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β-cyclodextrin. Similar free energy profiles for two enan-
tiomers obtained using ABF calculations indicate that it 
is very hard to separate and identify the chiral conjugates 
within the framework of the natural β-cyclodextrin.
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1  Introduction

The interaction or recognition mechanism of host–guest 
systems constitutes the core part of supramolecular chemis-
try, for which the main driving force of the formation of the 
systems is considered to be the hydrophobic interactions. 
Correct understanding or quantification of the intermo-
lecular interaction would be particularly important for the 
“rational planning of new supramolecular systems, includ-
ing intelligent materials, as well as for developing new bio-
logically active agents” [1]. Among host–guest systems, the 
inclusion complexes formed between natural cyclodextrins 
(CDs) with small organic molecules, esp. those hydropho-
bic molecules, represents a typical example in this field and 
thus attracts a lot of attentions [2–9].

CDs are cyclic oligomers of glucose units. The most 
common natural CDs are composed of 6 (α), 7 (β) or 8 (γ) 
pyranose units connected by α-1,4 glycosidic linkage. Due 
to 4C1 chair conformation of the pyranose units, the overall 
topology of these CDs can be described as a toroid/hollow 
truncated cone shape. The significant different hydrophilic-
ity of their exterior environment and interior cavity makes 
the CDs very unique in the supramolecular chemistry. They 
can easily bind lipophilic molecules to form a host–guest 
inclusion complex and thus change the chemical, physical 
or even biological properties of these ligands. Such ability 
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makes them widely applied in pharmaceutical development, 
drug delivery or food industry. People have pursued their 
usage in the synthesis of some certain mechanically inter-
locked molecular architecture, such as rotaxanes [10] and 
catenanes [11]. The photochemistry of molecules hosted 
by CDs is also of particular interests, e.g., arenes [12]. In 
this work, we will focus on the detailed chiral recognition 
mechanism of β-CD complexed with a widely used anti-
inflammatory drug, ketoprofen. The schematic representa-
tions of β-CD and ketoprofen are given in Scheme 1.

Ketoprofen (IUPACE name of (R/S)2-(3-benzoylphe-
nyl) propionic acid) has long been considered to be the 
nonsteroidal anti-inflammatory drug (NSAID) with anal-
gesic and antipyretic effects [13]. It has also served as 
one of pain relief drugs. Ketoprofen is usually marketed 
as 50:50 racemic mixtures of (R-) and (S-)enantiomers, 
but with poor solubility. It was demonstrated that only 
S-enantiomer has anti-inflammatory activity, while same 
functions can be found for other profen drugs such as ibu-
profen and flurbiprofen. However, the chiral inversion of 
the R- to S-enantiomers of profen drugs has been observed 
in vivo, e.g., in pigs [14]. Based on this, the physiologi-
cal functions of (R-)ketoprofen should not be totally 
neglected and might deserve some more researches. More 
importantly, some experimental studies have proved that 
(R-)flurbiprofen can be involved in the antitumor activity 
in mouse. Clearly, we cannot simply neglect either enan-
tiomer. Due to the importance of the enantiomer drugs 
in the drug delivery, it might be interesting to pursue the 
synthesis, separation or chemical properties for different 
enantiomers. The recognition mechanism and binding 
structures of β-CD with ketoprofen have been reported in 
some detail from both experimental and theoretical sides 
[15–19]. However, little was known about the difference 
of the binding features, such as binding free energies or 
structures, for both enantiomers of ketoprofen. Recently, 
to tackle the photochemistry characteristics of (R-) and 
(S-)ketoprofen and their chiral recognition in β-CD, it was 
investigated by Marconi et  al. [17] using various experi-
mental techniques such as circular dichroism, isothermal 
titration calorimetry and NMR. For the association con-
stants for both enantiomers, the experiments gave almost 
identical values considering experimental uncertainty. 
Based on circular dichroism and 2D ROESY spectra, tiny 
structural difference can be probed for both enantiomers. 
Therefore, it should be pointed out that it is very difficult 
to use experimental tools to get stereoselective recogni-
tion ability of β-CD versus (R-) and (S-)ketoprofen. Given 
the practically enantio-differentiated anti-inflammatory 
and analgesic activities of ketoprofen, it is then neces-
sary to understand the detailed recognition mechanism for 
both chiral isomers from theoretical view.

Besides the stereoselective recognition mechanism of 
β-CD with ketoprofen, there is another interesting issue 
not quite well understood. For the profen drugs, there are 
two sides which bear different polarizability as shown in 
Scheme  1, with polar carboxylate group at one side and 
nonpolar aromatic group at the other side. So far there is 
no definite study to say which rim of the β-CD the car-
boxylate group is bound with. Indeed, some controversies 
were reported for other profen drugs, such as ibuprofen. 
The X-ray structure of the inclusion complex formed 
between β-CD and S-ibuprofen reported by Braga et  al. 
[20] clearly indicates that the carboxylate group of the 
ligand faces the smaller rim of the β-CD. On the con-
trary, another crystallographic structure of S-ibuprofen 
complexed by a heptakis-substituted β-CD shows that the 
carboxylate group is facing the bigger rim [21]. In addi-
tion, theoretical simulations reported by Cai et al. [22] on 
steroid drugs recognized by β-CD indicate that the differ-
ent binding orientations could lead to closed binding free 
energy profiles along the binding coordinates as well as 
the association constants. Such observations could further 
suggest that the formation of inclusion complex has some 
complicated processes. Therefore, to obtain a complete 
understanding of the β-CD bound with ketoprofen mole-
cule or other small ligands, it is highly desired to perform 
extensive simulations on all of possible binding orienta-
tions for different enantiomers.

In this work, to obtain a complete understanding of 
the binding characteristics of ketoprofen/β-CD inclusion 
complex, we then build four possible binding structures 
for two ketoprofen enantiomers as shown in Scheme  2. 
The absolute binding free energies will then be calculated 
based on molecular mechanics-generalized born surface 
area (MM-GBSA) method. To understand the detailed 
formation processes of each inclusion complex, the poten-
tial of mean force (PMF) profiles along the inclusion 
coordinates will be computed using adapted biasing forc-
ing (ABF) method.

Scheme  1   Schematic representations and definition of atoms of 
β-cyclodextrin and (S-) and (R-)ketoprofen molecules
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2 � Computational details

2.1 � Models of β‑CD/ketoprofen inclusion complex

There is no published X-ray structure for β-CD/ketoprofen 
inclusion complex. To investigate the dynamics properties 
of this inclusion complex, it would be necessary to construct 
the model of inclusion complex firstly. It should be pointed 
out that since there are two isomers for ketoprofen molecule, 
we then docked R- and S-ketoprofen into β-CD cavity using 
AutoDock 4.2 program, respectively [23]. In addition, since 
there are also two possible binding orientations for each enan-
tiomer as shown in Schemes 1 and 2, the structures for each 
orientation of different enantiomers with the lowest binding 
energy were chosen for the following extensive molecular 
dynamics simulation. For convenience, the glucose units of 
cyclodextrin are labeled from G1 to G7. We simply give the 
name for each binding orientation as R-I, R-II for (R-) keto-
profen, while S-I and S-II for (S-)ketoprofen, respectively. In 
binding orientation I, the carboxyl group is facing the second-
ary rim, while the carboxyl group stays at the primary rim in 
binding orientation II. Throughout the simulation, the sto-
ichemistry of β-CD and ketoprofen is maintained to be 1:1 
ratio, which has been suggested by many experimental works.

The obtained systems were firstly solvated in a pre-equil-
ibrated TIP3P [24] water box. The typical size of the water 
box is calculated to be about 44 Å × 44 Å × 40 Å, consist-
ing of 179 solute atoms and about 1800 solvent molecules. 
To prepare suitable force field for the ketoprofen molecule, 
we employed the standard Amber general amber force field 
(GAFF) generation procedure. First of all, the geometry 
optimizations of ketoprofen at HF/6-31G* level of theory 
were carried out using gaussian09 suite of program [25]. 

The partial atomic charges were then calculated using the 
restrained electrostatic potential (RESP) protocol after struc-
ture optimization and electrostatic potential calculations using 
B3LYP/6-31G* method. The force field parameters for the 
ligands generated using the Antechamber program were then 
described by GAFF module. The force field of β-cyclodextrin 
is expressed using Glycam06 carbohydrate parameters [26] in 
this work, which has been proved to accurately and efficiently 
represent carbohydrates. The periodic boundary conditions 
and an 8 Å cutoff for non-bond interactions were applied. The 
particle mesh ewald (PME) algorithm [27] was used to calcu-
late the long-range electrostatic interactions. The positions of 
water molecules were relaxed by 500 steps of steepest descent 
(SD) and 1000 steps of conjugate gradient (CG) minimiza-
tion approach with all of solute molecules fixed at their origi-
nal positions. Further 10,000 steps of CG full minimization 
were carried out for total system. The obtained systems were 
gradually heated to 300 K in 20 ps in the NVT ensemble, fol-
lowed by 20 ns equilibration simulation under 1 atm pressure. 
Subsequently, further 20  ns MD simulations in the isother-
mal–isobaric NPT ensemble were performed for data analy-
sis. Newton’s equations of atomic motion were integrated by 
the Verlet algorithm with a 2-fs time step. SHAKE algorithm 
[28] was applied to constraint bond stretching of the cova-
lent bonds involving hydrogen atoms. All of MD simulations 
were performed using PMEMD module of CUDA version 
implemented in AMBER 12 software package.

2.2 � Binding free energy calculations

To quantitatively assess the binding affinity of β-CD in 
complex with ketoprofen molecule, it is necessary to cal-
culate the binding free energy for the inclusion complex. 

Scheme 2   Schematic represen-
tations of two different inclu-
sion directions of ketoprofen 
threading through the cavity of 
β-CD. The origin is set at the 
center of mass of seven glyco-
sidic oxygen atoms of β-CD. 
The narrower edge is usually 
called as primary rim, while the 
wider edge as secondary rim
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Several methods have been proposed for calculating abso-
lute binding free energy, e.g., linear response approxima-
tion (LRA) [29], linear interaction energy (LIE) [30–32], 
molecular mechanics Poisson Boltzmann (or generalized 
Born) surface area (MM-PB/GBSA) [33, 34], solvated 
interaction energy (SIE) [35], or free energy pathway 
method [36]. In this work, the binding free energy is calcu-
lated using MM-GBSA [33] method.

For the calculation of binding free energy in MM-GBSA 
framework, it has been discussed extensively [37–41]. Only 
a short description is summarized here:

�Gcomplex, �Gβ - CD and �Gketoprofen are free energies of the 
complex, the β-CD and ketoprofen, respectively. Each term 
can be obtained according to Eq.  (2). Practically, they are 
calculated as the statistical averages over frames extracted 
from MD trajectories. The solvation free energy (Gsol) can 
be divided into polar (GGB) and nonpolar (Gnp) contributions. 
The polar solvation contribution is calculated by solving 
the Generalized Born (GB) equation [42]. Dielectric con-
stants (ε) for solute and solvent were selected to be 1 and 80, 
respectively. The nonpolar contribution due to cavity forma-
tion and van der Waals interactions between the solute and 
the solvent can be estimated by the equation of γ·SA + b, 
where γ  =  0.0072  kcal/Å2, b  =  0.0  kcal/mol. The SA is 
defined as the solvent accessible surface area, which was 
estimated using the program MSMS [43]. For each complex 
system, binding energies were averaged over 1,000 frames of 
the 20-ns MD trajectory. It has long been recognized that the 
inclusion of entropic effect in the calculation of total binding 
free energy can largely reduce the difference between theo-
retical and experimental values [44]. Entropy contributions 
are from changes in the degrees of freedom including trans-
lation, rotation and vibration. The translational, rotational 
and vibrational entropy terms are functions of the mass and 
moments of inertia of the molecule and thus can be calcu-
lated using the standard equations of statistical mechanics 
[45]. In this work, vibrational entropy contributions were 
estimated using the normal mode analysis approach [46].
Due to the system size is just moderate, the –TΔS was aver-
aged over 200 snapshots of the MD trajectory.

2.3 � Formation of inclusion complex

As suggested in Scheme  2, two possible binding models 
with different position of the propionic acid end have been 

(1)�Gbinding = �Gcomplex − �Gβ - CD − �Gketoprofen

(2)G = Egas + Gsol − TS

(3)Egas = Eint + EvdW + Eele

(4)Gsol = GGB + Gnp

proposed for the molecules in profen family recognized by 
β-CD. Although the absolute binding free energy calculated 
using MM-GBSA method can provide some insights into the 
interaction affinity between β-CD and ligands, the detailed 
process to form the inclusion complex cannot be entirely 
revealed. Furthermore, the chiral recognition processes might 
be another interesting issue for the β-CD/ketoprofen inclu-
sion complex. To address the formation of inclusion com-
plexes, we further carried out extensive simulations of the 
inclusion processes using the adaptive biasing force (ABF) 
method [47]. MD simulations were performed using NAMD 
program [48], for which the initial system is constructed 
using the following strategy to avoid artificial impacts. As 
shown in Scheme 2, we randomly put the ketoprofen isomers 
outside the secondary (bigger) rim of the cavity of β-CD. 
We then simulate the translocation process through the cav-
ity starting from the secondary rim, and finally moving out 
via the primary rim. The origin is defined as the center of 
mass of seven oxygen atoms (O4) of glycosidic linkage of 
the β-CD. In the present ABF calculations, we have two pos-
sible binding processes for each isomer: One is aromatic ring 
A enters the cavity first, and the second is the carboxylate 
group moves into the cavity first. Then, the order parameter 
or the inclusion coordinate should be defined correspond-
ingly. For the first case, the orientation I, the order parameter 
(ξ), which ranges from −16 to 14 Å, was chosen as the pro-
jection of the distance between the origin and the center of 
mass of the aromatic ring A of ketoprofen on the z-axis. For 
the second case, the orientation II, the order parameter (ξ), 
which ranges from −16 to 14 Å, was chosen as the projec-
tion of the distance between the origin and the center of the 
mass of the carboxylate group of ketoprofen on the z-axis. 
The inclusion pathway was then divided into six consecutive 
windows to increase the computational efficiency. Each win-
dow was further divided into consecutive bins with bin width 
of 0.1 Å. For each window, up to 5 ns of MD trajectory was 
generated, resulted in a total of 30 ns simulation time. Instan-
taneous values of the forces, the first-order derivative of free 
energy with respect to the defined order parameter, were 
accrued in each bin to calculate the mean force value. Total 
of 1,500 force samples were accumulated in each bin prior 
to application of the adaptive bias. For the setup protocol of 
MD simulations, which is essentially the same as we did in 
previous section using Amber program, except the integra-
tion step is set as 1 fs time step in ABF calculations.

3 � Results and discussion

3.1 � Structures of the inclusion complexes

In this work, one of our major objectives is to under-
stand the mechanism of chiral recognition of β-CD with 
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ketoprofen enantiomers. The phenomenon called chiral dis-
crimination in the host–guest interaction has been observed 
in experimental way [49]. Here, we performed extensive 
MD simulations to examine the dynamic effects of β-CD 
interacting with the enantiomers of the ketoprofen.

Throughout the molecular dynamics simulations, all 
four inclusion complexes formed between ketoprofen and 
β-CD were maintained very well judged by the distance 
between the C4 atom of ketoprofen and the center of mass 
of glycosidic oxygen atoms as shown in Fig. 1. It looks like 
that for the R-ketoprofen, the binding orientation I (R-I) is 
much more stable than the other binding orientation (R-II) 
according to different binding fluctuation, while the differ-
ence between S-I and S-II models is smaller. Therefore, it 
could be deduced that a little smaller difference of bind-
ing affinity in S-conformation than that in R-conformation 
is expected. To get a direct view of the structural change 
along the simulation time, we further plotted corresponding 
snapshots from 20 ns to 40 ns for each binding conformer 
in Figs. 2 and 3. In most of simulation time, the ligand mol-
ecule is inserted into the cavity in tilted direction, which 
would ensure that the sugar ring has more interactions 
with aromatic rings of guest molecule. Such phenomenon 

has been found in the simulation of β-CD/steroid drug sys-
tems investigated by Cai et al. [22]. At least one aromatic 
ring (A or B) of ketoprofen was found to be included in 
the cavity during the simulation, but some apparent fluc-
tuations of the binding position could be observed. Such 
pattern could partially indicate the hydrophobic interac-
tion plays important role in the guest molecule recognition 
by β-cyclodextrin. For clarity, the time course profiles of 
the distance between the center of mass of aromatic ring 
A (dA

cm) or B (dB
cm) and the center of mass of the glycosidic 

oxygen atoms of the host molecule are depicted in Fig. 4. 
It should be noted that this distance could only be used to 
elucidate the fluctuations for the binding status of the aro-
matic rings, but not for the estimation of binding stability, 
since this distance is different from the definition of order 
parameter (ξ) used in free energy pathway calculations as 
we gave above. Clearly, different binding performance for 
chiral isomers can be observed. For the orientation I, along 
the simulation trajectory, we can see that the carboxylate 
group always points outward and cannot be included into 
the cavity of β-CD. Such binding pattern requires that at 
least one of aromatic rings of ketoprofen is recognized by 
the hydrophobic interior environment of β-CD. According 

Fig. 1   Distance between C4 
atom and the center of mass 
of glycosidic oxygen atoms 
of β-cyclodextrin along the 
simulation time for four binding 
models
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to the snapshots given in Fig.  2 and the relative position 
analysis between the benzene rings and β-CD in Fig. 4, the 
substantial fluctuation of the binding of the benzene rings is 
quite clear. That means both aromatic rings have chance to 
be included into the cavity. It thus suggests that β-CD can-
not identify any specific aromatic ring of included ligand. If 
we recall the NMR spectroscopy of the inclusion complex 
of β-CD/ketoprofen [17], experimental work indicated that 
both rings (A and B) can be deeply embedded in the cav-
ity with very close chemical shifts. Our results are then in 
reasonably agreement with this observation. For the bind-
ing orientation II, a little different binding pattern could 

be observed. Especially, we can see that ring A of R-II and 
ring B of S-II seem to be dominantly recognized by β-CD 
cavity. Such binding feature might be inconsistent with the 
experimental observations. This feature should be further 
examined by binding free energy calculations.

It is also interesting to examine the possibility of hydro-
gen bond formed between host and guest molecules, since 
there are a lot of hydroxyl groups in β-cyclodextrin and 
one carboxylate group in ketoprofen. We summarized the 
hydrogen bond occupancy analysis results in Table 1 over 
the MD trajectories for all four inclusion complexes. Quite 
low hydrogen bond occupancies were found between host 

Fig. 2   Snapshots of the inclusion complexes formed by the β-CD and (R-) and (S-)ketoprofen along the dynamics simulation time in orientation 
I, respectively. For clarity, the water molecules have been removed. The ketoprofen is plotted using stick style, while line style for β-CD

Fig. 3   Snapshots of the inclusion complexes formed by the β-CD and (R-) and (S-)ketoprofen along the dynamics simulation time in orientation 
II, respectively. For clarity, the water molecules have been removed. The ketoprofen is plotted using stick style, while line style for β-CD
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and guest molecules. The biggest occupancy rate is just 
about 20  %. This supports from another angle that the 
hydrophobic interaction is possible the dominant factor in 
the stabilization of the inclusion complex. The electrostatic 
interactions should be considered to be a minor factor in the 
host–guest recognition. Indeed, the polar carboxylate group 

of ketoprofen is exposed to solvent molecules in almost 
most of simulation time no matter which rim it faces. How-
ever, the existence of the carboxyl group might be an issue 
to affect the formation of inclusion complex and the drug 
releasing, which we will discuss below using free energy 
calculations.

3.2 � Binding free energy

Although binding models obtained from MD simulations 
can provide some insights into the guest molecule rec-
ognition, it is still difficult to identify which model is the 
favored one. Some quantitative measurements, such as 
absolute binding free energy calculation, can help us to get 
useful ideas. Due to chiral discrimination, different binding 
free energy for R- and S-enantiomers should be expected. 
Such results have been observed for the binding of ketopro-
fen, although researchers attributed the slight energetic dif-
ference into experimental uncertainty and thus cannot tell 
which the favored binding conformer is [17]. In this work, 
calculated absolute binding free energies are summarized 
in Table  2 for two binding orientations of both isomers, 
and the measured association free energies from different 
experimental sources [17, 18, 50–52] are included for com-
parison. The uncertainties for all of terms are included in 
the parentheses, which were calculated as the root mean 
square error for all of frames extracted in the MM/GBSA 
running. Overall, the calculated entropies for four binding 
models are negative, at the same time the enthalpies are also 
negative. This can suggest that the formation of inclusion 
complexes is an enthalpy driven process. For both R- and 
S-ketoprofen in binding orientation I, the calculated aver-
age binding free energy is around 3.8 kcal/mol, which is in 
excellent agreement with experimental values of ~4.0 kcal/
mol listed in Table 2. On the other hand, for the orientation 
II, a little larger difference between experimental and theo-
retical values could be observed. This could suggest that 
for the inclusion complexes formed by β-CD and ketopro-
fen, the binding orientation I, the propionic acid group of 
ketoprofen facing the wider rim of β-CD, is more likely the 
favored conformer, no matter R- or S-isomer.

On the other hand, since marked ketoprofen is often in a 
molar ratio of 50:50 racemic nature, little efforts have been 
applied to examine the binding difference between two chi-
ral models. Recently, to understand the chiral photoreaction 
properties, Marconi et al. [17] examined the stereoselective 
binding affinity of β-CD bound with ketoprofen enantiom-
ers. It is not surprised that only very tiny difference for the 
binding free energies can be observed, −3.95 kcal/mol (S) 
versus 3.76 kcal/mol (R). The experimental work by Mar-
coni et  al. [17] suggests that β-CD can bind S-ketoprofen 
slightly stronger than its R-chiral conjugate, although 
they put this to be within experimental uncertainty. Our 

Fig. 4   Distances between the aromatic rings of ketoprofen and the 
center of mass of seven glycosidic oxygen atoms of β-CD in binding 
orientation I (panel I) and in binding orientation II (panel II). For the 
binding of R-ketoprofen, dA

cm
 is colored in black, and dB

cm
 is colored in 

green. For the binding of S-ketoprofen, dA
cm

 is colored in red, and dB
cm

 
is colored in blue

Table 1   Hydrogen bonds network analysis for interactions between 
β-CD and (R-) and (S-)ketoprofen (KET)

Occupancy is in unit of percentage of the investigated time period 
(20 ns) during which specific hydrogen bonds are formed. The hydro-
gen bond is defined as the distance of acceptor and donor atoms 
shorter than 3.0  Å, and the internal angle of acceptor···H-donor is 
larger than 120°

H-bond Occupancy (%)

R-I S-I R-II S-II

KET:O1···G7:O3 18.0 – – –

KET:O3···G1:O2 13.8 16.1 – –

KET:O3···G1:O3 13.6 19.2 – –

KET:O1···G1:O2 13.4 18.6 – –

KET:O3···G7:O3 12.6 – – –

KET:O1···G1:O3 10.8 16.9 – –

KET:O1···G5:O6 – – 21.6 –

KET:O1···G4:O6 – – 12.4 –

KET:O3···G5:O6 – – 11.1 –

KET:O1···G6:O6 – – – 14.2

KET:O3···G6:O6 – – – 13.3

KET:O1···G7:O6 – – – 11.8
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results are quite close this value, esp., the binding orien-
tation I with the calculated absolute binding free energies 
are −3.87 kcal/mol for S-I, while −3.67 kcal/mol for R-I. 
For the binding orientation I, the difference of binding 
free energy between two enantiomers is calculated to be 
0.2 kcal/mol, which agrees well with experimental differ-
ence of 0.19 kcal/mol [17] as shown in Table 2. Our results 
are also in consistent with a recent computational work, 
which suggests that the β-cyclodextrin binds (S-)ketoprofen 
a little tightly than (R-)ketoprofen [53].

Another interesting issue is that for both chiral isomers, 
the stronger binding affinity can be observed for orientation 
I than orientation II, esp. the R-isomer, which is consistent 
with our MD simulation result as described in above sec-
tion. However, the negative binding free energies for the 
orientation II still suggest that such an inclusion confor-
mation should not be totally neglected. Indeed, our simula-
tion on the orientation II has confirmed that this conformer 
for both enantiomers is pretty stable as shown in Fig. 1. In 
addition, X-ray structure has proved the existence of the 
orientation II for the ibuprofen/β-CD inclusion complex 
[20]. It should be noted that the deviation of the calculated 
binding free energies of orientation II is a bit larger than 
those of orientation I. Based on the calculated absolute 
binding free energies, we then suggest that the preferred 
binding mode of ketoprofen by the natural β-cyclodextrin 
might take the orientation I for both isomers no matter it is 
in R- or S-isomer. Of course, such conclusion awaits more 
accurate experimental work to confirm. To this end, there 
is no contradiction between our results and a recent NMR 
study on the inclusion of R- and S-ketoprofen, in which 
Marconi et  al. [17] concluded that the carboxyl group of 
ketoprofen exposed to the solvent from secondary edge of 
the host.

Usually, there are two major factors that could affect the 
substrate binding, i.e., the electrostatic (ΔEele + ΔGsol, GB) 
and nonpolar (ΔEvdW + ΔGsol, np) terms. It has long been 
accepted that the recognition of lipophilic molecules by β-
CD is mainly due to hydrophobic interactions. The struc-
tural feature of aromatic included in the cavity revealed by 
MD simulation can support this proposal. Further, from 
Table 2, it can be seen that all four conformers agree this 
very well. For example, the electrostatic terms are calcu-
lated to be about 6.1, 1.0, 8.2 and 0.5  kcal/mol for R-I, 
R-II, S-I and S-II inclusion complexes, respectively. The 
electrostatic interaction is canceled out by the polar part 
of solvation. Positive values for electrostatic contribution 
indicate that polar interactions between host and guest mol-
ecules clearly disfavor the molecular recognition in the β-
CD based inclusion complexes. In contrast, van der Waals 
interactions have dominantly favorable contributions to the 
binding affinity, as does the nonpolar part of solvation. The 
calculated total nonpolar terms are −29.8, −22.1, −31.2 
and −23.2 kcal/mol for R-I, R-II, S-I and S-II inclusion 
complexes, respectively. Quite interestingly, much larger 
nonpolar terms for the orientation I than the orientation II 
can be obtained in our simulations. This is also in consist-
ent with our deduction of stronger binding affinity for ori-
entation I than orientation II, since the hydrophobic inter-
action is the dominant factor in the formation of host–guest 
system we studied in this work.

3.3 � ABF calculations

The binding free energies obtained using MM/GBSA 
method can explain the recognition driving force to some 
extent. However, it cannot tell us how the drug molecule 
is included into the cavity of host molecule. At the same 

Table 2   Calculated absolute 
binding free energies for 
β-CD/(R-) and (S-)ketoprofen 
inclusion complex using 
MM/GBSA approach 
(comparison with experimental 
values)

We, in this work, calculated 
separately binding free energies 
of two binding orientations (I 
and II) for R- and S-ketoprofen 
isomers embedded into the 
β-CD cavity. Only Ref. [17] 
reports the binding free energies 
for two R- and S-ketoprofen 
enantiomers, other experimental 
work reports the binding free 
energies for the binding of 
ketoprofen with R and S isomers 
of 50:50 ratio

Energy (kcal/mol) R-ketoprofen S-ketoprofen

I II I II

〈ΔEele〉 −22.70 (3.21) −25.34 (2.69) −21.56 (3.47) −25.09 (2.59)

〈ΔEvdw〉 −26.82 (16.71) −19.56 (10.31) −29.23 (16.70) −20.18 (9.77)

〈ΔGsol,nonpolar〉 −2.98 (0.31) −3.06 (0.27) −2.93 (0.32) −3.08 (0.26)

〈ΔEgas〉 −49.53 (16.71) −44.90 (10.00) −50.79 (15.81) −45.26 (10.36)

〈ΔGsol,GB〉 28.75 (12.57) 26.28 (8.59) 29.72 (12.28) 25.56 (7.81)

〈ΔEgas + Gsol〉 −20.78 (4.78) −18.62 (2.35) −21.08 (4.37) −19.70 (3.36)

〈−TΔS〉 17.11 (2.20) 16.26 (1.68) 17.21 (1.94) 16.57 (1.89)

〈ΔGbinding〉 −3.67 −2.36 −3.87 −3.13

�G
exp
binding

−3.76 [17] −3.95 [17]

−3.96 [50]

−3.90 [51]

−3.97 [18]

−4.13 [52]
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time, it cannot identify the drug releasing direction and 
possible rate. To solve the problem, it is then necessary to 
examine the detailed energetic performance for the bind-
ing processes along the inclusion coordinates as depicted 
in Scheme  2. Calculated free energy profiles along the 
inclusion pathway for two binding orientations of R- and 
S-ketoprofen using ABF method are given in Figs. 5 and 6, 
respectively.

The free energy profile derived from ABF calculation 
could be integrated along the order parameters (ξ) to obtain 
a quantitative estimation of the association constant, Ka 
[54]. When ketoprofen penetrates through the β-CD cavity, 
the sampled volume was restricted to a cylinder defined by 
the area (ACD) available for in-plane movement of the guest 
molecule in the cavity (ACD = πr2) and the linear trajectory 
perpendicular to this area [55].

where Ka is the system association constant with an unit 
of M−1, NA =  6.02 ×  1023 is the Avogadro constant and 
the temperature T is chosen at 300  K. For the choice of 
radius of the cylinder, it could be calculated to be the aver-
age radius along the ligand penetrating the cavity along the 
z-axis direction. In this work, we simply take the value of 
r = 2Å as suggested by Auletta et al. [55]. The integration 
ranged over the whole sampled pathway. The association 
free energy can be obtained again according to the relation-
ship of ΔG = −RT ln Ka. Calculated association constants 
and binding free energies of ΔG are listed in Table 3. The 
calculated association free energies are in excellent agree-
ment with those values obtained using MM/GBSA method. 
Similarly, the association of S-isomer is systematically 
stronger than R-enantiomer, but with pretty small differ-
ence. For the binding orientation I, the results can be com-
parable to experimental values very well, with typical error 
less than 1.0 kcal/mol. These results could further indicate 
ABF method is one of suitable methods to address the ener-
getic profiles for the formation of inclusion complexes. 
On the other hand, the results for the binding orientation 
II is not as good as those in orientation I. Considering the 
computational accuracy, our simulation results within both 
MM/GBSA and ABF frameworks seem to support that the 
inclusion complex formed in binding orientation I would 
be more likely the binding model observed in experimental 
way.

Since our simulations suggest that the model in orienta-
tion I would be the favored one, we will then focus on the 
free energy profiles depicted in Fig. 5. The overall topology 
of the free energy profiles for R-I and S-I is quite similar, 
which means that only a little difference can be observed in 
the chiral recognition. This is reasonable since there is only 
tiny difference for the chiral inclusion process revealed by 

(5)Ka = NAACD

∫

exp

(

−
�A(ξ)

RT

)

dξ ,

NMR experiments [17]. On the other hand, there are two 
distinguished energy minima along the order parameter, 
ca. ξ = −3.6 and 1.9 Å for S-I, while ξ = −3.9 and 1.1 Å 
for R-I, respectively. We then plotted corresponding snap-
shots in Fig. 7 for the inclusion of S-ketoprofen, and Fig. 8 
for the inclusion of R-ketoprofen, which are all extracted 
from ABF trajectories. For the second minimum of S-I 

Fig. 5   Free energy profiles via ABF calculations for the inclusion 
of ketoprofen into β-CD along the z-axis in binding orientation I, 
S-ketoprofen (solid line), R-ketoprofen (dash line)

Fig. 6   Free energy profiles via ABF calculations for the inclusion of 
ketoprofen into β-CD cavity in binding orientation II, S-ketoprofen 
(solid line), R-ketoprofen (dash line)

Table 3   Calculated association constants and association free ener-
gies for all four binding models, and the experimental values from 
Ref. [17] are also included for comparison

S denotes the included compound is in S-enantiomer, while R repre-
sents the ligand is in its R-chiral conjugate

Models Ka (M
−1) ΔG (kcal/mol)

S-I 632.5 −3.85

R-I 221.1 −3.22

S-II 176.5 −3.08

R-II 13.3 −1.53

Exp. [17] −3.95 (S)

−3.76 (R)
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(ξ  =  1.9  Å) and R-I (ξ  =  1.1  Å) models, two aromatic 
rings are fully inserted into the β-CD cavity to maximum 
the hydrophobic interactions, while the carboxyl group is 
facing the wider rim just as we have observed in MD simu-
lations. Surprisingly, instead of the ring A included in the 
cavity, we can see that for the first minima at ξ = −3.6 Å 
(S-I) and −3.9 Å (R-I), the ring B is included by β-CD cav-
ity. One barrier at ξ = −2.3 Å (S-I) and −2.6 Å (R-I) with 
a moderate barrier height can be observed to connect these 
two free energy minima, and the structures for two isomers 
are presented in Figs.  7 and 8, respectively. It looks like 
that this barrier stays at the stage of the ring A beginning 
entering the cavity, but not fully bounded. Such geometry 
transformation characteristics could explain why we can 
see significant fluctuations in the ligand binding dynam-
ics presented above. However, if we carefully examine 
the structures, we may partially attribute this barrier to the 
carboxyl group of ketoprofen, which could form hydrogen 
bond network with hydroxyl groups around the secondary 
rim. To understand this issue, we then calculated the hydro-
gen bond occupancy between the carboxylate group and 
sugar hydroxyl groups within the ABF simulation window 
of [−6.0 and −1.0 Å]. The hydrogen bond occupancy for 
this oxygen atom is calculated to be about 35 %. Clearly, 
albeit the ring A is not included by the cavity, the existence 

of hydrogen bond between the carboxyl group and β-CD 
could still anchor the ketoprofen a little while. That will 
make the ring B has the chance to be bound in the cavity. 
Therefore, although the polar interaction has been proved 
to be a minor factor to stabilize the host–guest system, it 
still should be considered as one of the key factors to affect 
the formation of the inclusion complex.

Although we pull the ketoprofen from the wide edge to 
narrow rim in the ABF calculations, we can still take a look 
at the free energy in a recursive way. Quite interestingly, 
no barrier can be located for the ligand migration from the 
narrow rim into the cavity, for which the carboxyl group 
enters the cavity firstly. However, the barrier occurs along 
the z-axis positive direction, which means to enter the cav-
ity from the wider edge, and it has to overcome a barrier 
height of 3.0 and 2.7  kcal/mol for S- and R-ketoprofen 
according to our calculations, respectively. In other words, 
we might safely conclude that to form the ketoprofen/β-CD 
inclusion complex, the polar carboxyl group will enter the 
cavity first, but finally two aromatic rings will be bound in 
the cavity as shown in Fig. 7. It should be emphasized here 
that the hydrophobic interactions constitute the major fac-
tor in the final formation of inclusion complex. Account-
ing for the ketoprofen releasing direction, it depends on 
the binding position of the carboxyl group, i.e., where the 

Fig. 7   Snapshots of the inclusion complexes of S-ketoprofen with β-CD at the inflection points along the free energy curve in orientation I. a 
Near the first minimum, ca. ξ = −3.6 Å, b near the maximum, ca. ξ = −2.6 Å, c near the second minimum, ca. ξ = 1.9 Å

Fig. 8   Snapshots of the inclusion complexes of R-ketoprofen with β-CD at the inflection points along the free energy curve in orientation I. a 
Near the first minimum, ca. ξ = −3.9 Å, b near the maximum, ca. ξ = −2.3 Å, c near the second minimum, ca. ξ = 1.1 Å
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carboxyl group occurs, and the releasing the drug could 
move out more easily through this direction. About 10 kcal/
mol energy has to be overcome for bounded ligand to 
migrate from the cavity through the narrow edge. We might 
dedicate this carboxyl group as one of manipulate factors 
for the drug releasing issue. This is quite smart of nature. 
According to our simulations, it is thus possible to design 
some new drugs with a desired releasing rate.

4 � Conclusion

Correct understanding the inclusion mechanism of β-CD 
complexed with small drug molecules would be of par-
ticular importance in the drug delivery. We, in this work, 
systematically investigated the free energy profiles of the 
inclusion complexes formed between natural β-CD and 
ketoprofen enantiomers. Our results support that the R- and 
S-ketoprofen prefer binding β-CD with their carboxylate 
groups facing the wider edge of the cavity (binding orienta-
tion I). Additionally, both MM/GBSA and ABF approaches 
suggest that β-CD has stronger affinity with S- than R-keto-
profen, which is also consistent with NMR measurement. 
Calculated binding free energies for the model of S-I and 
R-I using MM/GBSA and ABF are very close to the exper-
imental values, which further confirm that both methods 
are suitable to deal with the recognition problem related 
with host–guest supramolecular system. It has also been 
proved that natural β-CD might not be a good chiral separa-
tion matter due to similar binding performance of ketopro-
fen enantiomers into the cavity. Therefore, various substi-
tuted CDs might be good candidates to fulfill this object. 
Nonetheless, our simulations reveal that the ketoprofen 
might move out more easily from the cavity via the posi-
tion of carboxyl group occurring. This carboxyl group can 
be denoted as one of manipulate factors in the drug releas-
ing. It is our hope that this could be helpful for the further 
drug design with desired drug releasing rate.
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