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This study delves into the potential of six different natural cyclodextrins, including
alpha-cyclodextrin, beta-cyclodextrin, and gamma-cyclodextrin, and modified CDs
like Amino-BCD, methylated-BCD, and 2-hydroxypropyl-beta-cyclodextrin, in
Sunitinib, a potent inhibitor of multiple tyrosine kinase receptors with significant
antitumor effects. Computational techniques such as molecular docking and
molecular dynamics simulation were employed in this exploration. The molecular
docking results reveal that Sunitinib forms inclusion complexes with all six CDs,
with the highest affinity observed with methylated-beta-cyclodextrin. RMSD
analysis of MD simulation trajectories confirm the formation of stable complexes
of Sunitinib with all six CDs. However, according to the distance analysis, it can

Keywords: be inferred that among all the natural and modified CDs, gamma-cyclodextrin and
Natural and modified cyclodextrins methylated-beta-cyclodextrin have the most dependable interaction complexes
Sunitinib with Sunitinib. The reduced hydrogen bond formation with the solvent in inclusion
Drug delivery

complexes compared to free CDs indicates that Sunitinib displaces water molecules
from the internal wall, highlighting the formation of hydrogen bonds between the
CDs and Sunitinib and underscoring the potential of CDs for drug encapsulation.
Interaction energy analysis emphasizes the significant role of van der Waals
interactions in the encapsulation of Sunitinib within CDs and suggests that
methylated-beta-cyclodextrin and beta-cyclodextrin are the optimal choices for the
delivery of Sunitinib.

Molecular docking
Molecular dynamics simulation

In order to address these issues, researchers have
proposed exploring the use of carbohydrate-based
macromolecules such as cyclodextrins (CDs) to improve
the solubility and decrease the adverse effects of drugs.
CDs are donut-shaped molecules composed of cyclic
oligosaccharides of D-glucopyranose [7]. These
molecules have a large central cavity that enhances their
solubility and allows them to form inclusion complexes
(ICs) with hydrophobic compounds like drugs, food
ingredients, vitamins, and insoluble or poorly soluble
substances [8]. Three types of natural CDs are alpha-

1. Introduction

Sunitinib (SUTENT®, SUT), with C22H27FN402
molecular formula (Scheme 1), is a powerful inhibitor of
multiple tyrosine kinase receptors, including vascular
endothelial growth factor, platelet-derived growth factor,
stem cell factor, FMS-like tyrosine kinase 3, colony-
stimulating factor 1, and RET proto-oncogene receptors
[1]. This compound has been proven to have antitumor
effects in metastatic renal cell carcinoma and imatinib-
resistant metastatic gastrointestinal stromal tumor [2].

However, SUT may lead to various side effects such as
weakness, vomiting, nausea, constipation, and diarrhea,
bloody or black and tarry stools, swelling, tenderness,
warmth, or redness of a leg, swelling of the feet or ankles,
depression, dizziness or fainting [3] and hypothyroidism
[4]. It is also known to cause hypothyroidism and is
sensitive to light exposure [5]. Due to its low aqueous
solubility and chemical instability in water, SUT has
limited therapeutic benefits [6].

cyclodextrin (ACD), beta-cyclodextrin (BCD), and
gamma-cyclodextrin (GCD) with 6, 7 and 8 units,
respectively. They possess a hydrophilic exterior and a
hydrophobic interior cavity [9,10].

These cyclic molecules are a fascinating subject
because of their inherent presence in nature and diverse
biological functions, making them perfect for drug
delivery purposes [11-14], food technology, the human
diet [15], and agriculture industry [8]. Unaltered and
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modified BCDs are notable among CDs for their unique
characteristics, including the optimal void volume and
cost-effectiveness, which makes them particularly
intriguing [11].
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Scheme 1. Molecular structure of SUT

Modified BCDs, such as Amino-BCD (AMB) [16],
random methylated-BCD (RMB) [17,18], and 2-
hydroxypropyl-BCD (HPB) [10,19], are examples of
modified BCDs that have been thoroughly investigated
for their capacity to enhance the stability, solubility,
pharmacokinetics, bioavailability, biocompatibility, and
minimize adverse effects of active pharmaceutical
ingredients [13,19].

The use of different carriers to deliver various drugs
has been discovered to improve their solubility and
absorption when taken orally [20-24]. Using this system,
it is possible to speed up drug release and also control the
drug by doctors. In recent years, a variety of novel
nanocarrier systems have attracted increasing attention in
drug delivery research. Among them, polymeric scaffolds
containing sodium alginate microspheres, fullerene oxide
nanocages, and chitosan—salicylic acid-based structures
have been explored as promising platforms for the
encapsulation and controlled release of pharmaceutical
compounds [25-27].

We have previously investigated the behavior of other
tyrosine kinase inhibitors such as nilotinib, crizotinib, and
erlotinib with cyclodextrins [28-30]. Sunitinib has a
distinct chemical structure, polarity distribution, and
functional groups that lead to a different interaction
mechanism and encapsulation pattern in cyclodextrin
cavities. Yet, to date, there has been no comprehensive
research examining the creation of inclusion complexes
between CDs and SUT using computational methods.
Therefore, this study represents a novel and necessary
extension of our previous research. We undertook an
extensive study to assess the molecular properties of the
formation of inclusion complexes between natural CDs
including ACD, BCD, and GCD and modified BCDs
including HPB, RMB, and AMB (Scheme 2) with SUT
through molecular docking and molecular dynamics
(MD) investigations. The results of this research have the
potential to aid in determining the effectiveness of these
formulations as targeted drug delivery systems, with the
aim of enhancing stability and reducing the adverse
effects associated with cancer therapy.

2. Computational methods
and Sunitinib

2.1. Preparation of cyclodextrins
structures

The 3D molecular structure of SUT (PubChem CID:
5329102) was retrieved from the chemical compound
library on the PubChem database website [31]. The initial
structures of unmodified CDs, ACD (PDB ID: 1BTC)
[32], BCD (PDB ID: 3CGT) [33], and GCD (PDB ID:
1D3C) [34]) were obtained from the RCSB database [35].
The 3D structures of AMB, HPB, and RMB were
obtained by randomly substituting BCD using
GaussView 5.0 software [36].
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Scheme 2. Molecular structures of natural and modified CDs.
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2.2. Molecular docking

Molecular docking is a computational technique
utilized to predict how well a molecule will bind to its
target macromolecule. It plays a crucial role in drug
delivery research and can greatly impact the advancement
of new and improved therapies. Molecular docking is
instrumental in identifying any potential side effects or
toxicity of drugs, determining optimal dosages, and
screening large compound libraries to assess their binding
potential [37].

AutoDock 4.2.6 software was utilized for conducting
molecular docking experiments [38]. Initially, to prepare
coordinate files for all CDs and SUT, PDBQT files were
generated.

The CDs were treated as rigid, while SUT was
considered flexible, with all torsional bonds allowed to
rotate freely. The grid point spacing was set to 0.375 A,
and the box size to 40 x 40 x 40 A3 points. The
Lamarckian Genetic Algorithm (LGA) was employed
with default parameters, and 200 docking runs were
conducted with 25,000,000 energy evaluations per run.
Binding energy was calculated using ranking functions,
and conformations within each cluster were sorted based
on their binding energy. The optimal docking pose was
chosen based on the structure with the lowest binding free
energy in the most populated cluster [39].

2.3. Molecular dynamics simulation

Molecular dynamics simulations can be employed to
design CD-based drug delivery systems by predicting the
behavior of the complexes over time [40]. While
molecular docking is able to assess the binding energy
and orientation of SUT within the cavity by treating the
receptor as rigid, it fails to capture the dynamic nature of
the binding process [41].

In this context, recent studies have successfully
demonstrated the effectiveness of MD simulations in
elucidating structural and electronic properties of
complex molecular systems, highlighting their crucial
role in understanding molecular interactions in solution
and condensed phases. In this study, the optimal docking
poses were selected to serve as the starting structures for
MD calculations. The systems ACD, BCD, GCD, AMB,
HPB, and RMB were all included in a box of SPC/E water

molecules. Table 1 presents the number of water
molecules and the size of a space-filling cubic box for the
systems containing free CDs and CD:SUT ICs. The MD
simulations for each system were conducted using
GROMACS 2018.8 software [42] and the Charmm36
force field [43].

Periodic boundary conditions were applied to all
three-dimensional spaces of both free and complex CDs.
The force field parameters for SUT and CDs were
obtained from the CGenFF web server [44]. After
performing energy minimization using the steepest
descent algorithm, the system was equilibrated and
relaxed.

Following this, the system was heated to 310 K using
a V-rescale thermostat for a 10 ns simulation time in the
canonical ensemble (NVT) [45,46]. The system pressure
was maintained at a constant 1 bar for a duration of 10 ns
using the Parrinello-Rahman barostat in conjunction with
an isothermal-isobaric (NPT) ensemble [47]. The particle
mesh Ewald (PME) method was used to consider the
long-range electrostatic forces, utilizing a cutoff of 12 A
[48].

The van der Waals interactions were computed using
the Lennard-Jones potential with a cutoff distance of 12
A and the Lincs algorithm was applied during the
calculation [49]. Finally, a 300 ns production run with
constant temperature and pressure was conducted using a
2-fs time step and the leapfrog algorithm.

2.4. DFT analysis

The structures of the SUN drug, native and modified
CDs, and inclusion complexes were optimised using
MO06-2X [50] with the 6-31G basis set [51], as
implemented in the Gaussian 09 program package [52] in
the aqueous solution. All geometry optimizations were
performed using the default convergence criteria in
Gaussian 09.

The optimization was considered converged when the
maximum force was below 0.00045 a.u., RMS force
below 0.00030 a.u., maximum displacement below
0.0018 A, and RMS displacement below 0.0012 A. The
MO6 set of meta-hybrid functionals includes an empirical
fitting of its parameters that allows an increased response
to dispersion forces.

Table 1. The dimensions of a space-filling cubic simulation box and the number of water molecules

Number of water Dimensions of

Number of water Dimensions of

Systems molecules cubic box (nm)? Systems molecules cubic box (nm)*
ACD 1169 3.34086 ACD: SUT IC 1288 3.46714
BCD 1380 3.56146 BCD: SUT IC 1621 3.7859%4
GCD 1631 3.77450 GCD: SUT IC 1620 3.77581
HPB 2325 4.18165 HPB: SUT IC 2238 4.16047
AMB 1390 3.57374 AMB: SUT IC 1623 3.79437
RMB 1437 3.61947 RMB: SUT IC 1652 3.88940
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This level of theory is particularly suitable for
modeling host—guest systems and drug—cyclodextrin
inclusion complexes dominated by noncovalent
interactions. DFT-D3, an extended framework with
newly implemented Grimme corrections, was applied to
all DFT calculations [53].

The binding energy (Euing) for the encapsulated SUN
drug into CD was obtained as follows:

Ebind = ESUN-CD — (ESUN + ECD) 1

The chemical reactivity and kinetic stability of the
inclusion complexes were defined using the energies of
HOMO and LUMO molecular orbitals [54,55].

3. Results and Discussion

3.1. Molecular docking analysis

This study utilized molecular docking to evaluate the
insertion of SUT into both natural and substituted CD
cavities. The findings of the molecular docking analysis,
as shown in Figures 1 and 2 and outlined in Table 2,
demonstrate the optimal binding interactions between
CDs and SUT, including the free binding energy
(AGuinding), inhibition constant (Ki), and the number of
hydrogen bonds formed in these ICs.

In the examination of the ACD:SUT IC, the formation
of a lone hydrogen bond between ACD and SUT was
observed. This bond is depicted between the NHa group
of SUT and the -OH group at the C-6 position of ACD.
Furthermore, Figure 2 demonstrates that SUT is inserted
into the ACD cavity, with rings A and B located on the
narrower side and the aliphatic chain on the wider side of
the cavity.

Analysis of the molecular docking of BCD:SUT IC
indicated the presence of three hydrogen bonds. One
bond formed between the NHa group of SUT and O4 of
BCD, while the other two bonds formed between the NHc
and Nd groups in the aliphatic chain of SUT and the -OH
group at the C-2 position of BCD. In Figure 2, it can be
observed that the ring C and the aromatic chain of SUT
are situated in the broader and narrower sides of the BCD
cavity, respectively. In the GCD: SUT complex, there are
two hydrogen bonds created between the NHa and O2 of
GCD, and between the NHc in the aliphatic chain of SUT
and the -OH group at C-6 in GCD. In addition, SUT is
partially positioned inside the GCD cavity. Similar to the
ACD: SUT and BCD: SUT complexes, it can be seen that
the ring C and the aromatic chain of SUT are situated in
the wider and narrower sides of the GCD cavity,
respectively. The molecular docking analysis of RMB
and SUT indicated the formation of two hydrogen bonds
between NHa and NHc groups in SUT, and O6 and O5
atoms in RMB. Moreover, SUT was observed to be
positioned in the RMB cavity in a twisted manner,
partially inserted into the wider side. In the same vein, the
molecular docking analysis of HPB and SUT revealed the
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formation of a lone hydrogen bond between NHa group
of SUT and the O atom at the C-1 position in HPB. When
SUT was inserted into HPB's cavity, it adopted a distinct
orientation, with the aliphatic chain positioned on the
wider side and ring-A on the narrower side. In the AMB
and SUT case, molecular docking analysis revealed three
hydrogen bonds between NHa, NHc, and Nd groups of
SUT and the O atom at the C-1 position, O2, and O3
atoms of AMB. The positioning of the SUT in the AMB
cavity indicated insertion, with the aliphatic chain on the
wider side and rings A and B on the thinner side. The
comparison of the binding energy and inhibition constant
for the six ICs revealed that the affinity of the SUT with
CDs followed the order: RMB: SUT > HPB: SUT >
GCD: SUT > BCD: SUT > ACD: SUT > AMB: SUT.
Overall, all CDs form stable ICs with SUT, and both van
der Waals and hydrogen bond interactions are important
in their formation.

Table 2. The free binding energies (AGpinding) and inhibition
constants (Ki) for the best docking conformations.

Inclusion Complex A Gbinding (kcal/mol)  Ki(pM)
ACD: SUTIC -5.27 137.9
BCD: SUT IC -5.74 61.95
GCD: SUT IC -5.85 51.84
RMB: SUT IC -6.62 14.13
AMB: SUT IC -5.18 160.67
HPB: SUT IC -6.60 14.64

3.2. Molecular dynamics simulation

Computational methods were used to conduct MD
simulations to study the free CDs and the ICs. These
simulations were utilized to model the behavior of the CD
molecules and their associated guest molecules over time,
providing insights into the stability and dynamics of the
complex, as well as the interactions between the host and
guest molecules.

3.2.1. Structural analysis of free CDs

Prior to conducting molecular docking, MD
simulations were performed on unmodified and modified
CDs in water for 300 ns. The snapshots of the CDs at 0,
100, 200, and 300 ns are shown in Figure 3. The ACD
structure remained stable at 0 and 100 ns but became
unstable after 200 ns, closing on one side. The BCD
structure remained constant throughout the simulation,
while GCD underwent conformational changes in its
glucopyranoside units after 200 ns. Snapshot analysis
also included modified cyclodextrin structures. Methyl
and amine functional groups exhibited some flexibility,
with the AMB and RMB conformations remaining
partially unchanged. In contrast, HPB with hydroxy-
propyl groups showed flexibility and intramolecular
hydrogen bond formation, leading to conformation
changes after 100 ns and cavity closure after 200 ns of
simulation.
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BCD-SUT

ACD-SUT

HPB-SUT

Fig. 1. The best docking pose for the SUT:CDs ICs.

ACD-SUT

BCD-SUT

Fig. 2. 3D presentation of SUT insertion in the CDs cavity (the best docking pose), prepared by pymol progarm.
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T =100 ns

T =200 ns T =300ns

Fig. 3. The snapshots of the free CDs in water solution every 100 ns.

3.2.2. Root mean square deviation (RMSD)

The RMSD analysis assesses the variation in atomic
positions within a simulated complex compared to a
reference structure. It is utilized for stability evaluation,
equilibration determination and conformational analysis
in MD simulations. In this study, the RMSD analysis was
used to compare the structures of natural and substituted
CDs in both their free and complex forms over a 300 ns
simulation period. The results, as shown in Figure 4,
revealed that in the free ACD system, a small gap of
approximately 0.08 nm was observed at 150 ns, whereas
in the ACD:SUT IC system, similar gaps were seen at 30,
150, and 250 ns. However, the free and complex ACD
systems converged in the final 50 ns of the simulation.

The free BCD system exhibited equilibrium in RMSD
from 0 to 250 ns, with a shift occurring after 250 ns. In
contrast, the BCD:SUT IC system maintained balance
throughout the entire simulation period. Similarly, the
free GCD system displayed a small shift at approximately
90 and 170 ns, while the GCD:SUT IC system remained
stable throughout the simulation time. The RMSD
analysis for the free and complex forms of RMB and HPB
revealed that these systems reached equilibrium after
about 200 ns simulation, with some minor fluctuations
observed.

For free AMB system two small gap were observed at
25 and 140 ns and both free AMB and AMB:SUT IC
systems are in equilibrium state in the last 100 ns .
Overall, as demonstrated in Table 3 the results indicated
that with the exception of ACD the complex states of CDs
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showed greater stability than their free states, with
smaller mean RMSD.

3.2.3. Distance analysis

In MD simulations of CD:drug complexes, it is crucial
to conduct distance analysis between the center of mass
(COM) of CDs and drugs. This analysis is indispensable
for evaluating the stability of the complex assessing the
interaction between CDs and the drug, and predicting
binding affinity in aqueous solutions [56]. On the other
hand, the dynamics of the insertion of the drugs into the
CD cavities can be studied by evaluating the distance
between the COM of the drug and CDs throughout the
simulation [19,57]. Figure 5 demonstrates large
fluctuations in the distance between the COMs of SUT
and ACD at 25, 75, and 110 to 130 ns of simulation time.
This could be attributed to the small size of the ACD
cavity compared to the size of the anticancer drug SUT.
Similar fluctuations were observed in the COMs of BCD
and SUT distances at 75 to 100 ns, 150 to 175 ns, and
around 300 ns. Interestingly, no fluctuations were
observed in the distances between the COMs of GCD and
SUT after the formation of IC. In the RMB: SUT IC,
fluctuations were seen in the distance between COMs in
210-230 ns, 240-250 ns, and approximately 300 ns, while
the distance remained constant for the rest of the
simulation time.

Fluctuations were also observed in the COMs of AMB
and SUT distances at various time intervals. The distance
between the COMs of the SUT and HPB showed
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continuous fluctuations, possibly indicating the drug's
release from the cavity and contributing to the instability
of this IC compared to other ICs. Overall, the distance
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analysis suggests that among natural and modified CDs,
GCD and RMB form the most consistent interaction
complexes with SUT
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Fig. 4. RMSD of free CDs and IC states for CDs with SUT during the 300 ns simulation time.

Table 3. The mean RMSD (nm) of CDs in free and in complex with SUT in last 30 ns.

Free system Mean RMSD (nm) IC system Mean RMSD (nm)
ACD 0.208+0.013 ACD: SUT IC 0.214+0.011
BCD 0.225+0.021 BCD: SUT IC 0.142+0.016
GCD 0.202+0.019 GCD: SUT IC 0.119+0.029
AMB 0.245+0.009 AMB: SUT IC 0.127+0.025
RMB 0.174+0.014 RMB: SUT IC 0.138+0.016
HPB 0.298+0.020 HPB: SUT IC 0.297+0.018
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Fig. 5. The distance plots between COM of the SUT and the CDs during the whole simulation time.

3.2.4. The radial distribution function analysis

RDF analysis offers valuable insights into
intermolecular interactions, helps validate the results of
the MD simulations and improves the comprehension of
the interactions between CDs and drugs [57]. As shown
in Figure 6, the RDF of all natural and substituted CDs
within the ICs with a cutoff of 1.8 nm was calculated
based on the water molecules surrounding the oxygen
atoms of the glucopyranose units. This provided
insightful information on the distribution of water
molecules inside and around the CD cavities [58,59]. This
information results from the flexibility of the
glucopyranose units and the hydrogen bonds formed
between the CDs and water molecules in their
surroundings.

In Figure 6, six RDF curves show how water
molecules are distributed around the O3 atom in both free
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and complex states of CDs. The two peaks in each CD
curve indicate the presence of water molecules
interacting with the O3 atom of unmodified or modified
CDs in both their free and complex forms. The peaks
between 0.18 to 0.22 nm and 0.22 to 0.4 nm suggest
hydrogen bonding interactions, with the highest
intensities corresponding to water molecules in the outer
cavity of the CDs, possibly due to hydrogen bonds
forming between water molecules and the O3 atom of the
CDs. In the complex state, the peak intensities were
slightly lower than in the free CDs, indicating that water
molecules had moved out of the CD cavities to make
room for the SUT molecule.

The decrease in peak intensity was more significant in
complex RMB compared to other CDs, suggesting that
stable ICs form between SUT and this modified BCD.
Molecular docking and distance analyses confirmed this
result.
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Fig. 6. The RDF plots for O3 atom of free and complex CDs during the 300 ns simulation time

3.2.5. Hydrogen bond analysis

Analysis of hydrogen bond is essential in the MD
simulations to study the interactions between receptors
and drug molecules. It helps to determine the strength and
specificity of binding between two molecules, providing
insights into their stability. Hydrogen bonds with water
molecules also affect drug-receptor interactions,
influencing drug solubility and transport in biological
systems. Studying these interactions sheds light on how
solvent molecules impact the binding affinity and
stability of these complexes, crucial for understanding
drug behavior in biological environments [58,60]. A
hydrogen bond is established when the distance between
the donor and acceptor is shorter than 0.35 nm and the
angle between them is less than 30°.
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The 0.35 nm distance aligns with the primary
hydration shell of water molecules [61].

This study analyzed the number of hydrogen bonds
formed between CDs and SUT, as well as between CDs
and the solvent, to assess structural stability over a 300 ns
simulation period. The research results indicate that
intermolecular hydrogen bonds are essential for the
stability of all ICs. A maximum of three hydrogen bonds
form between ACD and SUT, while the other CDs can
form up to five hydrogen bonds with SUT. Differences in
the number of hydrogen bonds between SUT and ICs -
especially in HPB- suggest increased flexibility of SUT
within the cavity (Figure 7).

Figure 8 illustrates the time-dependent formation of
hydrogen bonds between CDs in their free form and
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inclusion complex with the solvent molecules.

The average number of hydrogen bonds formed
between free CDs and the solvent is higher compared to
complex CDs, likely due to the exposure of both internal
and external surfaces of free CDs to the solvent. In
contrast, the insertion of the SUT molecule displaces
water from the internal wall of the complex CDs,
reducing the solvent-accessible surface on the complex

CDs.

Table 4 shows that the average number of hydrogen
bonds between natural CDs and the solvent follows the
order GCD > BCD > ACD, based on the size of the CDs
with 6, 7, and 8 a-D-glucopyranoside units, respectively.
The modified BCDs follow the order HPB > RMB >
AMB, which can be attributed to the functional groups
present on the modified CDs.

Table 4. Average number of hydrogen bonds between CDs (Free)/solvent and CDs (IC)/solvent during the last 30 ns simulation
time.

System CDs: Solvent System CDs: Solvent
ACD 26.695+3.234 ACD: SUT IC 23.416+3.225
BCD 31.274+£3.467 BCD: SUT IC 29.058+3.500
GCD 36.850+3.888 GCD: SUT IC 31.757+£3.482
RMB 28.707+3.267 RMB: SUT IC 25.518+3.241
AMB 30.7214+3.784 AMB: SUT IC 26.908+3.161
HPB 39.564+3.987 HPB: SUT IC 37.819+4.379
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Fig. 7. The number of hydrogen bonds between CDs and SUT during the 300 ns simulation time
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3.2.6. The interaction energy analysis

During the MD simulation, interactions between
molecules were assessed using the Coulomb potential for
electrostatic forces and the Lennard—Jones potential (LJ)
for van der Waals interactions. Figure 9 indicates that all
ICs consistently showed higher van der Waals interaction
energies compared to electrostatic energies, highlighting
the significant role of van der Waals interactions in the
encapsulation of SUT within CDs. The data from the
figure reveal the van der Waals interaction energy
ranking for SUT with CDs as follows: GCD > RMB >
BCD > ACD > AMB > HPB. Additionally, the
comparison of electrostatic energies for the six ICs shows
that the affinity of SUT with CDs is in the order: BCD >
RMB > GCD > AMB > HPB > ACD.

The results indicate that BCD and GCD among natural
CDs, and RMB among modified CDs, exhibit the highest
van der Waals and electrostatic interaction energies,
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lvent and CDs (IC)/solvent during the 300 ns simulation time.

suggesting a strong binding affinity with SUT.

3.3. DFT analysis

Recent DFT-based studies have demonstrated the
effectiveness of computational approaches in elucidating
drug—nanocarrier interactions and evaluating the stability
and binding mechanisms of anticancer drug delivery
systems, highlighting the importance of such methods
prior to experimental investigations [62-64]. To
determine the most stable structure of SUN and native
and modified CDs, all these monomers were initially
fully optimised at the M06-2X/6-31G level of theory
(Fig. 1 Supp.). The equilibrium structure of inclusion
complexes derived from molecular dynamics simulations
was utilized to assess the binding energy through DFT-
D3 methods, and the results were provided in (Fig. 2
Supp.). As shown in this figure, the drug molecule was
situated within the cyclodextrin cavity. The binding

264



Chem Rev Lett 9 (2026) 254-268

energies were calculated using Formula (1) and reported
in Table 5. The negative Euing values for all inclusion
complexes, generally caused by strong interactions
between SUN and CDs, indicate that the insertion of SUN
into CDs was an exothermic process. Generally, the
conformation with a higher negative Eping is considered
more stable [65].

Herein, the AMB-SUN inclusion complexes
displayed the most negative Euinda (-259.376 kJ/mol),
indicating that AMB had stronger attractive forces for
SUN compared to other types of CDs. The calculated
dipole moment (uo) values for CDs and inclusion
complex are listed in Table 5. The dipole moment value
of the SUN drug is 5.576 Debye. These results indicate a
considerable increase in the solubility of the inclusion
complexes in comparison to free drug and cyclodextrins
except in GCD. According to the results of the dipole
moment, AMB-SUN inclusion complex shows the
highest solubility. The HOMO-LUMO energy gap
(AEgap) has a significant impact on the chemical
reactivity and kinetic stability of a molecule. The energies
of the HOMO (¢HOMO) and LUMO (eLUMO) define
the ionization energy and electron affinity, respectively,

0 ACD-SUT BCD—SUT GCD-SUT  AMB-SUT

220

-40 -

-60

-80

van der Waals interactions (KJ/mol)

-100

-120

which were utilized to calculate the chemical reactivity
descriptors for each inclusion complex and isolated
components (SUN and CDs).

If the AEgap is smaller, less energy is required for an
electron to jump from the HOMO to the LUMO. This is
due to the energetic favorability of electron transfer
between the HOMO (occupied) orbital and the LUMO
(unoccupied) orbital. Therefore, a molecule with a high
AEgap will have decreased chemical reactivity and
improved chemical kinetic stability. The following
equations were used to determine the chemical reactivity
descriptors for the inclusion complexes and individual
components (SUN and CDs) in water, including chemical
potential (), electrophilicity index (®), and chemical
hardness ().

u=(eHOMO+¢LUMO)/2 2)
N=(eLUMO-¢HOMO)/2 3)
®=p2/2n 4

ACD-SUN has higher ® values, a measure of the
compound’s ability to receive electrons, indicating that
they are more electrophilic.

HPB-SUT  RMB-SUT

Coulomb Electrostatic (KJfmol)

-20 -

-25

0 ACD-SUT BCD—SUT GCD-SUT  AMB-SUT

HPB-SUT  RMB-SUT

Fig. 9. The average Columbic and van der Waals energy of CDs with SUT during the last 30 ns.

Table 5. The binding energy (Ebind) in kJ.mol!, dipole moments (u°) in Debye, Chemical potential (pt), chemical hardness (1)),
and electrophilicity (o) calculated for SUN-CD inclusion complexes in eV unit.

0

1)
Evin Free CD IC HOMO LUMO n n w

ACD-SUN -151.016 6.710 8.729 -0.251 -0.062 -0.157 0.095 0.129
BCD-SUN -214.250 8.318 13.248 -0.245 -0.054 -0.150 0.095 0.118
GCD-SUN -175.993 10.098 5.365 -0.237 -0.061 -0.149 0.088 0.126
AMB-SUN -259.377 12.185 14.119 -0.241 -0.050 -0.146 0.095 0.111
RMB-SUN -220.616 3.109 6.861 -0.248 -0.058 -0.153 0.095 0.123
HPB-SUN -210.354 13.413 13.562 -0.245 -0.057 -0.151 0.094 0.121
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4. Conclusion

In summary, our study showcased the potential of six
different CDs in formulating SUT, an anticancer drug,
using computational techniques like molecular docking
and MD simulations. The docking results revealed that
SUT formed inclusion complexes with all CDs, with the
highest affinity observed with RMB and the lowest with
AMB. Additionally, MD simulation unveiled distinct
characteristics of the CDs, including the closure of the
thinner side of ACD and HPB, and the flexibility of the
hydroxy propyl groups in HPB. Based on the distance
analysis, GCD and RMB have the most stable interaction
complexes with SUT among the natural and modified
CDs. The fluctuation in the distance between the centers
of mass of SUT and HPB suggested that drug may be
release from the CD cavity.

In the IC state of the CDs, the RDF peak intensities
were lower than in free CDs, and the average number of
hydrogen bonds formed with the solvent was lower
compared to free CDs, indicating the replacement of
water molecules within the CD cavities with SUT,
underscoring the potential of CDs as a promising medium
for this drug encapsulation. The results of the interaction
energy analysis highlighted that among the modified
CDs, RMB, and among the natural CDs, BCD and GCD,
are the optimal choices for SUT, with the potential to
enhance the stability, water solubility, and bioavailability
of this drug. Overall, these findings provide valuable
insights into drug formulation and delivery, paving the
way for the development of more effective and safe
anticancer treatments. Our research introduces new
possibilities for improving the efficacy and safety of
cancer therapies through innovative drug delivery
methods utilizing CDs.

Future studies may focus on extending this
computational approach to other anticancer drugs and
cyclodextrin derivatives, as well as wvalidating the
predicted stability and solubility enhancements through
experimental investigations
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