continuous improvement in computing power of DFT software will spur increased
multidisciplinary efforts for the future of nanomedicine from the atomic perspective at a low
cost with accurate and reliable quantum mechanic calculations. Therefore, to analyze the
drug’s absorption and release on the target cell throughout the drug delivery process, the
effectiveness of a drug polymer-based carrier in a biological system must be evaluated using
DFT. Although, it will need a lot of computational resources to utilize DFT simulations for
macromolecular systems such as the polymer–drug complex. In addition, optimizing the
geometry of such complex structures may prove highly challenging. To circumvent these
problems requires expert knowledge, from choosing the appropriate functional/basis set
for computations with long-range dispersion correction to adjusting parameters such as
iteration, self-consistent field (SCF), and cutoff energy.

Moving forward, we recommend that researchers perform DFT calculations, MD
simulations, and experimental assays to validate the identified drug and its interactions
with the target sites for biomedical applications. Software packages such as Gaussian, Orca,
Schrodinger Suite, and Materials Studio, among others, offer robust quantum-mechanical
code for the simulation of polymer–drug systems. Meanwhile, a library for reading and
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interacting with basis sets may be found in Basis Set Exchange (BSE) [85], an open-source
data repository for basis sets used in quantum chemistry.

The integration of machine learning (ML) with DFT, although presently in its infancy,
can accelerate the discovery and predict the suitability of polymeric nanocarriers for drug
delivery. New theories and a step toward the development of effective hybrid nanomaterials
might be provided by ML [86]. Useful ML algorithms have been reviewed in our previous
work [1] which can pave the way for the development of a robust ML workflow for
screening and predicting the properties of the drug–polymer complex.
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47. Bučko, T.; Hafner, J.; Ángyán, J.G. Geometry optimization of periodic systems using internal coordinates. J. Chem. Phys. 2005, 122,

124508. [CrossRef]
48. Martínez, P.; Martí, P.; Querin, O.M. Growth method for size, topology, and geometry optimization of truss structures. Struct.

Multidiscip. Optim. 2007, 33, 13–26. [CrossRef]
49. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]
50. Ablat, H.; Povey, I.; O’Kane, R.; Cahill, S.; Elliott, S.D. The role of local chemical hardness and van der Waals interactions in the

anionic polymerization of alkyl cyanoacrylates. Polym. Chem. 2016, 7, 3236–3243. [CrossRef]
51. Caldeweyher, E.; Bannwarth, C.; Grimme, S. Extension of the D3 dispersion coefficient model. J. Chem. Phys. 2017, 147, 034112.

[CrossRef]
52. Caldeweyher, E.; Ehlert, S.; Hansen, A.; Neugebauer, H.; Spicher, S.; Bannwarth, C.; Grimme, S. A generally applicable atomic-

charge dependent London dispersion correction. J. Chem. Phys. 2019, 150, 154122. [CrossRef]
53. Sokal, A.; Pindelska, E.; Szeleszczuk, L.; Kolodziejski, W. Pharmaceutical properties of two ethenzamide-gentisic acid cocrystal

polymorphs: Drug release profiles, spectroscopic studies and theoretical calculations. Int. J. Pharm. 2017, 522, 80–89. [CrossRef]
54. Reilly, A.M.; Tkatchenko, A. Role of dispersion interactions in the polymorphism and entropic stabilization of the aspirin crystal.

Phys. Rev. Lett. 2014, 113, 055701. [CrossRef] [PubMed]
55. Johansson, A.; Kollman, P.A.; Rothenberg, S. An application of the functional Boys-Bernardi counterpoise method to molecular

potential surfaces. Theor. Chim. Acta 1973, 29, 167–172. [CrossRef]
56. Lendvay, G. Classical trajectory studies of collisional energy transfer. In Comprehensive Chemical Kinetics; Robertson, S.H., Ed.;

Elsevier: Amsterdam, The Netherlands, 2019; Chapter 3; Volume 43, pp. 109–272.
57. Hashemzadeh, H.; Raissi, H. Covalent organic framework as smart and high efficient carrier for anticancer drug delivery: A DFT

calculations and molecular dynamics simulation study. J. Phys. D Appl. Phys. 2018, 51, 345401. [CrossRef]
58. Safdari, F.; Raissi, H.; Shahabi, M.; Zaboli, M. DFT calculations and molecular dynamics simulation study on the adsorption of

5-fluorouracil anticancer drug on graphene oxide nanosheet as a drug delivery vehicle. J. Inorg. Organomet. Polym. Mater. 2017,
27, 805–817. [CrossRef]

59. Atia, Y.A.; Bokov, D.O.; Zinnatullovich, K.R.; Kadhim, M.M.; Suksatan, W.; Abdelbasset, W.K.; Hammoodi, H.A.; Mustafa, Y.F.;
Cao, Y. The role of amino acid functionalization for improvement of adsorption Thioguanine anticancer drugs on the boron
nitride nanotubes for drug delivery. Mater. Chem. Phys. 2022, 278, 125664. [CrossRef]

60. Khorram, R.; Raissi, H.; Morsali, A.; Shahabi, M. The computational study of the γ-Fe2O3 nanoparticle as Carmustine drug
delivery system: DFT approach. J. Biomol. Struct. Dyn. 2019, 37, 454–464. [CrossRef]

61. Kamel, M.; Raissi, H.; Morsali, A.; Shahabi, M. Assessment of the adsorption mechanism of Flutamide anticancer drug on the
functionalized single-walled carbon nanotube surface as a drug delivery vehicle: An alternative theoretical approach based on
DFT and MD. Appl. Surf. Sci. 2018, 434, 492–503. [CrossRef]

62. Masoumi, M.; Jahanshahi, M.; Ahangari, M.G.; Darzi, G.N. Electronic, mechanical and thermal properties of SiO2 nanotube
interacting with poly lactic-co-glycolic acid: Density functional theory and molecular dynamics studies. Appl. Surf. Sci. 2021, 546,
148894. [CrossRef]

63. Huang, Y.; Rong, C.; Zhang, R.; Liu, S. Evaluating frontier orbital energy and HOMO/LUMO gap with descriptors from density
functional reactivity theory. J. Mol. Modeling 2017, 23, 3. [CrossRef]

64. Beu, T.A.; Onoe, J.; Hida, A. First-principles calculations of the electronic structure of one-dimensional C 60 polymers. Phys. Rev.
B 2005, 72, 155416. [CrossRef]

65. Cao, M.; Wu, D.; Yoosefian, M.; Sabaei, S.; Jahani, M. Comprehensive study of the encapsulation of Lomustine anticancer drug into
single walled carbon nanotubes (SWCNTs): Solvent effects, molecular conformations, electronic properties and intramolecular
hydrogen bond strength. J. Mol. Liq. 2020, 320, 114285. [CrossRef]

66. Zaboli, M.; Raissi, H.; Moghaddam, N.R.; Farzad, F. Probing the adsorption and release mechanisms of cytarabine anticancer
drug on/from dopamine functionalized graphene oxide as a highly efficient drug delivery system. J. Mol. Liq. 2020, 301, 112458.
[CrossRef]

http://doi.org/10.1016/j.drudis.2010.10.003
http://doi.org/10.1093/nar/gkv951
http://doi.org/10.1016/j.molliq.2020.114890
http://doi.org/10.1016/j.micromeso.2020.110199
http://doi.org/10.1016/j.ijpharm.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18822362
http://doi.org/10.1016/j.paerosci.2015.12.001
http://doi.org/10.1063/1.1864932
http://doi.org/10.1007/s00158-006-0043-9
http://doi.org/10.1063/1.3382344
http://doi.org/10.1039/C6PY00201C
http://doi.org/10.1063/1.4993215
http://doi.org/10.1063/1.5090222
http://doi.org/10.1016/j.ijpharm.2017.03.004
http://doi.org/10.1103/PhysRevLett.113.055701
http://www.ncbi.nlm.nih.gov/pubmed/25126928
http://doi.org/10.1007/BF00529439
http://doi.org/10.1088/1361-6463/aad3e8
http://doi.org/10.1007/s10904-017-0525-9
http://doi.org/10.1016/j.matchemphys.2021.125664
http://doi.org/10.1080/07391102.2018.1429312
http://doi.org/10.1016/j.apsusc.2017.10.165
http://doi.org/10.1016/j.apsusc.2020.148894
http://doi.org/10.1007/s00894-016-3175-x
http://doi.org/10.1103/PhysRevB.72.155416
http://doi.org/10.1016/j.molliq.2020.114285
http://doi.org/10.1016/j.molliq.2020.112458


Pharmaceutics 2022, 14, 1972 20 of 20

67. Xu, H.; Tu, X.; Fan, G.; Wang, Q.; Wang, X.; Chu, X. Adsorption properties study of boron nitride fullerene for the application as
smart drug delivery agent of anti-cancer drug hydroxyurea by density functional theory. J. Mol. Liq. 2020, 318, 114315. [CrossRef]

68. De Proft, F.; Geerlings, P. Conceptual and computational DFT in the study of aromaticity. Chem. Rev. 2001, 101, 1451–1464.
[CrossRef] [PubMed]

69. Golipour-Chobar, E.; Salimi, F.; Ebrahimzadeh Rajaei, G. Boron nitride nanocluster as a carrier for lomustine anticancer drug
delivery: DFT and thermodynamics studies. Mon. Chem. Chem. Mon. 2020, 151, 309–318. [CrossRef]

70. Barros, L.A.; Custodio, R.; Rath, S. Design of a new molecularly imprinted polymer selective for hydrochlorothiazide based on
theoretical predictions using Gibbs free energy. J. Braz. Chem. Soc. 2016, 27, 2300–2311. [CrossRef]

71. Khan, M.I.; Nadeem, I.; Majid, A.; Shakil, M. Adsorption mechanism of Palbociclib anticancer drug on two different functionalized
nanotubes as a drug delivery vehicle: A first principle’s study. Appl. Surf. Sci. 2021, 546, 149129. [CrossRef]

72. Soltani, A.; Khan, A.; Mirzaei, H.; Onaq, M.; Javan, M.; Tavassoli, S.; Mahmoodi, N.O.; Arian Nia, A.; Yahyazadeh, A.; Salehi, A.;
et al. Improvement of anti-inflammatory and anticancer activities of poly(lactic-co-glycolic acid)-sulfasalazine microparticle via
density functional theory, molecular docking and ADMET analysis. Arab. J. Chem. 2022, 15, 103464. [CrossRef]

73. Rouhani, M. Density functional theory study towards capability of Ga-doped boron nitride nanosheet as a nanocarrier for 3-allyl-2
selenohydantoin anticancer drug delivery. Phys. E Low-Dimens. Syst. Nanostruct. 2021, 126, 114437. [CrossRef]

74. Bagheri, R.; Babazadeh, M.; Vessally, E.; Es’haghi, M.; Bekhradnia, A. Si-doped phagraphene as a drug carrier for adrucil
anti-cancer drug: DFT studies. Inorg. Chem. Commun. 2018, 90, 8–14. [CrossRef]

75. Gholamreza Ghane, S.; Ghiasi, R.; Marjani, A. EDA, CDA and QTAIM Investigations in the (para-C5H4X) Ir(PH3)3 Iridabenzene
Complexes. Russ. J. Phys. Chem. B 2021, 15, S6–S13. [CrossRef]

76. Jadoon, T.; Mahmood, T.; Ayub, K. Silver-graphene quantum dots based electrochemical sensor for trinitrotoluene and p-
nitrophenol. J. Mol. Liq. 2020, 306, 112878. [CrossRef]

77. Riaz, S.; Jaffar, K.; Perveen, M.; Riaz, A.; Nazir, S.; Iqbal, J. Computational study of therapeutic potential of phosphorene as a
nano-carrier for drug delivery of nebivolol for the prohibition of cardiovascular diseases: A DFT study. J. Mol. Modeling 2021, 27,
306. [CrossRef] [PubMed]

78. Perveen, M.; Nazir, S.; Arshad, A.W.; Khan, M.I.; Shamim, M.; Ayub, K.; Khan, M.A.; Iqbal, J. Therapeutic potential of graphitic
carbon nitride as a drug delivery system for cisplatin (anticancer drug): A DFT approach. Biophys. Chem. 2020, 267, 106461.
[CrossRef]

79. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
80. Eldaroti, H.H.; Gadir, S.A.; Refat, M.S.; Adam, A.M.A. Spectroscopic investigations of the charge-transfer interaction between

the drug reserpine and different acceptors: Towards understanding of drug–receptor mechanism. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 2013, 115, 309–323. [CrossRef]

81. Vorobyov, I.; Yappert, M.C.; DuPré, D.B. Hydrogen bonding in monomers and dimers of 2-aminoethanol. J. Phys. Chem. A 2002,
106, 668–679. [CrossRef]

82. Noureddine, O.; Issaoui, N.; Medimagh, M.; Al-Dossary, O.; Marouani, H. Quantum chemical studies on molecular structure,
AIM, ELF, RDG and antiviral activities of hybrid hydroxychloroquine in the treatment of COVID-19: Molecular docking and DFT
calculations. J. King Saud Univ. Sci. 2021, 33, 101334. [CrossRef]

83. Singh, J.S.; Khan, M.; Uddin, S. A DFT study of vibrational spectra of 5-chlorouracil with molecular structure, HOMO–LUMO,
MEPs/ESPs and thermodynamic properties. Polym. Bull. 2022, 1–29. [CrossRef]

84. Ilyas, M.; Ayu, A.R.; Shehzad, R.A.; Khan, M.A.; Perveen, M.; Amin, S.; Muhammad, S.; Iqbal, J. A DFT approach for finding
therapeutic potential of two dimensional (2D) graphitic carbon nitride (GCN) as a drug delivery carrier for curcumin to treat
cardiovascular diseases. J. Mol. Struct. 2022, 1257, 132547. [CrossRef]

85. Pritchard, B.P.; Altarawy, D.; Didier, B.; Gibson, T.D.; Windus, T.L. New Basis Set Exchange: An Open, Up-to-Date Resource for
the Molecular Sciences Community. J. Chem. Inf. Model. 2019, 59, 4814–4820. [CrossRef] [PubMed]

86. Shayeganfar, F.; Shahsavari, R. Deep learning method to accelerate discovery of hybrid polymer-graphene composites. Sci. Rep.
2021, 11, 15111. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molliq.2020.114315
http://doi.org/10.1021/cr9903205
http://www.ncbi.nlm.nih.gov/pubmed/11710228
http://doi.org/10.1007/s00706-020-02564-y
http://doi.org/10.5935/0103-5053.20160126
http://doi.org/10.1016/j.apsusc.2021.149129
http://doi.org/10.1016/j.arabjc.2021.103464
http://doi.org/10.1016/j.physe.2020.114437
http://doi.org/10.1016/j.inoche.2018.01.020
http://doi.org/10.1134/S1990793121090141
http://doi.org/10.1016/j.molliq.2020.112878
http://doi.org/10.1007/s00894-021-04907-w
http://www.ncbi.nlm.nih.gov/pubmed/34590181
http://doi.org/10.1016/j.bpc.2020.106461
http://doi.org/10.1002/jcc.22885
http://doi.org/10.1016/j.saa.2013.06.046
http://doi.org/10.1021/jp013211e
http://doi.org/10.1016/j.jksus.2020.101334
http://doi.org/10.1007/s00289-022-04181-7
http://doi.org/10.1016/j.molstruc.2022.132547
http://doi.org/10.1021/acs.jcim.9b00725
http://www.ncbi.nlm.nih.gov/pubmed/31600445
http://doi.org/10.1038/s41598-021-94085-9
http://www.ncbi.nlm.nih.gov/pubmed/34301976

	Introduction 
	DFT: A Quick Overview 
	Fundamental Properties of Polymer-Based Drug Delivery Systems 
	Optimized Geometry and Adsorption Properties 
	Electronic Properties and Quantum Molecular Descriptors 
	Thermodynamics Properties 
	Release Mechanism of Drugs from Polymer-Based Carriers 
	Charge Decomposition Analysis (CDA) and Density of State (DOS) Spectrum 
	Natural Bond Orbital (NBO) and Atoms-in-Molecule (AIM) Analysis 
	Noncovalent Interactions (NCI) and Reduced Gradient of Density (RDG) Analyses 
	Molecular Electrostatic Potential (MEP) Diagram 

	Conclusions and Outlook 
	References

