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ABSTRACT: Molecular dynamics was used to study the inclusion of neutral and deprotonated
aspirin into the P—cyclodextrin (—CD) cavity. The molecular dynamic simulation allows
following the time dependent behavior of the formation of the inclusion complex. For both
complexes, we find a reasonable and a realistic pattern of the complexation. The calculations
show a single pathway consisting of a no reversible binding process leading to the complexation
of aspirin. Whereas for deprotonated aspirin it has been observed a reversible binding, in which
one way leads to the binding form, and the reverse way to the unbinding form. Throughout the
simulation, the penetration of aspirin (ASA) or deprotonated aspirin (ASA-) inside the cavity
occurs only with a phenyl ring entering first through the wider or narrower rim. The
determination of free energy using unbiased and biased simulations of the corresponding
inclusion processes gives more favorable inclusion process of aspirin than deprotonated aspirin.
The inclusion of the guest molecule is found deeply embedded within ASA:B-CD complex
whereas it is partial in ASA:-CD complex. Also, the orientation A of both complexes is found
more favorable of ca. 1.9 kcal/mol, and of ca. 0.8 kcal/mol, respectively for neutral and
deprotonated complex. Aspirin molecule establish one H-bond between the hydrogen carboxylic
atom and one oxygen atom of primary hydroxyl group of B-CD; this H-bond is detected during
about 20% of the simulation period. In addition, we found that water molecules in the first
solvation layer are implied with hydrogen carboxylic atom and the keto oxygen atoms within H-
bonds. While, water molecules of the second solvation layer is in interact with the O1 and O2
oxygen atoms of aspirin. Accordingly, based on the obtained results we can consider that the
hydrophobic/hydrophilic interactions are the most important driving forces of the complexation

assisted by stabilizing H-bonds.



1- INTRODUCTION
An inclusion complex — a combination of two or more species - is based on a non-covalent
interaction between the host and guest molecules and their stability depends on the size and
complementary forms of host and guest molecules. Additionally, the external medium and
environmental conditions can also play a role [1-4].
B—cyclodextrin (—CD) is a cyclic oligosaccharide derived by enzymatic hydrolysis of common
starch. Due to its peculiar chemical structure, constituted of an external hydrophilic surface and a
hydrophobic cavity, f—CD can form inclusion complexes with a variety of organic molecules,
thereby improving some of their properties, such as solubility, stability and bio-availability [5-7].
The main forces involved in the complexation process are electrostatics, van der Waals,
hydrophobic interactions, hydrogen bonding and charge transfer interactions [8-10]. The
complexation process in solution comprises several steps, which we briefly summarize here: at
first, as the guest molecule approaches the B-CD cavity, it is released from the hydration layer
which surrounded it, and conjointly the water molecules which are inside the cavity are released
outside. Then, the guest molecule penetrates inside the B-CD cavity giving a chemical complex
stabilized only by non-covalent interactions.
If the guest molecule finds a large stability inside the cavity, it will remain there for a long time,
and the process can be considered as a no reversible binding. Otherwise, without large stabilizing
interactions with the host molecule inside the cavity, it will be released and water molecules
would return in the cavity. However, the guest molecule can return inside the cavity so the
process is considered as a reversible binding which can occur repeatedly [8].
Several factors may influence the inclusion complex formation, such as the type of CD, cavity
size, pH and ionization state, temperature and method of preparation [11-12].
The molecular encapsulation process has constituted a major area of expertise and investigation
within the framework of supramolecular chemistry. It became the subject of intense experimental
and theoretical studies because the detailed knowledge of the dynamics of complexation
constitutes the basis of its use as a drug carrier [13-14].
Acetylsalicylic acid (ASA), also known by the trade name aspirin, is one of the most known,
used and popular drugs. It belongs to a group of medication called non-steroidal anti-

inflammatory drug (NSAIDs); it is often used to treat pain [15], fever [16], inflammation [17], to



help prevent heart attacks [18], blood clot formation [19], and in a certain type of cancer, as
colorectal or pancreatic cancer [20, 21].

The spontaneous hydrolysis of aspirin varies markedly with pH. At pH below 2.5 aspirin is in its
neutral form, whereas, at higher pH it becomes increasingly deprotonated. Its rate of absorption
in the stomach, which has a pH of 1.5 to 3.5, depends on its form. Thus, the majority of the
biological activities, attributed to the neutral form are due to its lipophilic nature, which
facilitates its absorption through the stomach wall, and its passing into the bloodstream [22, 23].
In many cases their use at higher doses can generate bad side effects, notably gastric irritation,
gastrointestinal ulcers, hematemesis, tinnitus and stomach bleeding [24, 25]. These
inconveniences are due, in particular, to its low solubility in water estimated to 1 g/300 ml [26],
caused by its rapid decomposition in two acids, salicylic and acetic [27].

Several methods are used to overcome these inconveniences such as its use as a pro drug or
microencapsulation. The microencapsulation system, also named inclusion complex, is
constituted of two molecules forming a single entity in which the molecule called "guest" is
trapped in the cavity of another one, called "host"; and the system is stabilized only by non-
covalent interactions [28, 29].

The application of the microencapsulation technique, allows improving the apparent solubility of
poorly soluble molecules, protecting the fragile ones from unfavorable conditions and enhancing
their therapeutic properties, such as its use as a drug delivery system (DDS) [30-34].

Many authors have studied the complexation process of aspirin with B—CD using various
techniques such as X-ray (RX) [35], spectroscopic methods [36, 37], ultrasonic relaxation [38],
and isothermal calorimetric titration [23].

Computational chemistry methods can give appropriate answers because they have already had a
great success in solving several problems related to the geometry, the physical chemistry, and the
driving forces of the complexation [39—41].

The number of published papers in the past decade on this topic has widely increased, showing
the evidence of a passion, attesting the mastery and the growing knowledge on the subject [42-
44]. Furthermore, while the pH is of primary importance for its biological effect, to the best of
our knowledge, there are no reports in the literature on the evolution of the complexation of 3—

CD with ASA vs. ASA-.



For this purpose, we describe in this article, a computational study on the complexation process
between ASA/ASA™ and B—CD using molecular dynamics simulation. Then, we shall focus our
attention on the dynamic of the formation of H-bonds during the simulation in order to giving a

dynamic picture of the complexation process.

2- METHODS
The initial structure of P—CD was built with the help of the graphical interface of
ChemBioOffice (version 10, Cambridge software) [45], and the geometry of ASA was extracted
from a PubChem Compound Database [46] (Figure 1). Thus, partial charges and the optimized
geometries at B3LYP/6-31G(d) for guests and B CD molecules are given by the automated force
field topology builder (ATB) [https://atb.ug.edu.au/.] [47].

However, the center of mass of aspirin and § CD were generated by Gromacs program and the

radius of gyration is calculated using the following equation:
2
XIril?x;
Ry, =
2 m;

Where m; is the mass of atom i and 7; the position of atom i with of the respect to the center of

mass of the molecule. The center of mass (COM) of the B CD was set as the origin of the
reference system (0). Two possible orientations were considered. When phenyl group is located
on the wider rim is called “orientation A” and when it is located on the narrower rim is called

“orientation B”.
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Figure 1. ASA, ASA- and B—CD molecular structures

2.1 Molecular dynamics
2.1.1 MD simulations
First, B—CD is fixed in the center of XYZ coordinate system. Then, ASA/ASA" is placed on the

X-coordinate axe at a distance equal to 10 A from the center of B—CD (Figure 1, 2).

Figure 2. The initial geometry of ASA and B—CD molecules at the beginning of both simulations.



The force field parameters for both molecules were generated using the automated topology
builder (ATB) in the framework of GROMOS96 54A7 force field [48].

All simulations were carried out using the GROMACS package version 5.2.1 into an identical
box containing 2638 water molecules represented by a simple point charge (SPC) model [49,
50]. The simulations were performed in the isobaric-isothermal ensemble (NPT) with a constant
pressure of 1 bar and a temperature of 298 K controlled by the Berendsen thermostat. The
electrostatic interactions were treated by the particle mesh Ewald (PME) method with a cutoff
distance of 1.2 nm; and the van der Waals interactions were modeled using a cutoff of 1.4 nm.
The whole system was relaxed using the steepest descent algorithm. The position of the guest
molecule is obviously altered after the equilibration steps. The classical Newton’s equations of
motion were integrated using the Leap-Frog algorithm and the Berendsen weak-coupling
method. All simulations were carried out for 1000 ns, which is long enough for the system to
reach equilibrium. The trajectory coordinates were recorded every 500 steps with a time step of 1
fs. The simulations were made using from 16 to 32 microprocessors and each one lasts 10 days at
the most. The percent of time spend inside and outside the cavity is calculated by inspecting the
distance between the two centroids during the simulations. All values higher than 6.5 A are
considered outside the cavity, whereas the values equal or less 6.5 A are considered inside the
cavity. For each case we calculate the average of the three independent runs.

The kinetics of binding between a single molecule and its ligand is usually described by as a
simple two-state model,

[ .
bff 4—{_-_& on SRrgr s T (1}
ke

Where state “off” indicates that the molecule is free and state “on” indicates that the molecule is
bound to a ligand, and the transition rate from “off” to “on” is proportional to the ligand

concentration due to the law of mass action [51].
We can write the eq.1 for ASA / ASA- reaction with 3-CD as,

k..
ASAJASA— + B—CD =2 ASA:B —CD fASA—:B —CD +++vvs o2+ (2)

ff



One can then obtain the apparent rate constants k,, and k,ss from the residence time, on and off

respectively as:

1
~ average unbound time X [solute]

on

And,

1
Korf = average bound time

The thermodynamics and kinetic are related by the equation:

kOTl
K = ceveenen (5)

korr

The binding free energy can be obtained from the constant K that:

2.1.2 Umbrella sampling

The stability of the inclusion complexes can be assessed by computing the free energy change of
the inclusion process using biased molecular dynamics of umbrella sampling (US) in addition to
the weighted histogram analysis (WHAM) method implemented in the WHAM program [52]. In
this technique, the potentials of mean force (PMF) were calculated as a function of the
coordinate distance (§) which is defined as the distance between the centroids of mass of ASA/
ASA" and the point 0, the centroids of mass of B-CD. Each system is constrained to a narrow
range of reaction coordinates using an external quadratic polarization force with a force constant
of k = 1000 kcal mol! A2 The values of & ranged from -10.0 to 10.0 A in 0.25 A intervals.
Thus, 80 windows were used to cover this interval and then a simulation of 10 ns was performed
for each window.

The distance data were collected every 1.0 ps, then the data from all the simulation windows
were combined, and finally the weighted Histogram Analysis Method (WHAM) was used to

analyze the results.

3- Results and discussions

3.1 Molecular dynamics simulation



Three independent molecular dynamics simulations of 1000 ns were performed to describe the
inclusion process of ASA/ASA- with B—CD at the molecular level. The simulations with ASA
are reported in Figure 3, with the labels S1, S2, S3 and those of ASA™ are in Figure 4 (S'l, S'2,
and S’3). In this study, the complex is considered closely related if the distances between the two
centroids of mass of ASA/ASA- and B—CD are less than 3A. Structures with distances between 3
and 6.5 A are considered as linked, however, ASA/ASA" is considered “unbound” if the distance
becomes larger than 6.5 A. Also, we chose to measure the distance between H5 and H20 atoms
during the simulation in order to locate the conformations of A or B orientation and accordingly

to determine the lifetime in each orientation.

3.1.1. The kinetics of inclusion of ASA with ~CD
Throughout the simulation, the inclusion process is described through the analysis of the
variation of the distances between the two centroids of mass of ASA and B—CD (Figure 3). In all
three simulations it was observed that the penetrations and exits of ASA in and out of the cavity
can occur. As it can be seen in Figure 3, three interesting facts are emerging from the three
simulations: (i) a rapid penetration of ASA, which can last only a few ns, followed by a long stay
inside the cavity; it remains there deeply embedded until the end of the simulation; except of the
S2 simulation where around 400 ps ASA briefly leaves the cavity and returns rapidly inside. (ii)
also, there are some regions where there are more fluctuations, indicating that ASA moves in
these regions freely inside the cavity, and sometimes get out of the cavity (iii) changes of the
ASA orientation inside the B—CD cavity occur during the simulations, from A to B or the

reverse, these changes of orientation are made via a few unbound forms.
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Figure 3. The plot of the variation of the distance between the two centroids of mass of ASA and

B—CD during the three simulations.

From these simulations, four key points are highlighted: (i) mostly the complexation process is a
no reversible binding (i.e., once ASA penetrates into the cavity, it is no longer available in the
medium); (i) ASA can penetrated by the two entrances with the phenyl ring first ; (iii) the
inclusion complex is favorable in aqueous medium because ASA spent much more time inside
the cavity, 98%(S1), 98% (S2) and 99% (S3) of the simulation period than outside; (iv) the
orientation A is more favorable than the B one, because the lifetime of the orientation A is larger
than that of orientation B: the orientation A lasts 81%(S1), 70% (S2) and 84% (S3) of the
simulation period while B lasts 17% (S1), 28% (S2) and 15% (S3) of the simulation period.
From a structural viewpoint, the conformational characteristic of the structures in orientation A
ASA shows an inclusion deeply embedded inside the cavity, whereas in the orientation B only
the phenyl ring is included and the functional groups stay in secondary rim establishing H-bonds

with B-CD.
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3.1.2 The kinetics of inclusion of ASA™ with ~CD
The simulations are labelled S'l, S'2, S'3, and they are shown on Figure 4. Throughout all three
simulations it was observed, that the phenyl group penetrates first through the wider or narrower
side. The penetration of ASA" is incomplete: only the phenyl group enters the f—CD cavity,

whereas the acetyl and carboxylate groups remain outside.

As can be seen from Figure 4, the variation of the distance between the center of mass of ASA-

and B—CD is very similar from one simulation to another: S'l resembles S'2 and S'3 is alike.

In each simulation, it was observed multiple entrances and exits of ASA™ of B—CD cavity. At

each time, the guest molecule remains only a small moment inside the cavity with the exception
of the periods [300-450] for S'1, [200-310] for S'2 and [700-790] ns for S'3 where it passes more

than 90 ns inside the cavity.

Overall, these three simulations are less in favor of an inclusion process because the guest
molecule spent more time outside B—CD cavity, and moves freely in the aqueous medium. For
the S'l, S'2 and S'3 simulations, this occurs 37, 48 and 33 % of the simulation period,
respectively. Moreover, even when within the cavity the guest molecule is constantly in
perpetual movement and adopts a fairly large number of conformations, indicating its instability

inside.

11
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Figure 4. The variation of the distance between the mass centers of ASA™ and -CD during the

three simulations.

From these simulations, three key points are highlighted: (i) the complexation process is
reversible binding (i.e. the guest molecule can enter and exit the cavity several times) (i1)) ASA"
penetrates inside the cavity through both the wider or the narrower rim; (iii) the inclusion
complex is less favorable in aqueous medium because ASA~ spends more time outside the
cavity.

In order to quantify these observations we determined Koy, , k,fr, K and AG ° for ASA:B-CD and

ASA":B-CD complexes by using the Egs. (2, 3, 4, 5, and 6) respectively.
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Table 1. Constant rate of association k,,, constant rate of dissociation k,sr, constant of

association K and association free energies, AG ", of ASA:B-CD and ASA-:$-CD complexes

kon koff K AGO
(10%/s.M) (10%/s) (1/M) (kcal/mol)
ASA:B-CD Calculated 6.25 1.99 3036 -4.74
7.21 1.31 549 -3.742
Experimental - - 149 -2.78b
- - 210 -3.15¢
ASA-:-CD Calculated 1.54 45.58 35.4 -2.09
Experimental 0.78 15.2 51 -2.332

* 2 from reference 38, P from reference 53 and © from reference 23

The values of k,, and k,rr of ASA and ASA- displayed in Table 1 show that ASA is formed five
times more than ASA-, whereas ASA- is dissociated about 23 times more than ASA, meaning
that ASA form more favorable complex with B-CD than ASA-. This can be explained by the fact
that the carboxylate anion in ASA- reduces the stability of the ASA-:B-CD complex, and is
easily attracted by water molecules. This is in agreement with a point of view of Fukahori et al.
which stipulate that the smaller value of k,¢¢ leads to the more stable inclusion complex, since

k., value was not so sensitive to a structure of host and guest molecules [38].

The computed values of free energies of ASA:B-CD and ASA-:B-CD complexes reported in
Table 1 confirms that ASA:B-CD complex is more favorable than ASA-:3-CD by an energy
difference of 2.65 kcal/mol.

Also, as the value of free energy of ASA-: B-CD complex is negative and equal to -2.09 this
indicate that the process of its entrance in cavity is favorable despite having a strongly
hydrophilic group. Confirming then that the hydrophobicity of the phenyl ring in ASA- is so

high, that once it is close to the entrance of the B-CD cavity it gets inside.

Globally, all the obtained values of AG® agreed reasonably with experimental data in view of the

difference in the experimental results for a given parameter because of their dependence on the
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used method (spectroscopic, analytic, ultrasound) and the operational conditions (pH, medium)
[23, 38, 53].

3.2 Biased molecular dynamic simulation

The free energy profile along the host-guest centroids -to- centroids distance (&) was estimated
using umbrella sampling combined to WHAM analysis. The calculated potentials of mean force
(PMF) of the two studied complexes are depicted respectively in Figures 5 and 7.

3.2.1 Thermodynamics of inclusion of ASA: —CD complex

Figure 5 shows clearly that the inclusion of ASA inside the B—CD cavity is energetically

favorable for both orientations because the free energy decreases to reach minima near the center

of cavity.
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Figure 5. The free energy profiles from PMF calculations for the ASA:B—CD complex,

orientation A (red), orientation B (black)

The general aspect of the PMF profiles of orientation A show two local minima with little barrier
separating them; whereas for orientation B a single less deep minimum in the PMF curve. Thus,
the free energy of orientation A decreases as ASA approaches B-CD, leading to the first
minimum around -1 A (-0.6 A for orientation B) with a free energy of -5.1 kcal/mol (-3.5

kcal/mol for orientation B). The structure of the first minimum for orientation A is shown in
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Figure 6a. It shows clearly that phenyl ring is deeply embedded inside the cavity on the wider
rim, while the acetyl and carboxylic groups are located on the narrow rim, and only the methyl
group is located outside the cavity. The structure of the minimum of orientation B shown in
Figure 6¢ shows that the phenyl ring is inserted inside the cavity and all other parts of ASA are
located outside the B—CD cavity. As ASA penetrates deeper in the B—CD cavity, a small energy
barrier is located between (a) and (b) at 0 A with an energy height of 0.5 kcal/mol. For
orientation B no barrier is detected.

As ASA- penetrates deeper in the B-CD cavity, a second minimum for orientation A is located
around 0.7 A with a free energy of -5.13 kcal/mol. The structure of the second minimum is
shown in Figure 6b. The phenyl ring is buried in the f—CD cavity while all other parts of ASA
are located on wider rim. It is interesting to note that the conformation of ASA inside the cavity
is altered compared to its conformation in the first minimum position so that the two functional
groups will be positioned on the opposite side. In terms of energy, when ASA leaves the f—CD
cavity the energy increases progressively until it reaches a plateau when there is no interaction

between ASA and B-CD.

(a)

Figure 6. Snapshot of ASA: B—CD complex of orientation A; (a) 1*' minimum (b) 2"

minimum (¢) minimum of orientation B

The energy difference between the two orientations was found to be equal to 2.0 kcal/mol,
suggesting that orientation A is more thermodynamically favored compared to B. From a
structural point of view, the structural difference between them is that in orientation A the
inclusion is complete whereas in orientation B it is partial. Also, the ester and carboxylic groups

are closer to the rim of B—CD in orientation A than B. This orientation leads to stabilizing
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interactions with 3 CD. One of the things we also notice that the phenyl ring on the wider rim of

the cyclodextrin is ideally positioned to prevent close contacts with —CD.

3.2.2 Thermodynamics of inclusion of ASA™ with -CD

The PMF profiles for the transfer of ASA" through B—CD according to the orientation A and B
are plotted in Figure 7. It appears that both orientations provide almost the same shape of PMF
profile as well as the same position of the maxima. The only significant difference observed is
the depth of AGpmr, which is about 1 kcal/mol deeper in orientation A compared to B. Figure 7

shows clearly that the inclusion is favorable up to points of 2 or -2 A which become unfavorable.
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Figure 7. The free energy profiles from PMF calculations for the ASA™:—CD complex,
orientation A (blue), orientation B (green)

The free energy decreases as ASA™ approaches B-CD, leading to the first minimum at ca. - 2.9 A
(3 A for orientation B) with a free energy stabilization of -4.7 kcal/mol for orientation A (-3.7
kcal/mol for B orientation). The structure of this stationary point of orientation A is presented in
Figure 8d. This revealed that the inclusion is partial and concerns only the phenyl ring which is
located inside the cavity and the rest of the molecule is located outside. As ASA- penetrates
deeper in the B-CD cavity, an energy barrier appears of ca. -4.8 kcal/mol for orientation A (3.9

kcal/mol for orientation B). Now a maximum is located at 0 A for both orientations revealing a
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thermodynamically unfavorable state in the region of the center of B-CD. The structure of this
stationary point is shown in Figure 8e. ASA- is deeply embedded inside the cavity leaving only
the methyl group outside. In fact, the carboxylate anion inside the cavity induces unfavorable
electrostatic interactions between negative charge of ASA~ and the electric field created by the
glycosidic oxygen atoms of 3-CD.

The second minima occurs around +2.6 A for orientation A (2 A for orientation B) with a free
energy lowering of ca. -3.7 kcal/mol for orientation A (-2.9 kcal/mol for orientation B). The
structure of this stationary point is shown in Figure 8f. From a structural point of view we notice
the rotation of the guest molecule compared to its orientation at the beginning of the unbiased
simulation. This rotation allows the phenyl ring to be inside the cavity instead of the outside,
thereby promoting stabilizing hydrophobic interactions within the cavity. Subsequently, when
ASA" leaves the B-CD cavity the free energy increases progressively until it reaches a plateau

when the two chemical species no longer interact.

Figure 8. Specific conformations of ASA: f—CD complex of the orientation A
In this section, the study shows that the presence of the maximum in PMF calculations in the
central region precludes an embedded inclusion. While the presence of two minima at ca. -2.6
and 2.9 A is synonym of a favorable inclusion process. As the inclusion is allowed only in the
region energetically favorable, so it can be only partial and incomplete. These results are in
agreement with those observed in our unbiased simulation highlighted in the first section and as
well as with experimental results obtained by several authors who found that the inclusion is

embedded with ASA and partial with ASA- [54-55].
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3.2.3 Association constants and association free energies.
The association constant may be obtained by integrating the PMF along the ordering parameter,

&, to the limit of association of ASA/ASA- and B-CD [56].

—AG($)
K = nNAfrazvee RT (& - veeeee (6)

Where N, is Avogadro’s number and R is ideal gas constant. 1, is the average radius of the
cross section in each bin, which evidently varies with &. The integration limit is the interval over
which host-guest association is witnessed. The space integration over & < 0 corresponds to the
reference atom of ASA/ASA- by the wide entrance of B-CD, whereas for £ > 0, this atom is by
the narrow entrance of CD. From the expression of K, the association free energy may be
recovered through equation (5).

Table 2. The computed association constants and association free energies of ASA:B-CD and

ASA-:3-CD complexes in A and B orientation

Orientation K (M) AG® (kcal/mol) Difference (AG®)

ASA:B-CD A 56.88 239 1.9
B 5.10 -0.49

ASA-:B-CD A 11.95 -1.47 0.8
B 3.10 -0.67

The computed association constants and association free energies of ASA:B-CD and ASA-:-CD
complexes in A and B orientation are reported in Table 2.

Table 1 shows that the association free energies of ASA:B-CD complex are respectively equal to
-2.39 and -0.49 kcal/mol for A and B orientation; and are equal to —1.47 and -0.67 kcal/mol in A
and B orientations for ASA-:-CD complex. This means that orientation A is more favorable
than B for both complexes with 1.9 kcal/mol (neutral complex) and 0.8 kcal/mol (ionic complex)
energy differences. These results are in the same direction as those obtained in the unbiased
simulations whose orientation A is found to be more prominent than B.

At last, we noted that the association free energies of both complexes obtained from PMF
calculations are higher to those obtained from unbiased simulation but remains globally in the

same order as those obtained experimentally. All the obtained values of AG® agreed reasonably
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with experimental data in view of the difference in the experimental results because of their
dependence on the used method (spectroscopic, calorimetric, and ultrasonic) and the operational
conditions (pH, medium). Thus, the results of unbiased simulation based on kinetic approach are
closer to those obtained with ultrasonic method which also based on the same approach; while
the results of biased simulation based on thermodynamic approach are closer to those obtained
with calorimetric method which also based on thermodynamic approach.

3.3 Hydrogen bonding

Furthermore, we focused our main attention on the formation of the dynamic H-bonds during the
formation process of the inclusion complex in order to provide dynamic picture of the interaction
between the host and guest molecules. This can be achieved by using molecular dynamic
simulation which can detect H bonds that occur during the complexation process. Since the
simulations of the same complex gave similar results; and for the sake of simplicity we only
presented the results of the H-bonds analysis of the simulations S3 and S'3.

A hydrogen bond is considered as formed during the simulation when the donor-acceptor
distance is less than 3.0 A and an angle cutoff equal to 20°. All H-bonds between B-CD and
ASA/ASA™ molecules are analyzed as well as those between B—CD and water molecules. Based
on these criteria, we found 39 acceptors and 22 donor atoms for aspirin: f—CD complex, and 39

acceptors and 21 donor atoms for ASA-:3-CD complex.

3.3.1 H-bonds of ASA:—CD complex
The number of H bonds in the ASA: —CD complex during the last 800 ns of the simulation that

occur between ASA and B—CD as well as between ASA and water are displayed in Fig. 9.
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Figure 9. The number of H-bonds between ASA and B—CD (left) and between ASA and water
(right)

As can be seen from Figure 9 (left), two H-bonds were detected during the simulation period,
period in which ASA is totally inside the B-CD cavity. One hydrogen bond is observed during
19.7% of the simulation period in an intermittent manner and the second one is rarely detected
having insignificant percentage of ca. 0.5% of the simulation period. This means that during
about 79.8% of the simulation period the inclusion complex is formed without the establishment
of H-bonds between ASA and B-CD. As a result, firstly, the inclusion complex doesn’t
necessarily need the H-bond interaction between ASA and -CD; secondly, they are frequently
formed and broken throughout the simulation probably due of the freedom of aspirin movement
inside the cavity.

ASA can also establish H-bonds with water molecules. In Figure 9 (right) are depicted the
number of H-bonds between ASA and water molecules during the last 800 ns of the simulation
period. Thus, we observed most of the time at least one hydrogen bond between ASA and water
molecules. Otherwise, during only 5.1% of the simulation period, water and ASA molecules are
not linked by H bonds. Hence, these interactions between water and ASA are important for the
stability of the inclusion complex in addition to its hydrophobic activity. Explicitly, one H-bond
is detected during 34% of the simulation period, two H-bonds during 42.2%, three H-bonds
during 16.1% and rarely with four and five H bonds.

In order to investigate more specifically the formation of H-bonds between ASA and B-CD and
also between ASA and water molecules, intermolecular radial distribution (RDFs) for the

relevant atom-atom interactions, and the corresponding coordination number were calculated.

3.3.1.1 H-bonds between ASA and [-CD

The donor character of ASA given by the carboxylic hydrogen atom HS5 is highlighted on the
orientation A by the establishment of one H-bond with O20 oxygen atom of one of the primary
hydroxyl group. The RDF curve for H5-O20 displayed in Figure 10 (left) show an intense peak
located at ca. 2.45 A which extends from 2 to 3 A. The coordinate number for H5--020 derived
from the H5--O20 RDF is estimated by integrating the first peak up to the second minimum. It is

found equal to ca. 0.7 which is an indicative of a moderate H-bond.
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Figure 10. The RDF of H5--020 H-bond (left) and the snapshot extracted at 781 ns (right) of S3

simulation

The snapshot extracted at 239 ns displayed in Figure 10 (right) correspond to a geometry
representing this state. It shows that H5-O20 H-bond is located in orientation A with a distance
of 2.75 A between the two involved atoms. This interaction likely favored by the orientation of
the O20-H60 hydroxyl group of the 3-CD which is the only one that pointed towards the interior
of B-CD, in direction of the guest molecule. As the Gibbs free energy difference between the two
orientations estimated previously equal to ca. 2.0 kcal/mol, a typical value of a moderate H-bond
for which energies vary between 1 and 2 kcal/mol. This can be attributed to this H-bond

interaction which is probably the cause of shift of the balance in favor of the orientation A.
3.3.1.2 H-bond between ASA and water molecules

We have also computed radial distribution functions between the hydrogen carboxylic atom and

the four oxygen atoms of ASA and water molecules. These RDFs are shown in figure 11.
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Figure 11. The RDFs between ASA and water

Thus, the RDF of H5-*OW shows a band with a maximum at 2.55 A without a clear minimum.
The coordination number evaluated is equal ca. 1, synonym to a stable H-bond.
The RDFs curves O3--HW and O4--HW are shown with blue and green respectively, and those
of O1-“HW and O2--HW with red and black respectively (see Figure 1 for the numbering of
oxygen atoms).
We notice a remarkable difference between the RDFs for O3-*HW and O4--HW (O3 and O4
keto oxygen atoms) on one hand and for O1--HW and O2-*HW (O1 and O2 oxygen atom), on
the other hand. Thus, the RDFs for O3-*HW and O4--HW show a first peak centered at
approximately 1.85 and 1.75 A respectively. The coordinate number derived from the O3-"HW
an O4--HW RDFs are respectively equal to 0.8 and 0.9, a typical values for H-bonds. This could
be considered as evidence of the formation of stable H-bond between water hydrogen atoms and
the O3 and O4 keto oxygen atoms of ASA.
However, both of O1-*HW and O2--HW RDFs do not show a true peak at short intermolecular
distances but rather a shoulder of low amplitude at ca. 2.0 A. The coordination numbers of both
O1 and O2 oxygen atoms were estimated approximately equal to 0.5 and 07 respectively. Also,
RDFs shows a broader and weaker second peak for O1+*HW an O2-"HW located at ca. 4.0 A

with a coordination number equal to 4 and 5 which corresponds to the oxygen atoms of water of

22



the second aqueous salvation layer. This suggests that the O1 and O2 oxygen atoms can form
weak and much longer transient hydrogen bond with water molecules.

So, it seems that the keto oxygen atoms have a high tendency to form stable and strong hydrogen
bond with water molecules of the first salvation layer, while the O1 and O2 oxygen atoms

interacts rather with water molecules of the second salvation layer.

3.3.2 ASA : —CD complex

The numbers of H-bonds between f—CD and ASA™ and between ASA- and water molecules
during the last 800 ns of the simulation are displayed in figure 12. As expected, no H-bonds were
observed between ASA" and B-CD during 98.5% of the simulation period; and only one
intermittent H bond during 1.5% of the simulation period is detected. This can be interpreted
obviously by the fact that ASA" spent much more time in aqueous medium than inside the

B—CD cavity.
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Figure 12. The number of H-bonds between ASA™and B—CD (left) and between ASA™ and water
(tight)

In Figure 12 (right) is displayed the number of H-bonds between ASA™ and water during the
simulation period. It is shown that the number of H-bonds varies widely during the simulation
ranging from 2 to 12; some periods have moderate percentages. Thus, 7 H-bonds were observed
during 30%, 6 H-bonds during 24% and 8 H-bonds were detected during 15% of simulation

period. For the others the percentages are equal or less than 10% of simulation period.
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This clearly confirms the hydrophilic affinity of ASA- to water molecules and explains why the

process of its inclusion inside the B-CD cavity is less favorable.

Conclusions

Molecular dynamics applied to study the complexation process of ASA and ASA- with B—CD
gives neutral complex more favorable than deprotonated one. In the neutral complex, the
penetration occurs through the two entrances, and the more favorable orientation is that wherein
the phenyl group is on the wider rim (orientation A). Moreover, the complexation process can be
considered as no reversible binding. However, in the deprotonated complex, the penetration
occurs through both of the wide and the narrow rims, and the complexation process is to be
considered as reversible binding. The local minima structures obtained by PMF calculations
show a deep inclusion in orientation A of ASA:B—CD complex and partial in orientation B.
However, for ASA":—CD complex the location of the carboxylate group in the central region of
B-CD causes a significant adverse interactions highlighted by an energy maximum in the PMF
curve in this region indicating that the complete inclusion is unfavorable. Also, the two minima
on the PMF curve state that the penetration is favorable through the two entrances as well as that
the inclusion is partial.

The formation of H-bonds between B—CD and ASA was detected during 19.7% of the simulation
period. RDF calculation shows that only the hydrogen carboxylic atom of ASA establishes a
significant H-bond with B-CD contrary to the oxygen atoms of carboxylic and acetyl groups who
do not establish any significant H-bonds with 3-CD. Although ASA is included inside B-CD
cavity it keeps in contact with water molecules throughout 98.5 % of simulation by establishing
several H bonds.

Finally, it can be argued based on this dynamic picture of the complexation given in this study
that the main driving forces in the inclusion process are hydrophobic/hydrophilic interactions,

and are assisted by stabilizing H-bonds.
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