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1 Introduction

The counteracting influence of 2-hydroxypropyl
substitution and the presence of a guest molecule
on the shape and size of the p-cyclodextrin
cavityy

Avilasha A. Sandilya and M. Hamsa Priya (2 *

The aqueous solubility of B-cyclodextrin (B-CD), a cyclic carbohydrate comprising seven a-p-glucose
molecules, is enhanced by 2-hydroxypropyl (2-HP) substitution of the hydroxyl groups at the CD rims.
Our thorough analysis of the structural and solvation properties with different degrees of
2-hydroxypropyl substitution on B-CD using molecular dynamics simulations reveals that the solubility is
enhanced at the cost of the structural distortion of the CD cyclic structure. Substitution at the
secondary rim predominantly enhances the favourable interactions between CD and water by
decreasing CD-CD hydrogen bonding and promoting CD-water hydrogen bonding. However, the
effect of substitution at the primary rim on the CD-water interactions is minimal; the hydrogen bonds
between water and the primary hydroxyl group in native CD merely get replaced by those between
water and 2-HP, since the substitution makes the primary hydroxyl oxygen (O6 atom) inaccessible to
water. In contrast, substitution at the primary rim maintains the structural integrity of CD, while
substitution at the secondary rim results in structural distortion due to the disruption of the
intramolecular hydrogen bond belt, even leading to cavity closure. Certain strategic substitutions of the
primary hydroxyl groups can help in the reduction of structural distortion, depending upon the degree
of substitution at the secondary hydroxyl rim. A detailed inspection of the simulation trajectory revealed
that the tilting of glucose units with the primary hydroxyl oxygen (O6) pointing inward is the primary
driver for cavity closure. Even though the dynamics of glucose tilting can influence the kinetics of host—
guest complex formation, once the guest is well incorporated into the cavity, glucose tilting is inhibited
and the cavity opens up as in native p-CD.

glycosidic oxygen (O1 atoms).” The cavity is always occupied by
a guest molecule and/or by water molecules.'™

Cyclodextrin (CD) is a cyclic oligosaccharide of o-p-glucose
molecules connected by 1-4 glycosidic bonds. The native forms
of cyclodextrin are referred as o-, f- and y-CDs depending
on the number of glucose units, ie, 6, 7 and 8 units,
respectively.'® The primary and secondary hydroxyl groups of
the glucose units form the narrower and wider rims of the CD
structure, respectively. The cyclic linkage of the glucose units
leads to the formation of a central cavity that can comfortably
house small organic molecules. Although the outer CD surface
resembles a truncated cone, the inner cavity assumes the shape
of a conical hourglass because of the inward protrusion of
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Since its discovery, CD has been widely used industrially for
separating enantiomers, entrapping volatile compounds,
enhancing the solubility of hydrophobic molecules, and pro-
tecting chemical compounds against external factors such as
heat, light, and so on.>”” CDs are also popular as drug carriers
and excipients in drug formulation owing to their biodegrad-
ability, biocompatibility, and their capacity to increase the
bioavailability of drug molecules.* ' Among the native CDs,
B-CD is the most widely used drug carrier because of its high
stability, low cost of production and its perfect cavity size to
host many drug molecules.'>*"*

The stability of f-CD is imparted by the flip-flop hydrogen
bond between the O2 and O3 atoms of the hydroxyl groups in
the secondary rim,"*'*'® however, its aqueous solubility is only
~18.5 mg mL™" at 25 °C, ie., 10 times lower than for a- or
y-CDs.>” Substitution at the hydroxyl groups in the rims is the
common strategy to enhance the aqueous solubility of -CDs.
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About a 20-60 fold increase in aqueous solubility has been
reported upon substitution with methyl (M), ethyl (E), 2-hydroxy-
propyl (2-HP), sulfobutylether (SB) groups, and so on.> Some
substitutions, like that with 2-HP, also help in reducing the
toxicity of the native CD."

The reaction of propylene oxide with f-CD under alkaline
conditions results in 2-HP substituted B-CD (HP-B-CD). The
degree and position of substitution on the hydroxyl groups
could be modulated by varying the amount of NaOH and
propylene oxide in solution. When the alkalinity of the solution
is low, substitutions tend to occur at O2 atoms of the secondary
rim, as the hydrogen (H2) associated with the hydroxyl group
(02H2) bonded to C2 is the most acidic amongst all the glucose
hydroxyl groups.>’*'® With an increase in the alkalinity, the
substitution tends to occur at the O6 atom in the primary rim.
The relative ratio of reactivity of 06 and O2 is 1:5 at low alkali
concentration, whereas it is 7:1 at high alkali concentration.’
The extent of substitution is usually expressed in terms of the
degree of substitution (DS). It is influenced by factors such as
the ratio of the reactants, the time of reaction and reaction
temperature.'® Experimentally, DS is determined using
GC-MS, FTIR, TG-DTA and NMR techniques.***!

HP-B-CDs with DS values of 2.8-10.5 are preferably used for
pharmaceutical applications.”® The solubility of HP-B-CD is
~1200 mg mL " it is a versatile excipient in pharmaceutical
formulations delivered by various modes including ocular,??
oral,? rectal,”* parenternal® and dermal.*® Unlike native B-CD,
there have been only limited experimental studies investigating
the structure of HP-B-CDs. These only probed HP-B-CDs with
degree of substitution values of 1-2, since it is hard to obtain
good crystals of HP-B-CDs™ because the gradual increase in the
degree of substitution results only in amorphous precipitation.
Interestingly, the HP-B-CDs with DS values of 12-14 exist in
semi-crystalline form.>?” The properties of HP-B-CDs are highly
influenced by the degree and site of substitution. For example,
HP-B-CD with mono-substitution (DS = 1) at O6 is found to
have a 13% larger cavity volume compared with the mono-
substitution at 02.”® The crystal structure of the mono-
substituted HP-B-CD revealed that 2-HP of HP-B-CD gets
inserted into the cavity of an adjacent HP-B-CD molecule.”®?°
On the other hand, despite the unavailability of crystal struc-
tures of substituted HP-B-CDs, there are reports on the powder
X-ray diffraction of some HP-B-CD-guest inclusion complexes.***
Yet, it is difficult to obtain single crystals of HP-B-CD-guest
inclusion complexes, while there are several studies on single
crystal X-ray diffractometry of native B-CD-guest inclusion
complexes.>* 3%

Commercially available samples of HP-B-CDs show high
variability in their properties™ because of the difference in
the site of substitution and poly-dispersity in the DS of the
samples. Two samples of HP-B-CDs with DS values of 4.2 and 4.3
showed a contrasting effect in the treatment of Niemann-Pick
disease type C in mice; the former delayed the neurological
symptoms while the latter did not." It is, therefore, necessary to
characterise HP-B-CDs based on the site of substitution, not just
by the DS. A unified method in reporting the degree of
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substitution is essential as many physicochemical properties of
CD including its ability to complex are greatly influenced by the
nature, degree and position of substitution.*® No systematic study
has explored and mapped the variation in the structural proper-
ties with the DS and the site of substitution. The crystal diffraction
investigation is inhibited because of the unavailability of good
crystals for the whole range of DS values. Spectroscopic techni-
ques like NMR** and IR* can be used to probe the structure, but
one-on-one mapping of the DS and structural properties is not
possible because of the poly-dispersity in the HP-B-CD samples
and the inability to exactly quantify the DS. Computational
techniques like molecular dynamics simulation serve as an apt
tool for the one-on-one mapping.

In this work, we examine the structural properties of twenty
HP-B-CDs with DS values ranging from 4-14 using molecular
dynamics simulation. Some HP-B-CDs with the same DS but
different positions of substitution are also investigated.
We determine that the substitution at the secondary rim imparts
conformational flexibility to the glucose units. The conforma-
tional flexibility promotes sugar puckering, ie., transition of
the *C, chair conformation to the inverted chair 'C, and other
intermediate boat and skew forms. Substitution at the secondary
rim leads to a breach in the 02-O3 hydrogen bond belt, leading
to the closure of the CD cavity. Encapsulation of a guest molecule
in the CD cavity, however, stabilises the structure of the CD cavity,
though the constituent glucose units undergo a conformational
transition. The primary cause for cavity closure has been identi-
fied as the tilting of glucose units about the glycosidic plane with
the primary hydroxyl group pointing inward. The presence of
a guest molecule inside the cavity restores the cavity shape and
structure by inhibiting the tilting of the glucose units. The
substitution of 2-HP at the secondary rim predominantly aids in
enhancing the favourable interactions between CD and water
required for increasing the aqueous solubility. We found that
the extent of the CD-water interactions is strongly correlated to
the number of CD-water hydrogen bonds, which remains unaf-
fected in the presence of a guest molecule inside the CD cavity.
We have systematically mapped the effect of CD ring flexibility on
the observed changes in the structural parameters.

2 Methods

2.1 Simulation details

Table 1 lists twenty HP-B-CDs investigated in this work with
varying degree of substitution values in the range of 4-14; multi-
ple possible variations in the position of substitution for a given
degree of substitution are also considered. The initial structures of
the substituted CDs were generated by computationally substi-
tuting the structure of native cyclodextrin (3cgt.pdb) with the
2-hydroxypropyl moiety at the desired positions using the Avoga-
dro molecule builder.*® The partial charges and other parameters
for the 2-hydroxypropyl moiety are taken from Khuntawee et al.**
Fig. 1 presents the partial charges used for a glucose unit and
2-hydroxypropyl unit. Carbohydrates are modelled using
the Gromos56A6¢arpo r force field, a united atom force field
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Table 1 List of investigated HP-B-CDs

Molecule DS go2 Zos
B-CD 0 None None
hos 4 None 1,3,5,7
Ny 4 1,5 3,7

Rao 4 1,3,5,7 None
hos 5 None 1,3,5,6,7
N3 5 3,6 1,4,7
ha 5 1,4,7 3,6

hso 5 1,3,5,6,7 None
Nas 6 1,4,7 1,4,7
hyar 6 1,3,5 2,4,6
hoy 7 None All

N3a 7 2,4,6 1,3,5,7
Has 7 1,3,5,7 2,4,6
R 7 All None
Haa 8 1,3,5,7 1,3,5,7
hoy 9 All 1,4

hys 10 All 1,3,5

hya 11 All 1,3,5,7
hys 12 All 1,3,5,6,7
hoe 13 All 1,2,3,4,5,6
hyy 14 All All

The subscripts 7 and j in &; imply the number of 2-hydroxypropyl
substitutions at the secondary hydroxyl rim (02) and at the primary
hydroxyl rim (06) of -CD, respectively; DS — degree of substitution; go,
and goe are the list of the indices of glucose units substituted at the 02
and O6 positions, respectively.

developed for hexopyranose.*>*? It is one of the three force
fields recommended for simulating cyclodextrin."> Moreover,
it is the only force field that captures the difference in the
hydrogen bonding capability of the two hydroxyl groups (O2H2
and O3H3) at the secondary rim.* The initial structure and
topology for the guest molecules - p-nitrophenol, neral and
phenolphthalein — were obtained from the Automated Topology
Builder (ATB)** based on the Gromos 54A7 force field.
Although, the Gromos56A6¢amho r force field was originally
based on the Gromos 53A6 force field, we verified that the
involved parameters are unchanged in the Gromos 54A7 force
field. Thus, the parameters for the guest molecule and CD are
compatible. The initial structures for the CD-guest simulations
were obtained by placing the guest molecule at the centre of the
energy-minimised structure of the HP-B-CDs.

All the simulations were carried out with the Gromacs
2016.4 package. Each CD molecule and CD-guest complex
was solvated in a cubic SPC/E water box with 1.2 nm of water
padding on all sides. Energy minimisation was carried out for
500 steps through the steepest descent algorithm, then the
system was equilibrated for 100 ps under NVT conditions at
298 K using a Berendsen thermostat.*> An NPT run of 1 ns
was then done at 298 K and 1 bar using a Nose-Hoover
Thermostat*>*” and a Parrinello-Rahman barostat,*® respec-
tively. Following this, the simulation was carried out under NVT
conditions for 1 ns allowing the system to equilibrate further.
All bonds were constrained using the LINCS algorithm. Dispersion
interactions were truncated at 1 nm. The particle mesh Ewald
(PME)* method was used for the electrostatic interactions with
a real-space cut-off radius of 1 nm. An integration time step of
2 fs was used in all MD runs. Finally, an MD run of 100 ns
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R1 =R2 =Hor

(b) Glucose units (top) and 2-HP (bottom)

Fig. 1 (a) Representative molecular structure of a HP-B-CD; (b) atom
names and the partial charges of glucose units (top) and 2-hydroxypropyl,
i.e., 2-HP group (bottom) used in the simulation. Colour code: cyan —
carbon; red — oxygen; white — hydrogen.

under NVT conditions at 298 K was carried out and used for
further analysis.

2.2 Analysis

Structural characterization. The structural features like
angles, dihedral angles, hydrogen bonds and solvent accessible
surface area were computed using GROMACS gmx modules.
All histograms and probability distributions were determined
using our in-house python program. The distance between the
CD centre of mass and each of the glycosidic oxygen atoms was
calculated and the ratio of the smallest distance to the largest
distance is referred as the circularity, £, of the glycosidic rim.
To quantify the tilting of glucose units, the CD structure was
first aligned along the Z-axis with the primary hydroxyl rim (06)
oriented upwards and the glycosidic plane (O1 plane) being
normal to the Z-axis. The vector passing through the midpoints
of the C5-O5 and C3-C2 bonds of each glucose unit was
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determined and the angle between the vector and the Z-axis is
defined as the tilt angle (1).

Cavity volume. To compute the volume of the CD cavity, we
first identified the smallest cube that could circumscribe the
average CD structure obtained from the entire trajectory. Then
a mesh of cubic grids of 0.1 A on a side was laid out within the
cube. The grid points that do not overlap within the van der
Waals radii of the CD heavy atoms (1.7 A and 1.4 A for carbon
and oxygen atoms, respectively) but present within the cavity
defined by the primary (O6) and secondary (02) hydroxyl rims
were identified. The geometric technique developed to identify
cavity water® was used to identify the grid points within the
cavity. Finally, the volume of the cavity was evaluated as the
product of the fraction of total grid points that lie within the
cavity and the volume of the circumscribing cube. The cavity
rims were defined based only on the position of the O2 and 06
atoms to facilitate a uniform and fair comparison among the
HP-B-CDs and also against the native B-CD.

Glucose conformation. The glucose conformations were
characterised using Pickett-Strauss parameters.*® The classifi-
cation is based on how much the following three dihedral
angles (dih) deviate from a planar conformation: «; = dih(C4-
05-C,-C;) — 180°% @, = dih(05-C,~C,~C;) — 180° and o3 =
dih(C,~C4-05-Cs) — 180°.°>°" Accordingly, the glucose confor-
mation is categorised into 14 major conformations including
the two chair forms (*C; and 'C,) and 12 intermediate boat and
skew forms. The corresponding mean o4, o, and o3 values for
each conformation are listed in Table S1 (ESIt). The conforma-
tions are assigned when the o values lie within £15° of the
mean values; those conformations that couldn’t be assigned to
any of the 14 forms are denoted as undefined (U).

Energy calculation. The CD-water interaction energy was
determined by subtracting the non-bonded interaction energies
among water molecules in the simulation box and that between
atoms of the CD molecule from the total non-bonded inter-
action energy of the whole system.

ECD-water — ssystem — &CD-CD — Eéwater-water

The electrostatic, &cec, and dispersion, &gisp, contributions to
the non-bonded interactions were also calculated separately.
All the non-bonded interaction energies were computed using
gmx rerun and gmx energy modules with appropriate index files.
The calculation properly accounts for the long-range electro-
static and dispersion interactions as in the simulation. All the
reported average and standard deviations were computed
from block-averaging by splitting the 100 ns production run
trajectory into three equal parts.

3 Results & discussion
3.1 Substitution distorts & a guest restores the cavity structure

Fig. 2(a)-(g) show the surface plot of the average structure
(averaged over the 100 ns simulation trajectory) of native
B-CD and some HP-B-CDs as viewed from the secondary hydro-
xyl rim. The structure of B-CD (Fig. 2a) is symmetric and its
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cavity is wide-open, although the complete view of the cavity is
not possible because of the conical hour-glass structure of the
CD cavity with the constriction at the glycosidic rim.* Among
the HP-B-CDs, only the molecule £y, (Fig. 2c) where only the
primary rim is completely substituted with 2-HP resembles the
structure of 3-CD; all other CDs appear to be deformed and the
cavities seem to be closed. The most deformation is seen in /44
(Fig. 2e) when both the rims are partially and equally substi-
tuted with di-substitution of the glucose units. In the case of
substitution at only one rim, the HP-B-CDs with substitution at
only the primary hydroxyl rim (Fig. 2b and c) are less deformed
than the HP-B-CDs with the same degree of substitution in the
secondary hydroxyl rim (Fig. 2d and f).

In order to quantify the shape and size of the cavity of the
HP-B-CDs, we computed the circularity of the glycosidic rim
and the volume of the cavity. The native B-CD has a circularity
value of 0.89 indicating that the glycosidic rim is nearly
circular, but the circularity values of the HP-B-CDs (red curve
in the top panel of Fig. 3) are low, only in the range of 0.5-0.74,
considerably smaller than the native §-CD. The volume of the
cavity is determined by the grid technique (see Methods); we
obtained a value of 300 A® for the B-CD cavity, which is in
reasonable agreement with the reported value of 262 A*.*> The
red curve in the bottom panel of Fig. 3 presents the difference
in the cavity volume of HP-B-CDs and B-CD. We have defined
the CD cavity based only on the position of the O2 and O6
atoms to facilitate a uniform and fair comparison between
different degrees of substitution of HP-B-CDs and B-CD.
We can see that in all the HP-f-CDs, the cavity volume
decreases; about a 50% reduction in cavity volume (~150 A®)
is observed for 6-7 HP-B-CDs.

The general trend is that the cavity volume decreases with an
increase in the substitution at the secondary rim: Vy,, > Vj_ >
V1, For the same degree of substitution at only one of the rims,
the volume of the HP-B-CD with substitution at the primary rim
is larger than that for the HP-B-CD with substitution at the
secondary hydroxyl rim - V> Vi 5 Vi . > Vi 5 Vi, > Vi .
Even the crystallographic studies on mono-substituted HP-f-
CD have also reported that mono-substituted HP-B-CD with
substitution at O6 had 13% greater volume than when sub-
stituted at the O2 site.”® We can see that the cavity opens up
when the substitution at the primary hydroxyl rim is increased,
especially when the secondary hydroxyl rim is completely
substituted: Vj, <V, <V < Vi < Vp_ <V, < V.
Interestingly, the cavity volume of the HP-B-CD with the alter-
nate glucose units substituted in either of the rims is higher
than that for HP-B-CDs with the same glucose unit substituted
in both rims - V)., > V), - although the degree of substitution
is the same. Also, the HP-B-CDs hsz, h3, and hy; -
with alternating glucose units substituted at the primary and
secondary rims, have almost the same cavity volume, which is
intermediate to that of the A, and A, systems.

We believe that the drastic cavity closure can result in CD
agglomeration and therefore it is difficult to obtain good crystals
of HP-B-CDs for structural investigation. The X-ray structures
of HP-B-CDs have only been reported for mono-substituted
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(a) BCD (b) hos

(d) hao (e) haa

() hzo (g) hn

(h) hig (ORI

(OR (OXEH

Fig. 2 Surface plots of the average structure depicting the closure of the central cavity (b)-(g) in HP-B-CDs, h,,, and cavity opening (h)-(k) in the
presence, hyy, of the guest p-nitrophenol (yellow CPK representation): (a) native B-CD; (b) hoa; () hoz; (d) hao; (€) haa; (f) hyo; (Q) hy7; (h) h38; (i) h2%; () h76;

(k) h%%. 2-HP groups are not shown for uniformity and visual clarity.

HP-B-CD.***° However, there are several structural reports on
HP-B-CD host-guest complexes with guest molecules like
sulfanilamide,*® fluconazole,®" nifepidine®* and flavonoids.*
So, we carried out the simulation of HP-B-CDs with p-nitro-
phenol inserted into the cavity of the initial energy-minimized
structure of HP-B-CDs. We choose p-nitrophenol because it is
the most common guest compound studied in the litera-
ture.>®”® Fig. 2(h)-(k) are the surface plots of HP-B-CDs with
p-nitrophenol encapsulated into the cavity. In contrast to the
structures shown in Fig. 2(d)-(g), we noticed that in the
presence of the guest molecule, the cavity of the HP-B-CDs is
open. Fig. 3 confirms that both the circularity of the glycosidic
rim and cavity volume improves for most of the HP-B-CDs upon
insertion of the guest molecule. The exceptions being #,, A3,
hy4 and h5s systems, since the guest molecule didn’t remain

This journal is © the Owner Societies 2024

bound in the cavity during the simulation; instead 2-HP groups
were preferably found to be pointed inward into the cavity.

3.2 Deformed HP-B-CDs exhibit multi-modal distribution of
structural parameters

To understand the origin of the deformation of the structure of
HP-B-CDs, we determined the key structural parameters char-
acterising the molecular arrangement of adjacent a-glucose
units (Table 2). The glycosidic dihedral angles ¢ and y are
the primary parameters that represent the orientation of one
glucose unit with respect to its neighbour. In native -CD, two
units are aligned such that the average ¢ and  values are 117°
and 116°, respectively. HP-B-CDs exhibit a huge variation in ¢
and y values ranging from 66-117° and 50-116°, respectively.
We can observe that when the cavity volume decreases, ¢

Phys. Chem. Chem. Phys., 2024, 26, 11531-11544 | 11535
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Fig. 3 Quantitative measurements of the cavity shape and size of HP-J3-
CDs in the absence (red curve) and presence of the guest p-nitrophenol
(blue curve). Top panel: Circularity of the glycosidic rim, Q, defined as the
ratio of the smallest to the largest distance of glycosidic oxygen atoms (O1)
from the CD centre of mass; bottom panel: the difference in the cavity
volume of HP-B-CDs and native B-CD, computed by the grid approach.

decreases and ¥ increases. Only for HP--CDs with substitution
at the primary hydroxyl rim (hCD,,) are the ¢ and ¥ values
comparable to native B-CD as the reduction in their cavity
volume is also minimal. For the systems whose cavity volumes
are enhanced after inserting the guest molecule inside
the cavity, the ¢ and  values approached the values of native
B-CD. Interestingly, the angle between three consecutive

Table 2 Structural properties of native B-CD and HP-B-CDs
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glycosidic oxygens, J, does not show much variation among
HP-B-CDs; a maximum variation of only about 4° is observed
from that of native B-CD. The value of 128° in the native -CD
corresponds to the angle between the sides of a regular hepta-
gon, emphasising the symmetric heptagonal arrangement of
the constituent glucose units.* Despite the decrease in circu-
larity in HP-B-CDs (Fig. 3), the change in the average J angle is
small; it is mainly attributable to the requirement of maintain-
ing the covalently bonded cyclic structure.

The probability distribution of the ¢ angle in HP-B-CDs
shown in Fig. 4 clearly reveals the actual variation. In the case
of native f-CD and HP-B-CDs with substitution only at the
primary rim, the distribution is unimodal. In all other systems,
we can observe trimodal distribution - the central peak corre-
sponds to native-like distribution, while the other two peaks at
90° and 150° result from the glucose units that close the cavity
by pointing inward. The population of the glucose units with
low and high ¢ values are almost identical contributing to the
cancellation of the deviation from the native region, hence
eventually leading to minimal variation in the average ¢ values.
Upon inclusion of the guest inside the cavity of HP-B-CDs, the
distribution narrows down and become unimodal, except for
h72, A3, h74 and hzs.

Similarly, we computed the joint probability distribution for
¢ and y, i.e., P(¢,¥), and determined the free-energy difference
of observing a CD at a given ¢ and y against the most dominant

P,y)

conformation using the expression: AG = —kg7T In <4>

Proax (¢, 1)

From Fig. 5, we observe that the native B-CD, Ao, and hg;
predominantly have the same single energy basin about the mean
(¢, values reported in Table 2, however, the spread of the basin
is a little wider in A4,. On the other hand, other HP-B-CDs exhibit

Molecule ¢, deg ¢"P, deg v, deg YUP, deg d, deg 0"P, deg
B-CD 117.2 £ 11.5 117.5 £ 10.9 116.6 £ 11.1 116.3 £ 9.9 128.1 £ 6.5 127.9 £ 6.5
hoa 119.9 £+ 10.1 121.1 £ 10.1 114.2 £ 13.5 113.5 £ 10.6 128.1 £ 6.7 128.0 £ 6.5
Ry, 104.6 £+ 19.6 112.3 + 14.1 122.2 +24.3 117.6 £+ 14.6 126.5 £ 17.1 127.5 £ 10.2
hao 92.5 + 22.7 106.2 £ 15.1 132.3 £ 32.4 116.7 £+ 16.8 126.7 £ 22.4 127.5 £ 14.2
hos 114.9 £+ 13,5 117.0 +£ 11.5 117.5 + 18.4 114.0 £ 12.1 127.9 £ 6.7 127.9 £+ 8.0
hy3 94.5 £ 23.7 110.7 + 14.6 126.9 £ 30.2 113.2 £ 13.3 125.6 £ 18.6 126.3 £ 11.4
hs, 87.2 + 22.8 90.7 + 18.2 121.5 £ 31.1 114.9 £ 24.3 126.7 £ 20.7 127.4 £ 16.4
hso 94.7 + 18.3 104.1 £+ 14.5 122.3 + 31.7 117.7 £ 19.7 124.6 £ 23.5 127.3 £ 15.2
h33 100.2 £ 22.5 102.5 £+ 16.2 125.5 + 25.2 120.8 £ 20.6 124.0 £ 19.9 125.7 £ 16.9
12%% 106.3 £ 17.6 104.3 £ 11.7 114.6 £ 22.3 108.2 £ 13.3 127.5 £ 14.9 128.0 £ 12.1
ho7 114.5 +£ 13.5 116.5 + 11.6 117.2 £ 154 116.3 £ 12.2 127.8 £+ 8.6 1279+ 7.4
h3a 104.6 £+ 16.2 106.3 £ 11.1 117.3 £ 24.2 109.0 £ 13.4 127.0 £ 17.0 127.9 £ 12.7
hys 99.1 + 18.5 103.9 + 12.4 119.4 + 24.8 110.3 £ 15.4 126.3 £ 20.7 127.9 £ 11.8
hyo 93.8 £ 20.2 99.2 £ 13.2 119.2 £+ 31.8 116.9 £ 20.2 125.9 £ 23.5 127.6 £ 15.2
Ry 88.5 + 22.5 110.3 £ 12.2 129.2 + 28.8 114.5 £ 12.9 123.6 £ 23.9 127.9 £ 12.5
hy, 69.7 + 20.8 69.3 + 19.8 142.4 + 40.0 140.2 £ 52.8 124.9 £ 21.6 124.9 £ 19.1
hy3 80.7 £ 19.5 85.5 + 16.2 122.8 £ 37.3 117.3 £ 33.3 126.4 £ 20.1 126.4 £+ 18.8
hya 81.5 + 24.2 90.5 + 13.8 126.4 £ 38.0 116.2 £ 33.7 124.5 £ 15.7 125.8 £ 12.6
hys 94.3 + 21.5 95.0 + 21.4 124.2 + 28.2 124.5 £ 27.0 125.4 £ 21.5 125.3 £ 21.2
hye 104.4 + 17.6 107.4 + 15.4 125.0 £ 20.7 122.2 £ 18.1 126.3 £ 17.2 127.1 £ 15.4
hyy 106.7 £ 16.9 110.6 £ 14.1 122.7 £ 18.2 121.2 £ 14.7 127.0 £ 14.0 127.4 £ 12.5

¢ and y are the glycosidic dihedral angles, defined as O5(n)-C1(n)-O1(n)-C4(n — 1) and C1(n)-O1(n)-C4(n — 1)-C3(n — 1), respectively; ¢ is the
angle between three consecutive O1 atoms (01(n — 1)-01(n)-01(n + 1)); the superscript "P denotes the structural properties in the presence of guest
p-nitrophenol in the cavity. The reported average and standard deviation represent the mean and the variation in the structural properties,

respectively, observed throughout the simulation trajectory.
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Fig. 4 Probability distribution of the angle between three consecutive glycosidic oxygen atoms, é angle, in HP-B-CDs in the absence (top panel) and the
presence (bottom panel) of the guest p-nitrophenol inside the cavity: (a) and (e) substitution only in the primary hydroxyl rim; (b) and (f) substitution only
in the secondary hydroxyl rim; (c) and (g) glucose units are substituted either at the primary or the secondary hydroxyl rim but not both; (d) and (h)
increase in substitution in the primary hydroxyl rim when all the glucose units in the secondary hydroxyl rim are substituted. The distributions for native
B-CD in the absence and the presence of the guest are shown in (a) & (e), respectively, for comparison.

three free-energy basins, as depicted for Ay, f44 and k5. The
central basin of the free-energy surface plot lies in the range
100 < ¢/ < 130, whereas two other basins are seen with the
shift in ¢ and  values, respectively. The population of the central
native-like region is only 8.6%, 8.7% and 14% in A4, /44 and 75,
respectively; the rest lies in the non-native region. The trimodal
distribution, however, reduces to a single basin in the presence of
guest p-nitrophenol inside the cavity, as shown in Fig. 5(g)-(i).

3.3 Conformational transition cannot explain the cavity
closure

The monomer glucose predominantly assumes the “C; chair
conformation in solution.>***%**%7 About 90% of the glucose
units in native B-CD also assume the *C; conformation. In the
X-ray crystallographic structure of trimethyl B-CD,>® one glu-
cose unit has been found in the inverted chair 'C, conforma-
tion; the ¢ value about the puckered glucose unit has been
reported to be ~180° and the corresponding adjacent 6 angle
exhibited a value of 90°. This prompted us to identify the
glucose conformations in HP-B-CDs using Pickett-Strauss
parameters’° that help in identifying 14 glucose conformations.
We mainly observed the six conformations shown in Fig. S1
(ESIf) and the corresponding Pickett-Strauss parameters for
these conformations are tabulated in Table S1 (ESIt). Those
conformations that couldn’t be identified as one of the 14
conformations listed in Table S1 (ESIf) are denoted as an
undefined (U) conformation. The probabilities of observing a
glucose unit in HP-B-CDs in these conformations, both in the
absence and presence of the guest in the CD cavity, are shown
in Fig. S2 (ESIY).

We observe a small fraction of inverted chair (I) conforma-
tions in HP-B-CDs except for the A4, hos, hoy and hzz- systems.
The population of I is the highest in %5,, the most distorted

This journal is © the Owner Societies 2024

HP-B-CD, but the population of U (undefined conformation) is
also higher than the N (native “C,) population. In systems like
hy3, Bao, B34, s and hy,, in the absence of a guest molecule, the
population of the inverted chair conformation was seen to
be about 5-25%, whereas in the presence of the guest
p-nitrophenol in the cavity, glucose inversion didn’t happen.
But in the hs,, hz3, hso and k5, systems, the change in the
inverted chair population in the absence and presence of the
guest is minimal, but we have observed an increase in the
circularity and the cavity volume in the presence of a guest
molecule in these systems (Fig. 3). In the case of 35/, although
we didn’t observe any inverted chair conformations in the
absence of a guest inside the cavity, there was an ~80 A®
increase in cavity volume in the presence of the guest. When we
simulated %, with three different guests - neral, p-nitrophenol
and phenolphthalein - varying in size and chemistry, we
observed only about a 5-10% change in the glucose conforma-
tional population in the absence and the presence of these
three guests (Fig. 6a). Still, we had observed >150 A® increase
in cavity volume in the presence of these guests compared to
that in the absence of the guest. It has to be noted that the
population of the undefined conformations in all the cases is
>20%. This suggests that glucose conformational changes do
not necessarily explain the cavity closure and opening in the
absence and the presence of a guest molecule, respectively.

3.4 Structural changes upon substitution are attributed to
glucose tilting

During careful inspection of the simulation trajectory, we
observed an inclination of the glucose units with their O6
atoms pointing towards the interior of the CD cavity. Interest-
ingly, such inward inclination of the O6 unit and subsequent
encapsulation in the cavity is observed in one of the glucose
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guests neral (h55), p-nitrophenol (h78) and phenolphthalein (hB5) inside a HP-B-CD.

units in the crystal structure of mono-substituted HP-B-CD.>°
The inclination of the glucose units with respect to the CD axis
is quantified in terms of the tilt angle (z) as defined in the

11538 |

Phys. Chem. Chem. Phys., 2024, 26, 11531-11544

50 100 150

T

(a) The fractional population of glucose units in different conformations and (b) the distribution of tilt angle in the absence (hso) and presence of

Methods section. The tilt angle of the glucose units in native
B-CD lies in the range of 0-50° with an average value of 13.8°.
Fig. 6b shows the distribution of tilt angle for £, in the absence
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and presence of guest molecules like neral, p-nitrophenol and
phenolphthalein. We can clearly see that in the absence of the
guest, the distribution is trimodal with peaks at 15°, 50° and
90°. Contrastingly, in the presence of either of the guests, the
distribution becomes unimodal with 99% of the glucose units
exhibiting a tilt angle of <50°.

Furthermore, Fig. 7 confirms that all the HP-B-CDs that
demonstrated cavity structural distortion in the absence of
a guest exhibit multi-modal tilt angle distribution. In the
presence of the guest p-nitrophenol, the tilt angle distribution
(bottom panel of Fig. 7) becomes unimodal with the distribu-
tion ranging mostly within 50°. The systems like %, %53, and
h;s, however, exhibited large tilt angles of 90-150° in Fig. 7f as
the p-nitrophenol moved out of the cavity during the simula-
tion. This clearly reveals that in the absence of a guest, the
glucose units are highly flexible and are tilted more, while the
presence of a guest inside the CD cavity arrests the tilting
motion, thereby restoring the open cavity structure.

To verify whether glucose tilting explains the multiple
basins we have observed in the (¢,)) free-energy surfaces
(Fig. 5d-f) of HP-B-CDs without guests, we computed the
conditional joint probability of the glycosidic dihedral angles
when the adjacent glucose units are untilted as in native 3-CD
(N-N), when only the first unit is tilted (T-N), and when only
the second unit is tilted (N-T). The glucose units with © > 50°
are characterized as tilted (T) units. We have very rarely
observed two adjacent glucose units in HP-B-CDs as tilted units.
When a native-like glucose unit is followed by a tilted unit
(N-T), both the ¢ and ¥ angles are shifted to lower values,
thereby occupying the basin with values lower than 90° for both
the dihedral angles. When a tilted unit is followed by a untilted
glucose unit (T-N), a shift in the  value closer to 180° is

View Article Online
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observed, whereas the ¢ remains almost unchanged with respect
to the native -CD (Fig. 8).

However, the population of two adjacent normal untilted
glucose units (N-N) shows three basins; this could be attributed
to the presence of other tilted units in the vicinity of those
normal units. Any N-N groups directly connected to a tilted
unit on either side shows a basin in the same region as the N-T
population. However, the impact of other tilted units not
directly connected to the N-N neighbours could not be ascer-
tained definitively. Since the tilted units alter the shape of the
CD ring, the structural parameters of the N-N units somehow
have to adjust as they are covalently bonded to form a cyclic
structure. Furthermore, we investigated the influence of glu-
cose tilting on the angle between three consecutive glycosidic
oxygen atoms, ie., the J angle. Fig. 9 shows the distribution of
the ¢ angle for the N-N, N-T and T-N populations of A0, /44
and 7, in the absence of a guest. As in the ¢ distribution,
we see that the N-T and T-N populations exhibit distinct
distributions with a mean value of 90° and 150°, respectively.
Once again, however, the distribution for the N-N population
samples the whole range, possibly influenced by the neighbor-
ing tilted glucose units and to maintain the covalently bonded
cyclic CD structure.

3.5 Enhanced CD-water hydrogen bonding improves aqueous
solubility of HP-B-CDs

So far we have been discussing the effect of structural changes
in HP-B-CDs. To understand how the substitution of 2-HP
enhances the solubility of HP-B-CDs, it is necessary to examine
the interactions between CD and water. Table S2 (ESIT) lists the
number of intramolecular CD-CD and intermolecular CD-
water hydrogen bonds and the CD-water interaction energy
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Fig. 7 Probability distribution of the tilt angle of glucose units in HP-B-CDs in the absence (top panel) and the presence of the guest p-nitrophenol
(bottom panel) inside the CD cavity: (a) and (d) substitution only in the secondary hydroxyl rim; (b) and (e) glucose units are substituted either at the
primary or the secondary hydroxyl rim, but not both; (c) and (f) increase in the substitution in the primary hydroxyl rim when all the glucose units in the

secondary hydroxyl rim are substituted.
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along with its electrostatic and dispersion contributions for
B-CD and HP-B-CDs. In native f-CD, the secondary rim forms
5.6 hydrogen bonds, to which its rigidity is attributed. The
number of CD-water hydrogen bonds is ~32, predominantly
contributed by the interactions of the primary hydroxyl groups

1540 | Phys. Chem. Chem. Phys., 2024, 26, 11531-11544

with the surrounding water medium. The average number of
hydrogen bonds for %, is exactly the same as for the native CD,
whereas for hys and %7, the number of CD-CD hydrogen bonds
is a little lower, but the number of CD-water hydrogen bonds is
a little higher than for the native CD. With substitution at the
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secondary rim, there is a dramatic increase of 7-14 CD-water
hydrogen bonds; concurrently, the number of CD-CD hydrogen
bonds reduces to only 1-3. The maximum number of CD-water
hydrogen bonds is observed for %,,; however, there is no clear-
cut trend in the increase in CD-water hydrogen bonds or the
decrease in CD-CD hydrogen bonds in 45, systems. Similarly, it
is indeed puzzling to see the increase in the number of CD-CD
hydrogen bonds when the number of substitutions is increased
in the secondary hydroxyl rim in hCD,, systems.

Therefore, we closely inspected the components of the CD
molecules that form intramolecular hydrogen bonds (Fig. S3,
ESIY). In Ay, all intramolecular hydrogen bonds are mainly within
the secondary rim, with a few instances of the substituted 2-HP
groups hydrogen bonding among them and with the primary rim.
The number of hydrogen bonds within the secondary rim,
counterintuitively, increases when the substitution in the second-
ary rim increases in %, systems. This increase results from the
higher incidence of the favoured orientation of the O3 and O2
atoms that facilitates the 03-02 hydrogen bond;* it is to be noted
that substituted O2 cannot donate hydrogen bonds. We also
observed some unusual hydrogen bonds in %, systems, ie.,
among the primary hydroxyl groups and between the primary
hydroxyl group and the ring oxygen, unseen in native B-CD,
arising because of the structural deformation and conformational
changes in the glucose units. Such unusual hydrogen bonding
involving ring oxygen is found in other HP-B-CDs, like A5, 1153, 35,
N4z, By, and hys. The formation of a hydrogen bond between the
primary and secondary rims seen in h;, is also a clear conse-
quence of the tilting of glucose units.

Every substituted 2-HP group in all HP-B-CDs forms on
average about 2 hydrogen bonds with the water medium. The
2-HP group is found to point outward of the cavity, existing in
the trans conformation with respect to the O2 or O6 atoms to
which it is attached in the secondary and primary rim, respec-
tively. As a result, the O2 and O6 atoms point inward to the CD
cavity and are not water accessible; therefore, they do not
participate in hydrogen bonding, unlike their unsubstituted
counterparts. The partial substitution of the secondary rim, as
in Ay, disrupts the hydrogen bond belt of the secondary
hydroxyl rim, as is evident from the drop in the number of
02-03 hydrogen bonds from 5.6 to 1 in the native B-CD. This
allows both the 2-HP groups and O3 atoms to form hydrogen
bonds with water leading to an ~2-3 increase in the number of
hydrogen bonds with water for every 2-HP substitution at the
secondary rim, whereas in the native $-CD, O3 can only form 1
hydrogen bond with water. On the other hand, every O6 atom in
the primary hydroxyl rim of native B-CD forms on average two
hydrogen bonds with water; however, upon substitution only at
the primary rim, the O6 atoms become inaccessible to water.
So, the hydrogen bonds between water and the 2-HP groups
replace the hydrogen bonds between water and O6 atoms in
B-CD; hence, no drastic increase in the number of CD-water
hydrogen bonds is observed in %, systems.

The average interaction energy of all CD molecules with water
along with their electrostatic and dispersion contributions are
tabulated in Table S2 (ESIT). The average interaction energy of a
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single a-glucose molecule (Gromos56A6¢,mor) in an SPC/E water
box is determined to be —254 kJ mol ™", which is comparable to
the value of —286 kJ mol ' obtained for CHARMM36 a-glucose
molecule in SPC/E water.”® The difference is attributable to the
difference in the number of glucose-water hydrogen bonds; the
former forms 8.5 hydrogen bonds and the latter forms 9.4
hydrogen bonds with water. The interaction energy of native CD
is —1125 k] mol !, which is about 4.4 times more attractive that of
a single glucose unit. The dominant contribution (~86%) to the
interaction energies arises from the electrostatic interactions. The
interaction energy of all HP-B-CDs is more favorable than the
native-CD, leading to the increase in aqueous solubility of HP-f-
CDs reported experimentally. Since the guest p-nitrophenol does
not form any hydrogen bonds with HP-B-CDs (Table S3, ESI}),
there is no significant change in the number of CD-water hydro-
gen bonds (Fig. 10a) and the CD interaction energy (Fig. 10b) in
the presence of the guest.

Interestingly, when 2-HP is substituted only in the primary
rim (A,), there is a clear trend of an increase in the dispersion
interaction, while the extent of the change in the electrostatic
interaction is comparatively small (Table S2, ESIt). On the other
hand, when the substitution is only at the secondary rim,
i.e., (hy) systems, there is no significant change in the disper-
sion interaction, while the alteration in the electrostatic inter-
action is significant. This trend is similar to that observed for
the number of CD-water hydrogen bonds. In fact, we see a
strong correlation between the number of hydrogen bonds
formed by the CD with the surrounding water molecules and its
interaction energy (Fig. 10c); such a correlation has been observed
earlier for cavity-bound water” and for various osmolytes in 20%
aqueous solutions.>® A point to note is that from the slope of the
linear fit in Fig. 10c, we shouldn’t interpret 38.7 kJ mol ' as the
energy for a single CD-water hydrogen bond because the inter-
action energy, écp-water, Was actually computed as the sum of the
dispersion and electrostatic interactions between the CD and all
the water molecules in the system. We have also examined the
correlation between the average CD-water interaction energy with
the average solvent access surface area (SASA) of HP-B-CDs in the
presence and absence of a guest within the CD cavity (Fig. 10d). In
the presence of a guest, there is a slight increase in the SASA as the
cavity opens, yet the cavity is not completely solvent accessible as
the guest is occupying the cavity. As expected, the SASA is also well
correlated to the average CD-water interaction energy; however,
the correlation between the average CD-water interaction energy
and the average number of CD-water hydrogen bonds is stronger.
Overall, our findings suggest that the solubility and structural
stability of CDs depends on the conflicting interplay of hydrogen
bonding of CD with water and within itself; therefore, care is
required in fine-tuning them to obtain the CD structure with the
desired properties required for the application.

4 Conclusions

The 2-HP substitution of CD enhances the interaction energy of
CD in solution corroborating the increase in aqueous solubility
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Fig. 10 Similarity between (a) the average number of hydrogen bonds per
HP-B-CD molecule, (nyg). and (b) the average CD-water interaction
energies, (écp-water). for HP-B-CDs in the absence (x-axis) and the
presence (y-axis) of the guest p-nitrophenol inside the CD cavity. The
extent of correlation for the average CD-water interaction energies of
HP-B-CDs in the absence (red) and the presence (blue) of the guest
p-nitrophenol inside the CD cavity with (c) the average number of CD—
water hydrogen bonds, (nég_water) and (d) the average solvent accessible
surface area, (SASA).

of HP-B-CDs. The solubility enhancement is affected by the
drop in the number of CD-CD hydrogen bonds in the second-
ary rim and the corresponding increase in the number of
CD-water hydrogen bonds. The breach of the 02-03 hydrogen
bond belt in the secondary hydroxyl rim escalates the con-
formational flexibility of CD and its constituent glucose units.
Furthermore, the key structural parameters change dramatically,
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sampling a broader conformational space, finally leading to the
distortion of the CD structure and closure of its inner cavity.
As opposed to the earlier conceived notion, sugar puckering does
not influence the cavity closure. It is the glucose tilting that brings
about this effect. However, in the presence of a guest molecule,
the interaction energy of CD in solution remains unchanged due
to the absence of a hydrogen bond between the host and guest,
thus the number of CD-water hydrogen bonds remains unaf-
fected. The tilting of the glucose units is prohibited in the
presence of a guest thereby leading to reopening of the cavity.
However, the conformational changes of the glucose units are
independent of the cavity occupancy and remain the same even in
the presence of a guest molecule.

Our detailed investigation on the structural changes in HP-
B-CDs with different degrees of substitution has revealed that
substitution in the secondary hydroxyl rim is required for
solubility enhancement. Substitution at the primary hydroxyl
rim does not enhance solubility as substitution at the primary
rim makes O6 atoms inaccessible to water, so hydrogen bonds
between O6 and water molecules are only replaced by those
between the 2-hydroxypropyl group and water. As a result, the
CD-water interactions remain unaltered. The strategic substi-
tution in the primary rim, however, aids in improving the
stability of the CD structure. For example, in the case of partial
substitution at both hydroxyl rims of CDs, the HP-B-CDs with
alternate glucose units substituted in either rim deforms less
than that with the same glucose units di-substituted.

The lack of good crystals of HP-B-CDs had inhibited the
experimental investigation of HP-B-CDs. The higher tilting of
glucose units along the glycosidic plane in HP-B-CDs not only
deforms the CD cavity, but could also promote agglomeration
at higher concentrations, thereby preventing the formation of
high-quality crystals; it may not be a desired feature for
therapeutics as well. Although the inclusion of a guest leads
to stabilisation of the CD cavity leading to the formation of CD-
guest crystals in most cases, the most structurally deformed
systems like %, h73, k74 and A5, however, fail to encapsulate
any guest molecules in their cavities. Our study clearly points
out the importance of hydrogen bonding interactions and
delineates the conflicting mechanism underpinning the cavity
shape and structure vs. CD aqueous solubility. It is the intra-
molecular interactions that promote an open cavity, while the
intermolecular hydrogen bonding with water is required for
high solubility. It is necessary for materials scientists to under-
stand this trade-off when manufacturing HP-B-CDs of the
desired degree for their application.
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