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Cyclodextrins (CDs) and their derivatives have good prospects in soil remediation
application due to their ability to enhance the stability and solubility of low water-
soluble compounds by inclusion performance. To investigate the effect of different
structural properties of cyclodextrin and its derivatives on the inclusion complexation,
molecular dynamic (MD) simulations were performed on the inclusion complexes formed
by three kinds of CDs with polycyclic aromatic hydrocarbons (PAHs). Based on neutral
B-CD, the other two CDs were modified by introducing substitutional groups, including 2-
hydroxypropyl and sulfonated butyl (SBE) functional groups in the ring structure, called HP-
CD and SBE-CD. MD results show that PAH can merely enter into the cavity of SBE-3-CD
from its wide rim. The substitutional groups significantly affect the structure of CDs, which
may also cause the flipping of the glucose units. However, the substitutional groups can
also enlarge the volume of the hydrophobic cavity, resulting in a tight combination with the
guest molecules.

Keywords: 2-hydroxyprohyl-cyclodextrin, sulfonated butyl-cyclodextrin, molecular dynamic simulation, inclusion
complex, conformational change

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) can accumulate in soils, severely harming the environment
and human health. Kaur and coworkers found that both the carbamates and organophosphate
pesticides form quick and stable complexes with essential metal ions of soil/water medium. Apart from
the direct toxicity of pesticides, complexation of free metal ions impoverishes the soils (Kaur et al.,
2017). The degradation of three isolated bacterial strains on the glyphosate could be inhibited by Fe(III),
Cu(Il), and HA (Singh et al,, 2019). 3,5,6-Trichlorosalicylic acid (TCSA) does not show good
antibacterial activity, but its metal complexes have shown better activity for the selected bacterial
strains with good degree of selectivity (Kumar et al.,, 2017; Kumar et al., 2019). PAHs adsorbed on soils
or sediments are very difficult to degrade (Wang and Brusseau, 1995; Brusseau et al., 1997; Reid et al.,
2000; Allan et al., 2006; Abdel-Shafy and Mansour, 2016). Soil leaching (McCray and Brusseau, 1998),
known as an efficient soil remediation technology, has obtained rapid development in recent years.
Through injecting elutriation agents, such as surfactant solution, into the soil, the organic contaminants
absorbed on the soil would transfer from the solid phase or nonaqueous phase liquid to the aqueous
phase (Guha and Jaffe, 1996; Bueno-Montes, 2011). However, elutriation agents may cause secondary
pollution to the soil and environment.
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Cyclodextrins (CDs) are a family of cyclic oligosaccharides,
consisting of a macrocyclic ring of glucose subunits linked by
a-1,4 glycosidic bonds (Loftsson and Brewster, 1996; Dass and
Jessup, 2000; Abdel-Shafy and Mansour, 2016). CDs have a
unique structure with a hydrophobic interior and hydrophilic
exterior. Due to its unique structure, the cavity of the CD can
encapsulate other molecules or ijons by the inclusion
performance, which can solubilize poor water-soluble
substances (Eastburn and Tao, 1994). Meanwhile, CDs are also
environmentally friendly (almost no secondary pollution) and
have a low soil adsorption rate. Besides, water solubility can be
improved by the derivatization of native CDs. Because of these
advantages, CDs and their derivatives have a good application
prospect in the field of soil remediation (Loftsson and Masson,
2001; Jessel et al., 2006; Crini, 2014).

At present, most researches have been focusing on the
desorption of hydrophobic organic pollutants in soil by the
hydroxypropyl-cyclodextrin (HPCD). For instance, Mayer
et al. (2005) found that HPCD can significantly improve the
molecular diffusion efficiency of contaminants in the unstirred
soil layer. Allan et al. (2007) concluded that in the study of the soil
mud system, HPCD increases the rate of microorganism
degradation of PAHs and phenolic substances in soil. The
extraction of PAHs below the four rings in soil by
cyclodextrin (HPCD) solution, which can reflect interactions
between PAHs and the soil, can also predict PAHS
bioavailability in the soil. This provides an easy and fast way
to determine the ecological risk in the soil and evaluate the
feasibility of biometric repair of the different soils
contaminated by persistent organic pollutants (POPs).
Cyclodextrins (HPCD) have the potential for the replacement
of surfactants to enhance the dissolution and degradation of
hard-to-degrade organic pollutants in the soil (Reid et al., 2004).
Brewster et al. (2008) found that hydrophilic cyclodextrins might
be useful formulation adjuncts in supersaturating drug delivery
systems. Maeda et al. (2018) concluded that SBE-B-CD can
increase the solubility, stability, and antioxidant activity of S-
(-)-equol (SEq) by complexation with SEq more effectively than
SEq alone.

Although cyclodextrins and their derivatives have good
prospects of soil remediation application, the inclusion
performance of different cyclodextrins with the guest
molecules shows great differences. Limited by the experimental
technique, it is a challenge to explore the microcosmic
mechanism behind the different performance of various CDs
(Guha and Jaffe, 1996; Bueno-Montes, 2011). The different
performance between the CDs should be related to their
different structures, especially the substituted groups, such as
hydroxypropyl and sulfonated butyl functional groups, that may
affect the cavity structures. Besides, both the positions and
degrees of substitution may also influence the cavity structure
(Erdos et al., 2021). The structural changes, including cavity self-
closure and flipping of glucose units, could conversely affect the
inclusion capability of the CDs.

To characterize the inclusion abilities of the different kinds of
CDs from a microscopic view, theoretical studies, especially
molecular dynamics simulations, are certainly appropriate to
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FIGURE 1 | Atomic labels in glucose units of cyclodextrin (CD) ring and
the two defined distances.

investigate such problems. To date, the complexation of small-
ring cyclodextrins (a-CD, B-CD, and y-CD) and various small
guest molecules have been widely studied theoretically (Yuan
et al., 2008; Schonbeck et al., 2010; Concha-Santos et al., 2013;
Yuan et al., 2015; Malanga et al., 2016; Nutho et al., 2017; Erdés
et al.,, 2020; Erdds et al., 2021). The theoretical studies have
provided detailed information on the inclusion processes and
orientation of guest molecules inside the hole. As for the native
CD derivatives modified by the substituted functional groups, the
theoretical studies on their inclusion are relatively scarce.
Recently, Rungrotmongkol and his coworkers studied the
effects of different numbers of hydroxypropyl substituents on
the conformational changes at different positions of p-CD using
replica exchange molecular dynamic simulation (REMD)
(Hukushima and Nemoto, 1996; Sugita and Okamoto, 1999;
Nutho et al., 2017; Kerdpol et al., 2019).

To explore the different performance of B-CD and its
derivatives on contaminant inclusion, we performed classic
molecular dynamics simulations to investigate the effect of
substitutional groups on the inclusion ability of p-CD. Two
types of substitution, including 2-hydroxypropyl (HP) and
sulfonated butyl (SBE) functional groups, were investigated.
Under the same substitution degree, four HP or SBE groups
were connected to the O, atoms on the glucopyranose units. The
complexation structures of a PAH compound anthracene (ANT)
inside native f-CD and the modified derivatives HP-p-CD and
SBE-B-CD were compared. Through analyzing the structural
distortion, cavity self-closure of HP-p-CD and SBE-B-CD, and
interactions between host and guest molecules, the inclusion
ability of native B-CD and its derivatives were explored.

COMPUTATIONAL METHODS

The structure and force field topology files of the native B-CD
were taken from the automated topology builder (ATB) server
(Malde et al., 2011; Stroet et al., 2018). The two derivatives HP--
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CD and SBE-B-CD were prepared by connecting four 2-
hydroxypropyl (HP) or sulfonated butyl (SBE functional
groups to the O2 positions of a-pD-glucopyranose units, as
shown in Figure 1. The substitution positions were all at the
large opening end, the substitution degree was set as four, which is
according to the experimental observations. The coordinates of
the configurations for the three kinds of CDs were provided in the
Supplementary Materials. Then the molecular dynamic
simulations were performed to study the inclusion process of
the ANT molecule within the three kinds of CDs. The simulated
models were built according to the method previously reported in
the literature (Snor et al., 2007; Kicuntod et al., 2016). Briefly, the
CDs were first placed in a simulation box with the center of mass
(COM) located at the center of the coordination system. The two
openings on both ends of the CDs were oriented toward the
z-direction. Two inclusion directions of ANT into the CD cavity
were taken into consideration, that is, the two openings of the CD.
The guest molecule was placed at the two positions with its long
molecular axis coinciding with the central axis of the CDs. Finally,
water molecules were filled into the box, and Na* ions were added
for the SBE-CD system. All the simulated systems were
summarized in  Supplementary Table S1 in the
Supplementary Materials.

All calculations were performed using the Gromacs 2019
software (Hess et al., 2008; Pronk et al., 2013; Abraham et al,,
2015; Pall et al.,, 2015) with the GROMQOS96 54a7 force field
(Malde et al., 2011). The united atom force field parameters for all
the CDs and the ANT were derived from the automated topology
builder (ATB) server (Malde et al., 2011; Stroet et al., 2018). The
force field parameters used in this work were all obtained from
the ATB server, in which the bonded and van der Waals
parameters were taken from the GROMS 54a7 parameter set.
For the electrostatic interactions, the atomic charges were
calculated using the ESP method of Merz-Kollman based on
quantum optimization calculations at the B3LYP/6-31G* level.
The obtained topology files, including force field parameters and
configurations of the studied components, were provided in the
Supplementary Material. Water molecules were described by the
simple point charge/extend (SPC/E) potential (Berendsen et al.,
1987), which provided a good representation of the structural
properties of cyclodextrin systems following the previous works
(Khuntawee et al., 2015; Gebhardt et al., 2018). To validate the
effect of the different water models on the simulation results, we
still performed simulation using SPC and TIP3P models. The
results are discussed in the following Results and Discussion
section. Molecular dynamic (MD) simulations were performed
after the minimization with the steepest descent method. The
simulations were performed under the NPT ensemble at 1 atm
and 298°K, corresponding to the normal condition. The v-rescale
thermostat and Berendsen barostat were used to maintain the
system temperature and pressure, respectively (Berendsen et al.,
1984; Bussi et al, 2007). The LINCS method was applied to
constrain the bond length in the simulation (Hess et al., 1997).
The long-range electrostatic interactions were calculated using
the particle mesh Ewald (PME) method (Essmann et al., 1995),
while the short-range pair interactions were treated using the
Lennard Jones potential with a cutoff at 1.2 nm. A timestep of 2 fs
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was used during the simulations. The MD trajectories were saved
every 2fs and were visualized using the VMD software
(Humphrey et al., 1996).

Several statistical methodologies were used to explore the
microscopic properties, including the routine analysis of MD
simulations, such as structural properties and radial distribution
function (RDF). In addition, the structural distortion of glucose
units was analyzed in terms of free energy, and the intermolecular
interactions between guest and host molecules were analyzed
using the independent gradient model (IGM) (Lefebvre et al.,
2017; Lefebvre et al., 2018). The specific details are provided in the
following Discussion section.

RESULTS AND DISCUSSION

Inclusion Structures of Anthracene Within
Each Cyclodextrin

We first calculated the system densities to check the equilibrium
of the systems. The calculated densities of the systems were
provided in Supplementary Figure S1 in the Supplementary
Materials. The results showed that the densities of simulated
systems were all around 0.992 g/cm”, close to bulk water density.
Besides, the densities kept steady despite the fluctuations during
the simulation. Figure 2 shows the configurations for each
system at the end of the simulation. The
configurations of ANT entering into the CD cavity from its
narrow rim are shown in Supplementary Figure S1 in the
Supplementary Materials. In addition, all the simulations were
performed twice to check the repeatability of the systems. The
results are shown in Supplementary Figures S2-S4; they show
good consistency. Generally, the inclusion complexes of ANT
within the three CDs were all obtained. The difference is that the
ANT molecule can enter into the cavity from both the wide and
narrow rims of the native 3-CD and HP-B-CD, while it can only
penetrate the cavity of the SBE-B-CD from its large rim, that is,
from the rim which was connected to the sulfonated butyl groups.
This point can be confirmed by checking the MD trajectories, and
the inclusion degree of ANT within each CD was investigated by
the COM distance between host and guest molecules, as shown in
Figure 3. The fluctuation of distances was within the range of
0.2 nm, which showed that ANT can be tightly included inside
the cavity.

inclusion

Structural Distortion of Glucose Units in
Each -CD

It is noted that the ANT molecule cannot enter into the cavity of
SBE-B-CD from the small rim, as shown in Figures 2, 3. We
consider this directly related to the conformational distortion of
the glucose units in the SBE-B-CD structure. Thus, the
conformational changes of the three kinds of B-CDs were
investigated according to previous studies reported by
Rungrotmongkol and coworkers (Kerdpol et al., 2019). First,
the distance dj()between adjacent oxygen atoms in two
adjacent glucopyranose units was measured to monitor the
intramolecular hydrogen bonds of the wide rim. Then, the
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configurations at the beginning and end of the simulated systems, respectively.

FIGURE 2 | Configurations of anthracene (ANT) with each CD: (A) B-CD, (B) HP—B-CD, and (C) and (D) SBE-B-CD. The top and bottom panels show the

L4r —BCD
—— HP-BCD
1.2 == SBE-BCD (from wide rim)

= SBE-BCD (from narrow rim)

Distance / nm

0.4

0.2

0.0

2000 3000 4000 5000

Simulation time / ps

0 1000

FIGURE 3 | Time evolution of the distance between COMs of ANT and
each CD.

distance d,(; between the same glycosidic oxygen atoms was
calculated to monitor the ellipticity of each kind of CDs. The
above two distances were labeled onto the structure of B-CD to
give a clear illustration, as shown in Figure 1. The probability
distributions of the two distances were calculated using the
following equation in terms of free energy (Kerdpol et al., 2019):

F(x,y) = ~ksTlog[P(x,y)], )

where kg and T are the Boltzmann constant and absolute
temperature, respectively. P(x,y) is the probability of the
above two distances.

For the native p-CD, the conformational minimum was
detected with the d;(;y and d,(; distances at about 2.9 and
4.5 A, respectively, indicating the conical structure of p-CD
ring with two ends. When the ANT molecule was included by

B-CD, the distribution of the conformational minimum was
almost unchanged, as shown in Figure 4. In the cases of
HP-B-CD and SBE-B-CD, the contour graphs of the
probability distributions both showed two regions of
conformational minima, as plotted in Figure 4. This
indicates that the structures of native B-CD would be
changed due to the substitution of HP or SBE groups. It is
noticeable that the probability distribution of d,(;y distances
changed slightly, while the distribution of d; () fluctuated in a
wide range of 3.5-6.0 A. This implied that the conical
structure of the CD ring was changed by narrowing down
the secondary rim. In particular, the minimum energy
conformation of SBE-B-CD mainly existed with d;(
distances at about 5.8 A, which indicated that the
macrocyclic ring structure of CD deformed to a greater
extent when the SBE substitution groups existed.

When the ANT molecule was packaged inside the cavities
of HP-B-CD and SBE-B-CD, it was observed that the cavity
structure was returned to its original form. As shown in
Figure 4, the probability distributions of the lowest
minimum energy conformations were once again
concentrated at 3.0 and 4.5A for diiy and dy),
respectively. For SBE-B-CD, the distribution of d;(; still
fluctuated in a wide range of 3.5-6.0 A, suggesting that the
SBE substitute groups have a bigger impact on the CD ring
structure. Even the ANT molecule was located inside the
cavity; the conical structure also was narrowed down.
Therefore, it is possible that the binding between ANT and
SBE-B-CD would be much tighter than that of the other two
complexes.

Arrangement of the Substitution Groups
The substitutional groups on the ring structure can affect the
CD conformations as discussed above. The substitutions
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FIGURE 4 | Probability distributions of the two defined distances d1 () and dag; in terms of free energy.

could also influence the inclusion performance, because these  of the simulation without and with ANT, respectively. It can
flexible groups may cause the self-closure of the cavity.  be seen that these substitutional groups can point toward the
Figure 5 shows the configurations of two CDs at the end  cavity interior or exterior due to their flexibility. Meanwhile,
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FIGURE 5 | The flipped conformations of HP-CD with (A) and without ANT (C). The flipped conformations of SBE-CD with (B) and without ANT (D).

the fluctuation of these groups caused the flipping of the
glucose subunits, as the highlighted glucose ring shown in
Figure 5. The flipping of glucose rings then influenced the
distortion of the cyclic ring. The observations of glucose
subunits are similar to those of an earlier study reported
by Kerdpol et al. (2019).

When the substitutional group pointed toward the interior
cavity, which would block the CD cavity and then prevent the
guest molecule from inserting into the cavity, this may
further affect the inclusion performance of each CD. To
investigate the arrangement of the substitution groups in
detail, the COM distances between B-CD and each
substitution group, that is, HP and SBE, were calculated
versus. simulation time, as shown in Figure 6. In the
absence of ANT, it is found that one HP group pointed
toward the interior cavity during 80% of the MD
simulation period. As shown in Figure 6A, the distance
between one HP chain and B-CD COM fluctuated to
around 4.0 A. The configuration (5ns) shown in
Figure 5A exactly shows an HP group pointing toward the
interior, leading to the self-closure of the cavity.

For the SBE-B-CD, all the distances were more than 5.0 A
during the simulation, suggesting that the four substitutional
SBE groups were always pointing toward the exterior of the
cavity. This indicates that the SBE groups did not close the
wide rim of the CD. On the one hand, the length of SBE
groups is longer than that of HP. Therefore, as mentioned
above, the flexibility of the molecular chain is greater than

that of the HP group, which leads to a greater degree of
deformation. On the other hand, the hydration affinity of the
sulfonate group was stronger than that of the hydroxy group.
This was confirmed by the radial distribution functions
(RDFs) of water molecules around the two kinds of
groups, as shown in Figure 7. It can be seen that the peak
intensity of the first hydration shell of SBE groups was
obviously stronger than that of HP groups. Since the CD
cavity is hydrophobic, the SBE groups with stronger
hydrophilic character prefer to point toward the exterior.

In addition, the RDF results obtained from the simulations
with TIP3P and SPC water model are shown in
Supplementary Figure S5 in Supplementary Materials. It
can be seen that the results show good consistency, except for
the small difference in peak intensities.

Structure of the Inclusion Complex

When the inclusion complex formed, the cavity
conformation of each CD has recovered to a great extent,
as discussed above. As the distance profiles (Figures 6C,D)
showed, almost all the distances between substitution groups
and CD COM were more than 5.0 and 7.0 A for HP-CD and
SBE-CD, respectively. This indicated that no substitutional
groups extended to the interior of the cavity. It is because of
the steric hindrance from the ANT molecule inside the
cavity. Meanwhile, we found that all the max distances
between substitutional groups and CD COM were
decreased when the guest molecule was inside the cavity.
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For instance, Figure 6C shows that the maximum fluctuation
exceeds 1.3 A in the absence of ANT. While in the presence
of ANT, the maximum distances fluctuated around 1.2 A, the

Influence of Substitutions on Inclusion Complexation

distribution of distance became more concentrated
(i.e., 0.5-1.4 and 0.7-1.2 A in Figures 6C,D, respectively).
This indicated that the substitution groups preferred to
extend along the axis direction of the cavity and
interacted with the guest molecule.

To further investigate the inclusion structure in detail, the
distribution area of ANT inside the cavity was plotted by
superposing the configurations of ANT occurring during the
MD trajectories. During this process, the heavy atoms of each
CD were restrained, and ANT was allowed free movement.
Then, 1 ns MD simulation was performed for each inclusion
complex. The composite configurations of ANT inside each
CD cavity were shown in Figure 8 by the display mode of
molecular surface. The movement area of ANT inside the
cavity was divided into two parts. One is along the radial
direction of the CD ring, and the other is along the axis
direction of the cavity, as shown in Figure 8. In the absence of
any substitution groups, it can be seen that the cavity of
natural CD kept its elliptical shape during the simulation.
Thus, the range of ANT motion in the radial direction of the
CD cavity was quite wide. However, along the axis direction,
it can be seen that the location area extended beyond the CD
rims. This is because of the molecular motion of the long and
narrow-shaped ANT molecular along the axis direction.

In the case of HP-CD and SBE-CD, the molecular motion
along the axis direction of CD has not changed. The
trajectories of HP-CD and SBE-CD still
exceeded the two cavity rims. However, compared with the
inclusion configuration, the movement of ANT near the
narrow rim of CD has a little change. However, at the
wide rim that connects to the substitution groups, the
outmost region of ANT movement was near the margin of
the substitutional groups. As discussed above, the
substitution groups preferred to extend along the axis
direction of the CD cavity when ANT molecule was
included. Thus, the substitutional groups enlarged the
volume of the inner hydrophobic area inside the cavity,
which is helpful to the inclusion of ANT.

movement

22F
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1.6
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1.0F
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0.6 -
04+
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FIGURE 7 | RDFs of water molecules around hydroxy and sulfonate
groups.
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FIGURE 8 | Distribution area of ANT inside the cavity. The top and bottom panels show the axis and radial direction of CD ring, respectively.

FIGURE 9 | IGM isosurfaces and atom dg indices.

In the radial direction, the movement of ANT seems to be
greatly hindered in the case of HP-CD and SBE-CD, due to
the conformation changes of the CD structure. Figure 8
shows that the molecular motion of ANT was restrained in
anarrow and flat region inside the cavity. As discussed above,
the cavity contracted inward when ANT was included inside

HP-CD or SBE-CD. The cavity contraction was associated
with the intermolecular interactions between guest and host
molecules on the one hand. But what is more important is the
fluctuation of substitutional groups. It can be seen that the
conformation of natural CD did not change much when ANT
was included inside.
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Interactions Between Guest and Host

Molecules

To further investigate the inclusion performance of each CD on
ANT, the intermolecular interactions between guest and host
molecules were analyzed using the independent gradient model
(IGM) (Lefebvre et al., 2017; Lefebvre et al., 2018). Following the
developer’s tutorial (Lu, 2020), the IGM analysis was performed
based on the final configurations of each complex using Multiwfn
software (Lu and Chen, 2012). The IGM function J§g™"
describing the intermolecular interactions was plotted by
mapping the real space function sign(1;)pon the &ginter
isosurfaces with colors. In the sign(A;)p function, A, is the
second largest eigenvalue of Hessian matrix of electron
density p. Besides, to quantificationally explore the
contribution of atom pair to the intermolecular interactions,
the atoms were colored by mapping the atom pair §g indices
on the molecular structure. The atom pair §g index was defined
by the developer of Multiwfn (Lu, 2020), which can reflect the
contribution of an atomic pair to §g™™*. The IGM isosurfaces are
visualized using VMD software (Humphrey et al.,, 1996).

The green isosurfaces between host and guest molecules
shown in Figure 9 indicate that the major interaction between
ANT and each CD was van der Waals interactions. The van der
Waals interaction region mainly located in the CD cavity,
suggesting the strong interactions of ANT with its
surrounding glucose units. It was also noticed that the
substitutional groups can interact with ANT through van der
Waals interactions. As shown by arrows in Figure 9, the green
isosurfaces occurred between ANT and HP or SBE groups. These
interaction regions either grew together with the interaction
region that occurred inside the CD cavity or occurred
individually. However, the interactions from the substitution
groups will surely promote the inclusion effect.

In Figure 9, the atoms of CD were colored by the atom g
indices. The deeper the red color, the larger the atom dg index.
The atoms belonging either to CD glucose unit or substitution
groups close to guest ANT contributed to the intermolecular
interactions, while the interactions from atoms colored in white
can be ignored. It can be seen that atoms interacting with ANT
distributed around the cavity in HP-CD. While in SBE-CD, a
relevant portion of fragments in the CD cavity are not involved in
interaction with ANT due to the conformational change of CD
structure in the presence of SBE groups. The shrink of the cavity
may result in tight inclusion of the guest molecule.

CONCLUSION

Molecular dynamic (MD) simulations have been performed to
investigate the inclusion behavior of ANT into three kinds of
CDs, that is, B-CD, HP-B-CD, and SBE-B-CD. MD results show
that ANT can spontaneously enter into the cavity of the three
kinds of CD. The difference is that ANT can only enter into the
cavity of SBE-B-CD from its wide rim. The effects of the

Influence of Substitutions on Inclusion Complexation

substitutional groups 2-hydroxypropyl (HP) and sulfonated
butyl (SBE) on the CD structure were then investigated by
analyzing the structural distortion of glucose units of each CD.
It is found that the neutral f-CD shows a conical structure, while
the existence of HP or SBE groups influenced the structure
greatly. The secondary rim would narrow down due to the
flipping of the glucose units caused by the fluctuation of
substitution groups. When ANT was included inside the
cavity, the cavity conformation of the three CDs has recovered
to a certain degree. Meanwhile, the substitutional groups extend
along the cavity axis and interact with the guest molecule. By
analyzing the interactions between each CD and ANT, it is found
that the substitution groups enlarged the volume of the
hydrophobic cavity. Both the substitutional group and the
glucose units would contribute to the interactions with the
guest molecule. The conformational change of the CD ring
results in the shrinkage of the cavity, which may cause tight
binding with the ANT molecule.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

XY: investigation, data curation, and writing original draft. YW:
methodology and validation. TM: software and investigation. HY:
projection administration, writing review, and editing. All
authors contributed to the article and approved the submitted
version.

FUNDING

This work was financially supported by the National Natural
Science Foundation of China (21203084), the Project of
Shandong Province Higher Educational Science and
Technology Program (J18KA075), and the Open Project of
Shandong Collaborative Innovation Center for Antibody
Drugs (No. CIC-AD1819). The numerical calculations in this
article have been done on the Scientific Research Cloud Platform
in the School of Chemistry and Chemical Engineering at
Liaocheng University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.668400/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

May 2021 | Volume 9 | Article 668400


https://www.frontiersin.org/articles/10.3389/fchem.2021.668400/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.668400/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yan et al.

REFERENCES

Abdel-Shafy, H. I, and Mansour, M. S. M. (2016). A Review on Polycyclic
Aromatic Hydrocarbons: Source, Environmental Impact, Effect on Human
Health and Remediation. Egypt. J. Pet. 25, 107-123. doi:10.1016/j.ejpe.2015.
03.011

Abraham, M. J., Murtola, T., Schulz, R., P4ll, S., Smith, J. C., Hess, B., et al. (2015).
GROMACS: High Performance Molecular Simulations through Multi-Level
Parallelism from Laptops to Supercomputers. SoftwareX 1-2, 19-25. doi:10.
1016/j.s0ftx.2015.06.001

Allan, 1. J., Semple, K. T., Hare, R, and Reid, B. J. (2007). Cyclodextrin Enhanced
Biodegradation of Polycyclic Aromatic Hydrocarbons and Phenols in
Contaminated Soil Slurries. Environ. Sci. Technol. 41, 5498-5504. doi:10.
1021/es0704939

Allan, I. J., Semple, K. T., Hare, R., and Reid, B. J. (2006). Prediction of Mono- and
Polycyclic Aromatic Hydrocarbon Degradation in Spiked Soils Using
Cyclodextrin Extraction. Environ. Pollut. 144, 562-571. doi:10.1016/j.envpol.
2006.01.026

Berendsen, H.J. C,, Grigera, J. R,, and Straatsma, T. P. (1987). The Missing Term in
Effective Pair Potentials. J. Phys. Chem. 91, 6269-6271. do0i:10.1021/
j1003082038

Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. F., DiNola, A., and Haak,
J. R. (1984). Molecular Dynamics with Coupling to an External Bath. J. Chem.
Phys. 81, 3684-3690. doi:10.1063/1.448118

Brewster, M. E., Vandecruys, R, Peeters, J., Neeskens, P., Verreck, G., and Loftsson,
T. (2008). Comparative Interaction of 2-Hydroxypropyl-p-Cyclodextrin and
Sulfobutylether-B-Cyclodextrin with Itraconazole: Phase-Solubility Behavior
and Stabilization of Supersaturated Drug Solutions. Eur. J. Pharm. Sci. 34,
94-103. doi:10.1016/j.¢jps.2008.02.007

Brusseau, M. L., Wang, X., and Wang, W.-Z. (1997). Simultaneous Elution of
Heavy Metals and Organic Compounds from Soil by Cyclodextrin. Environ. Sci.
Technol. 31, 1087-1092. doi:10.1021/es960612¢

Bueno-Montes, M., Springael, D., and Ortega-Calvo, J.-J. (2011). Effect of a
Nonionic Surfactant on Biodegradation of Slowly Desorbing PAHs in
Contaminated Soils. Environ. Sci. Technol. 45, 3019-3026. d0i:10.1021/
es1035706

Bussi, G., Donadio, D., and Parrinello, M. (2007). Canonical Sampling through
Velocity Rescaling. J. Chem. Phys. 126, 014101, doi:10.1063/1.2408420

Concha-Santos, S., Pérez-Casas, S., Brocos, P., and Pifieiro, A. (2013). Testing the
Effect of the Cavity Size and the Number of Molecular Substitutions in Host-
Guest Complexes Formed by 2-Hydroxypropyl-Cyclodextrins and N-Octyl-
B-D-Glucopyranoside. The J. Chem. Thermodynamics 67, 112-119. doi:10.
1016/j.jct.2013.08.003

Crini, G. (2014). Review: a History of Cyclodextrins. Chem. Rev. 114, 10940-10975.
d0i:10.1021/cr500081p

Dass, C. R., and Jessup, W. (2000). Apolipoprotein A-I, Cyclodextrins and
Liposomes as Potential Drugs for the Reversal of Atherosclerosis. A Review.
J. Pharm. Pharmacol. 52, 731-761. doi:10.1211/0022357001774606

Eastburn, S. D., and Tao, B. Y. (1994). Applications of Modified Cyclodextrins.
Biotechnol. Adv. 12, 325-339. doi:10.1016/0734-9750(94)90015-9

Erdés, M., Frangou, M., Vlugt, T.J. H., and Moultos, O. A. (2021). Diffusivity of a-,
B-, y-cyclodextrin and the Inclusion Complex of B-cyclodextrin: Ibuprofen in
Aqueous Solutions; A Molecular Dynamics Simulation Study. Fluid Phase
Equilib. 528, 112842. doi:10.1016/j.fluid.2020.112842

Erd6s, M., Hartkamp, R., Vlugt, T. J. H., and Moultos, O. A. (2020). Inclusion
Complexation of Organic Micropollutants with B-Cyclodextrin. J. Phys. Chem.
B 124, 1218-1228. doi:10.1021/acs.jpcb.9b10122

Essmann, U, Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Pedersen, L. G.
(1995). A Smooth Particle Mesh Ewald Method. J. Chem. Phys. 103, 8577-8593.
doi:10.1063/1.470117

Gebhardt, J., Kleist, C., Jakobtorweihen, S., and Hansen, N. (2017). Validation and
Comparison of Force Fields for Native Cyclodextrins in Aqueous Solution.
J. Phys. Chem. B 122, 5, 1608-1626. doi:10.1021/acs.jpcb.7b11808

Guha, S., and Jaffé, P. R. (1996). Biodegradation Kinetics of Phenanthrene
Partitioned into the Micellar Phase of Nonionic Surfactants. Environ. Sci.
Technol. 30, 605-611. doi:10.1021/es950385z

Influence of Substitutions on Inclusion Complexation

Hess, B., Bekker, H., Berendsen, H. J. C., and Fraaije, J. G. E. M. (1997). LINCS: A
Linear Constraint Solver for Molecular Simulations. J. Comput. Chem. 18,
1463-1472. doi:10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.
0.CO;2-H

Hess, B., Kutzner, C., van der Spoel, D., and Lindahl, E. (2008). GROMACS 4:
Algorithms for Highly Efficient, Load-Balanced, and Scalable Molecular
Simulation. J. Chem. Theor. Comput. 4, 435-447. doi:10.1021/ct700301q

Hukushima, K., and Nemoto, K. (1996). Exchange Monte Carlo Method and
Application to Spin Glass Simulations. J. Phys. Soc. Jpn. 65, 1604-1608. doi:10.
1143/JPS].65.1604

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: Visual Molecular
Dynamics. J. Mol. Graphics 14, 33-38. doi:10.1016/0263-7855(96)00018-5

Jessel, N., Oulad-Abdelghani, M., Meyer, F., Lavalle, P., Haikel, Y., Schaaf, P., et al.
(2006). Multiple and Time-Scheduled In Situ DNA Delivery Mediated by Beta-
Cyclodextrin Embedded in a Polyelectrolyte Multilayer. Proc. Natl. Acad. Sci.
103, 8618-8621. doi:10.1073/pnas.0508246103

Kaur, S., Kumar, V., Chawla, M., Cavallo, L., Poater, A., and Upadhyay, N. (2017).
Pesticides Curbing Soil Fertility: Effect of Complexation of Free Metal Ions.
Front. Chem. 5, 43. doi:10.3389/fchem.2017.00043

Kerdpol, K., Kicuntod, J., Wolschann, P., Mori, S., Rungnim, C., Kunaseth, M., et al.
(2019). Cavity Closure of 2-Hydroxypropyl-B-Cyclodextrin: Replica Exchange
Molecular Dynamics ~Simulations.  Polymers 11, 145. do0i:10.3390/
polym11010145

Khuntawee, W., Wolschann, P., Rungrotmongkol, T., Wong-Ekkabut, J., and
Hannongbua, S. (2015). Molecular Dynamics Simulations of the Interaction
of Beta Cyclodextrin with a Lipid Bilayer. J. Chem. Inf. Model. 55, 1894-1902.
doi:10.1021/acs.jcim.5b00152

Kicuntod, J., Khuntawee, W., Wolschann, P., Pongsawasdi, P., Chavasiri, W.,
Kungwan, N., et al. (2016). Inclusion Complexation of Pinostrobin with
Various Cyclodextrin Derivatives. J. Mol. Graphics Model. 63, 91-98. doi:10.
1016/}.jmgm.2015.11.005

Kumar, V., Chawla, M., Cavallo, L., Wani, A. B, Manhas, A., Kaur, S,, et al. (2018).
Complexation of Trichlorosalicylic Acid with Alkaline and First Row
Transition Metals as a Switch for Their Antibacterial Activity. Inorg. Chim.
Acta 469, 379-386. doi:10.1016/j.ica.2017.08.064

Kumar, V., Singh, S., Singh, A., Subhose, V., and Prakash, O. (2019). Assessment of
Heavy Metal Ions, Essential Metal Ions, and Antioxidant Properties of the Most
Common Herbal Drugs in Indian Ayurvedic Hospital: for Ensuring Quality
Assurance of Certain Ayurvedic Drugs. Biocatal. Agric. Biotechnol. 18, 101018.
doi:10.1016/j.bcab.2019.01.056

Lefebvre, C., Khartabil, H., Boisson, J.-C., Contreras-Garcia, J., Piquemal, J.-P., and
Hénon, E. (2018). The Independent Gradient Model: A New Approach for
Probing Strong and Weak Interactions in Molecules from Wave Function
Calculations. ChemPhysChem 19, 724-735. d0i:10.1002/cphc.201701325

Lefebvre, C., Rubez, G., Khartabil, H., Boisson, J.-C., Contreras-Garcia, J., and
Hénon, E. (2017). Accurately Extracting the Signature of Intermolecular
Interactions Present in the NCI Plot of the Reduced Density Gradient
versus Electron Density. Phys. Chem. Chem. Phys. 19, 17928-17936. doi:10.
1039/c7cp02110k

Loftsson, T., and Brewster, M. E. (1996). Pharmaceutical Applications of
Cyclodextrins. 1. Drug Solubilization and Stabilization. J. Pharm. Sci. 85,
1017-1025. doi:10.1021/js950534b

Loftsson, T., and Masson, M. (2001). Cyclodextrins in Topical Drug Formulations:
Theory and Practice. Int. J. Pharmaceutics 225, 15-30. doi:10.1016/S0378-
5173(01)00761-X

Lu, T., and Chen, F. (2012). Multiwfn: a Multifunctional Wavefunction Analyzer.
J. Comput. Chem. 33, 580-592. doi:10.1002/jcc.22885

Lu, T. (2020). Multiwfn, version 3.7(dev), Section 4.20.Available at http://sobereva.
com/multiwfn.

Maeda, H., Obata, S., and Nakayama, H. (2018). Preparation and Characterization
of the Inclusion Complexes of Equol with Sulfobutylether-p-Cyclodextrin:
Their Antioxidant Activity and Dissolution Evaluation. J. Incl. Phenom.
Macrocycl. Chem. 91, 125-131. doi:10.1007/s10847-018-0813-1

Malanga, M., Szemén, J., Fenyvesi, E., Puskas, I, Csabai, K., Gyémént, G.,
et al. (2016). “Back to the Future”: A New Look at Hydroxypropyl Beta-
Cyclodextrins. J. Pharm. Sci. 105, 2921-2931. do0i:10.1016/j.xphs.2016.
04.034

Frontiers in Chemistry | www.frontiersin.org

May 2021 | Volume 9 | Article 668400


https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/es0704939
https://doi.org/10.1021/es0704939
https://doi.org/10.1016/j.envpol.2006.01.026
https://doi.org/10.1016/j.envpol.2006.01.026
https://doi.org/10.1021/j100308a038
https://doi.org/10.1021/j100308a038
https://doi.org/10.1063/1.448118
https://doi.org/10.1016/j.ejps.2008.02.007
https://doi.org/10.1021/es960612c
https://doi.org/10.1021/es1035706
https://doi.org/10.1021/es1035706
https://doi.org/10.1063/1.2408420
https://doi.org/10.1016/j.jct.2013.08.003
https://doi.org/10.1016/j.jct.2013.08.003
https://doi.org/10.1021/cr500081p
https://doi.org/10.1211/0022357001774606
https://doi.org/10.1016/0734-9750(94)90015-9
https://doi.org/10.1016/j.fluid.2020.112842
https://doi.org/10.1021/acs.jpcb.9b10122
https://doi.org/10.1063/1.470117
https://doi.org/10.1021/acs.jpcb.7b11808
https://doi.org/10.1021/es950385z
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H
https://doi.org/10.1021/ct700301q
https://doi.org/10.1143/JPSJ.65.1604
https://doi.org/10.1143/JPSJ.65.1604
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1073/pnas.0508246103
https://doi.org/10.3389/fchem.2017.00043
https://doi.org/10.3390/polym11010145
https://doi.org/10.3390/polym11010145
https://doi.org/10.1021/acs.jcim.5b00152
https://doi.org/10.1016/j.jmgm.2015.11.005
https://doi.org/10.1016/j.jmgm.2015.11.005
https://doi.org/10.1016/j.ica.2017.08.064
https://doi.org/10.1016/j.bcab.2019.01.056
https://doi.org/10.1002/cphc.201701325
https://doi.org/10.1039/c7cp02110k
https://doi.org/10.1039/c7cp02110k
https://doi.org/10.1021/js950534b
https://doi.org/10.1016/S0378-5173(01)00761-X
https://doi.org/10.1016/S0378-5173(01)00761-X
https://doi.org/10.1002/jcc.22885
http://sobereva.com/multiwfn
http://sobereva.com/multiwfn
https://doi.org/10.1007/s10847-018-0813-1
https://doi.org/10.1016/j.xphs.2016.04.034
https://doi.org/10.1016/j.xphs.2016.04.034
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yan et al.

Malde, A. K., Zuo, L., Breeze, M., Stroet, M., Poger, D., Nair, P. C,, et al. (2011). An
Automated Force Field Topology Builder (ATB) and Repository: Version 1.0.
J. Chem. Theor. Comput. 7, 4026-4037. doi:10.1021/ct200196m

Mayer, P., Karlson, U., Christensen, P. S., Johnsen, A. R., and Trapp, S. (2005).
Quantifying the Effect of Medium Composition on the Diffusive Mass Transfer
of Hydrophobic Organic Chemicals through Unstirred Boundary Layers.
Environ. Sci. Technol. 39, 6123-6129. d0i:10.1021/es050556s

McCray, J. E., and Brusseau, M. L. (1999). Cyclodextrin-Enhanced In Situ Flushing
of Multiple-Component Immiscible Organic Liquid Contamination at the Field
Scale: Analysis of Dissolution Behavior. Environ. Sci. Technol. 33, 89-95. doi:10.
1021/es980117b

Nutho, B., Nunthaboot, N., Wolschann, P., Kungwan, N., and Rungrotmongkol, T.
(2017). Metadynamics Supports Molecular Dynamics Simulation-Based
Binding Affinities of Eucalyptol and Beta-Cyclodextrin Inclusion
Complexes. RSC Adv. 7, 50899-50911. doi:10.1039/C7RA09387]

Péll, S., Abraham, M. J., Kutzner, C., Hess, B., and Lindahl, E. (2015). Tackling
Exascale Software Challenges in Molecular Dynamics Simulations with
GROMACS. EASC 8759, 3-27. doi:10.1007/978-3-319-15976-8_1

Pronk, S., Pdll, S., Schulz, R., Larsson, P., Bjelkmar, P., Apostolov, R,, et al. (2013).
GROMACS 4.5: a High-Throughput and Highly Parallel Open Source
Molecular Simulation Toolkit. Bioinformatics 29, 845-854. doi:10.1093/
bioinformatics/btt055

Reid, B. J., Jones, K. C., and Semple, K. T. (2000). Bioavailability of Persistent
Organic Pollutants in Soils and Sediments-A Perspective on Mechanisms,
Consequences and Assessment. Environ. Pollut. 108, 103-112. doi:10.1016/
$0269-7491(99)00206-7

Reid, B. J., Stokes, J. D., Jones, K. C., and Semple, K. T. (2004). INFLUENCE OF
HYDROXYPROPYL-B-CYCLODEXTRIN ON THE EXTRACTION AND
BIODEGRADATION OF PHENANTHRENE IN SOIL. Environ. Toxicol.
Chem. 23, 550-556. doi:10.1897/02-567

Schonbeck, C., Westh, P., Madsen, J. C., Larsen, K. L., Stide, L. W., and Holm, R.
(2010). Hydroxypropyl-substituted B-cyclodextrins: Influence of Degree of
Substitution on the Thermodynamics of Complexation with Tauroconjugated
and Glycoconjugated Bile Salts. Langmuir 26, 17949-17957. doi:10.1021/
la103124n

Influence of Substitutions on Inclusion Complexation

Singh, S., Kumar, V., Singh, J., and Singh, J. (2019). Kinetic Study of the
Biodegradation of Glyphosate by Indigenous Soil Bacterial Isolates in
Presence of Humic Acid, Fe(IIl) and Cu(Il) Ions. J. Environ. Chem. Eng. 7,
103098. doi:10.1016/j.jece.2019.103098

Snor, W, Liedl, E., Weiss-Greiler, P., Karpfen, A., Viernstein, H., and Wolschann,
P. (2007). On the Structure of Anhydrous B-cyclodextrin. Chem. Phys. Lett. 441,
159-162. doi:10.1016/j.cplett.2007.05.007

Stroet, M., Caron, B., Visscher, K. M., Geerke, D. P., Malde, A. K., and Mark, A. E.
(2018). Automated Topology Builder Version 3.0: Prediction of Solvation Free
Enthalpies in Water and Hexane. J. Chem. Theor. Comput. 14, 5834-5845.
doi:10.1021/acs.jctc.8b00768

Sugita, Y., and Okamoto, Y. (1999). Replica-exchange Molecular Dynamics
Method for Protein Folding. Chem. Phys. Lett. 314, 141-151. doi:10.1016/
S0009-2614(99)01123-9

Wang, X., and Brusseau, M. L. (1995). Cyclopentanol-Enhanced Solubilization of
Polycyclic Aromatic Hydrocarbons by Cyclodextrins. Environ. Sci. Technol. 29,
2346-2351. doi:10.1021/es000092029

Yuan, C,, Jin, Z., and Li, X. (2008). Evaluation of Complex Forming Ability of
Hydroxypropyl-B-Cyclodextrins. Food Chem. 106, 50-55. doi:10.1016/j.
foodchem.2007.05.045

Yuan, C, Liu, B, and Liu, H. (2015). Characterization of Hydroxypropyl-
B-Cyclodextrins with Different Substitution Patterns via FTIR, GC-MS, and
TG-DTA. Carbohydr. Polym. 118, 36-40. doi:10.1016/j.carbpol.2014.10.070

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yan, Wang, Meng and Yan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org

11

May 2021 | Volume 9 | Article 668400


https://doi.org/10.1021/ct200196m
https://doi.org/10.1021/es050556s
https://doi.org/10.1021/es980117b
https://doi.org/10.1021/es980117b
https://doi.org/10.1039/C7RA09387J
https://doi.org/10.1007/978-3-319-15976-8_1
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1016/S0269-7491(99)00206-7
https://doi.org/10.1016/S0269-7491(99)00206-7
https://doi.org/10.1897/02-567
https://doi.org/10.1021/la103124n
https://doi.org/10.1021/la103124n
https://doi.org/10.1016/j.jece.2019.103098
https://doi.org/10.1016/j.cplett.2007.05.007
https://doi.org/10.1021/acs.jctc.8b00768
https://doi.org/10.1016/S0009-2614(99)01123-9
https://doi.org/10.1016/S0009-2614(99)01123-9
https://doi.org/10.1021/es00009a029
https://doi.org/10.1016/j.foodchem.2007.05.045
https://doi.org/10.1016/j.foodchem.2007.05.045
https://doi.org/10.1016/j.carbpol.2014.10.070
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Computational Insights Into the Influence of Substitution Groups on the Inclusion Complexation of β-Cyclodextrin
	Introduction
	Computational Methods
	Results and Discussion
	Inclusion Structures of Anthracene Within Each Cyclodextrin
	Structural Distortion of Glucose Units in Each β-CD
	Arrangement of the Substitution Groups
	Structure of the Inclusion Complex
	Interactions Between Guest and Host Molecules

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


