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Abstract

Cyclodextrin are cage molecules with a hydrophilic exterior that promotes their solubility in water 

while their hydrophobic cavity allows the encapsulation of low molecular weight organic molecules. 

Thus, cyclodextrin are promising compounds for removing micropollutant molecules from water. The 

binding mechanism of ligand molecules to the cavity of the cyclodextrin is driven by the physico-

chemical properties of the ligand such as its hydrophilic/hydrophobic balance and by its number of 

hydrogen bond donors and acceptors. In the present study, the free binding energy of nine different 

organic micropollutant molecules (bisphenol A, the charged and the uncharged forms of trimethoprim, 

the predominant forms of tetracycline at pH1, pH4 and pH8, caffeine, theobromine, and atenolol) to 

-cyclodextrin are calculated by molecular dynamics simulations using steered-molecular dynamics 

and umbrella sampling analysis.  Steered molecular dynamics and umbrella sampling analysis are 

shown to yield similar values for the free binding energy of the complexes, closed to the experimental 

values. Then, the contributions of the electrostatics and van der Waals interactions to the free binding 

energy of the complexes are investigated, highlighting the major impact of van der Waals interactions. 

Finally, the effect of the number of hydrogen bonds between -cyclodextrin and ligand molecules on 

their free binding energy is shown to depend on the octanol/water partition coefficients, logD, of the 

ligands. In particular, a correlation between the number of hydrogen bonds and the free binding 

energy of the complexes is demonstrated in the case of ligand molecules with logD values comprised 

in the range -0.55 – 0.92. 
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Abbreviations

CD Cyclodextrin

-CD -Cyclodextrin

MD Molecular Dynamics 

SMD Steered Molecular Dynamics

NVT Number of particles Volume Temparature

NPT Number of particles Pressure Temperature

SASA Solvent Accessible Surface Area

CSA Contact Surface Area

RMSD Root Mean Square Deviation

MW Molar Weight

Rg Radius of gyration

H-bonds hydrogen bonds

BPA Bisphenol A

Tetra. Tetracycline

Theo. Theobromine

Trim. Trimethoprim

GSMD Free binding energy determined by Steered Molecular Dynamics simulations

GUmbrella Free binding energy determined by Umbrella sampling 

Gexp experimental Free binding energy

Gsr Electrostatic and van der Waals contributions to the enthalpy part of the free binding 

energy
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Introduction

Cyclodextrins (CD) are an attractive host in the field of host-guest chemistry due to their hydrophobic 

cavity that can encapsulate organic ligands while their hydrophilic exterior promotes water solubility. 

Consequently, cyclodextrins are widely used as solubiliser of hydrophobic compounds particularly in 

pharmaceutical industry and are promising compounds for removing micropollutants from water by 

means of adsorption.1,2

The hydrophobicity of the ligands as well as their ability to form hydrogen bonds within the CD cavity 

are major factors that govern the binding between cyclodextrin and ligands.3 Škvára et al. 

demonstrated that the average number of intermolecular hydrogen bonds between ibuprofen and β -

cyclodextrin is equal to 0.4 for the most stable configurations of the complex while it decreases by 33% 

for the less stable conformations of the complex.4 In addition, González-Méndez et al. studied 

adamantane-doxorubicin prodrugs and found the drugs would undergo conformational changes on 

binding to decrease the size of the drug molecule so that the most hydrophobic regions are able to 

fully fit inside the cyclodextrin cavity.5 Also, when investigating the binding of ketoprofen to a range of 

cyclodextrins (α, β, substituted β, and γ), Zhao et al. found that the involvement of hydrogen bonding 

vs hydrophobic effect decreases when the ring size increases.6 Furthermore, some studies have 

reported that van der Waals forces may be a crucial parameter in governing the binding between CD 

and ligands molecules.7 Additionally, machine learning techniques were used to model the impact of 

39 physico-chemical parameters of 3000 different ligand molecules on their binding energy with 

several types of CD.8 The model suggests that the main factors that impact CD-ligand binding are the 

size, solvent accessible surface area, water-octanol partition coefficient, and polarizability of the 

ligands. However, other models have found different parameters, such as LUMO energy to be 

significant. 9–11 Nevertheless, to the best of our knowledge, the main factors that impact the binding 

energy of CD-ligand complexes for given hydrophilic/hydrophobic properties of the ligands have never 

been investigated.

The binding energy of CD-ligand complexes can be determined by different experimental techniques 

such as spectrophotometry12,13, chromatography14, differential scanning calorimetry15, mass 

spectrometry16, and thermogravimetry17. The binding energy is in the range of 0 to −40 kJ mol−1 for 

most of the complexes (or in the range of 0 to -30 kJ mol-1 for only β-cyclodextrin). There is also a great 

range of classical computational methods for determining binding energy. Docking was used by da 

Silva et al. leading to a docking binding energy of -14.6 kJ mol-1 for the studied β-cyclodextrin complex 

while the experimental energy was -22.3 kJ mol-1.18,19 A few studies have shown that steered molecular 

dynamics yield binding energy with a better accuracy than docking.19–22 For example, Caballero et al. 
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calculated a binding energy of -96 kJ mol-1 for the progesterone-β-cyclodextrin complexes close to the 

experimental value (-120 kJ mol-1).23 Nevertheless, this complex is far more stable than most of the 

cyclodextrin complexes. Umbrella sampling method was also used to determine binding energy of β-

cyclodextrin complex.21,24,25 A binding energy of -30.5 kJ mol-1 was found, close to the experimental 

value of -24.0 kJ mol-1.26 Additionally, they find that hydrogen bonding is strongly correlated with the 

binding energy profile suggesting that hydrogen bonds are a key factor in the complex stabilization. 

Finally, several studies have demonstrated that MMPBSA analysis combined to molecular dynamics 

simulations allow to investigate qualitatively the binding energy of cyclodextrin complexes. 18,26,27 In 

particular, Suárez et al. produced a model which relates the results of the computational MMPBSA 

binding energy method of 57 ligands to experimental binding energy.27 They find that while the raw 

MMPBSA energy values do not match experimental observations, the computational results are 

nonetheless linearly correlated with the experimental energy. In addition to these methods, quantum 

mechanical and empirical techniques have also been developed.27 The computing cost and the 

deviation from the experimental value vary between the methods. Nevertheless, to the best of our 

knowledge, the accuracy of the different simulation methods for calculating the binding energy of a 

given CD-ligand complex has never been studied.

In this work, the accuracy of steered molecular dynamics and umbrella sampling analysis on the 

calculated binding energy of nine different β-cyclodextrin (β-CD) complexes is studied. The calculated 

values are compared to experimental values previously published. Then, effects of van der Waals, 

electrostatic and polar interactions, and hydrogen bonds between β-CD and the nine ligands 

molecules, on the free binding energy of the complexes, are shown to vary depending on the 

hydrophilic/hydrophobic properties of the ligands. The nine ligand molecules include: bisphenol A 

(BPA), the charged and the uncharged forms of trimethoprim (named charged Trim. and uncharged 

Trim. hereafter), the predominant forms of tetracycline at pH1, pH4 and pH8 (named Tetra. pH1, Tetra. 

pH4 and Tetra. pH8 hereafter), caffeine, theobromine (named Theo. hereafter) and atenolol. The 

protonated states of these ligand molecules are presented in Table S1.  These molecules are known to 

be aquatic pollutants. BPA is an industrial chemical molecule used in the production of polycarbonate 

plastics.28 Trimethoprim and tetracycline are both antibiotics.29 Caffeine is the most widely consumed 

drug globally.30 Theobromine is a biologically active metabolite of caffeine. Atenolol is a widely 

prescribed β-blocker.31 While these nine ligand molecules have similar molecular weights (180-440 g 

mol-1), they have different hydrophobic/hydrophilic properties (with an octanol/water partition 

coefficient, logD, varying from -6.82 for Tetra. pH8, the most hydrophilic ligand studied, to 4.04 for 

BPA, the most hydrophobic ligand studied), different proportions of aromatic cycles, and different 
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numbers of hydrogen bond donors and acceptors (varying from 2 donors and 2 acceptors for BPA to 6 

donors and 9 acceptors for Tetra. pH7).32 

Materials and Methods

Docking simulations

The three-dimensional conformations of the nine ligand molecules were generated using OpenBabel 

gen3d version 3.3.1, using the OPLS-AA force field in the chemical identifier SMILES. The three-

dimensional structure of -CD (COD-CID 444041) from PubChem was used and converted into the pdb 

format through OpenBabel. Docking simulations employed the Autodock vina version 1.1.2. The 

simulation boxes were defined around the coordinates of -CD, and were sufficiently large to contain 

both -CD and the ligand molecule studied. Thus, the box size was 15.0 x 22.5 x 18.0 Å, with a grid 

spacing of 0.375 Å. Molecular docking simulations were performed by using an exhaustiveness 

parameter equal to 30, 10 kcal/mol in energy range, 20 modes, and a seed parameter equal to -150.18 

pKa were calculated using Chemaxon software in order to determine the protonation status of the 

ligand for the studied pH. The molecule structures were drawn and modeled accordingly.

 

MD simulations and analysis parameters

The most stable conformations from docking were used as the initial structures for MD simulations. 

LigParGen was used to generate topology files for -CD and ligand molecules. The MD simulations 

were performed with the Gromacs simulation package, version 2023.3 and visualization was done 

using the VMD software package version 1.9. The OPLS all-atom force-field was used. Water model 

TIP3P was described with OPLS all-atom force field.33,34 Where necessary the electrical charges of 

ligands were neutralised using Na+ or Cl- ions. Firstly, energy minimization was performed with the 

Steepest Descent method, followed by NVT and NPT equilibrations of 100 ps each. Then, production 

runs were carried out for 250 ns, with 3 independent runs for all the complexes studied. The 

integration of the equations of motion was done using a leap-frog algorithm and a time step of 2 fs. A 

LINCS algorithm was used to apply constraint to bond parameters. Temperature was maintained at 

300 K with a Nose-Hoover thermostat and a time constant of 0.4 ps. The pressure was kept at 1 bar 

using a Parrinello-Rahman barostat, with a time constant of 2 ps. Long-range electrostatic interactions 

were calculated with the particle-mesh Ewald method and a cutoff of 1 nm. The same cutoff was used 

for LJ potentials.
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The minimum distance between -CD and ligand molecules was calculated from the 250ns MD 

simulations using gmx mindist during the entire 250ns simulation. A molecule is defined as bound 

when the minimum distance is below 0.5 nm. The percentage adsorption was calculated as the 

percentage of time when the molecule is bound. Standard deviations were calculated from the 

triplicate MD runs.

The root means square deviation (RMSD), radius of gyration (Rg), SASA, and H-bond number 

between -CD and a ligand molecule were calculated from the 250ns MD simulations using gmx RMSD, 

gyrate, sasa, and hbond respectively, by averaging the values obtained during all the bound states of 

the complexes. Indeed, because of the succession of bound and unbound states, no permanent 

equilibrium state is reached. RMSD refers to the global conformation change of molecules. RMSD 

values were calculated separately for the ligand molecules and for the -CD molecule in the bound 

states, with respect to their structures alone in water.  Standard deviations were calculated from the 

triplicate MD runs.

The contact surface area (CSA) measures the area which is in contact between -CD and a ligand 

molecule. It is calculated using the following equation:

CSA = - 0.5 (SASAcomp − [SASAlig + SASAcd]) (1)

where SASA is the solvent accessible surface area calculated using the van der Waals radius of the 

molecules involved. SASAlig and SASAcd refer to the free ligand and free -cyclodextrin in water. A larger 

CSA shows a greater contact area between -CD and the ligand molecule. SASA values were calculated 

as averages over the bound states of each complex during the 250ns MD simulations. Standard 

deviations were calculated from the triplicate simulations.

Energy calculation

SMD simulations. The more stable conformations from docking simulations, followed by an MD energy 

minimization, NVT and NPT equilibrations of 100 ps each (as described above), were used as the 

starting configurations for SMD simulations. Non-equilibrium SMD simulations were performed, by 

applying an external force to the ligand molecule to unbind it from -CD. The center of mass of -CD 

was fixed. Force was applied to the ligand molecule by a harmonic potential with a spring constant k = 

1000 kJ.mol-1.nm-2 and a velocity v = 0.2 m/s.35,36 The ligand molecule was pulled away from -CD in 

the Z-direction where the vector between the center of masses of -CD and the ligand lies and facing 
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such that the ligand would be pulled through the larger ring in the cavity. The Z-direction was defined 

as perpendicular to the plane formed by the oxygen atoms belonging to the largest ring of -CD. The 

ligand is pulled from -CD through the largest ring to the conical barrel as the smallest ring would 

present considerable steric hindrance. This is supported by the fact that no ligands dissociated through 

the smaller ring during MD simulations.  Ten replicates of 10 ns SMD simulations were run for each 

complex.

Jarzynski’s equality was used to derive the free binding energy difference from the external work, 

obtained by integration of the steering force along the pathway from SMD trajectories. Work v. Time 

curves were converted into ΔGSMD v. displacement by placing the time-based data in bins of 0.01 nm 

(ΔGSMD value did not change at bin widths smaller than 0.01nm). The free binding energy was deduced 

from the exponential average calculation. The standard deviation of ΔGSMD was calculated by using 

bootstrapping, with 10 iterations.

umbrella sampling. This method has been widely used for improving conformational sampling and 

free energy calculations.37,38 A random SMD trajectory was chosen to act as a reference frame. A 

python script was used to find the frames closest to certain distance intervals between -CD and ligand 

molecules. Intervals of 0.1 nm were chosen for intermolecular distances less than 1 nm and 0.2 until 

2.6 nm. Next for each interval NPT equilibration was performed (100 ps, Berendsen thermostat). A 

production run was executed (10 ns, Nosé-Hoover thermostat, Parrinello-Rahman barostat, Langevin 

integrator) with a fixed potential of 1000 kJ mol−1 nm−2 in the Z-axis. Using the distribution of distance 

from the centre of the potential against time and the initial simulation parameters, gmx WHAM was 

used to generate the potential of mean force curve, from which the binding energy ΔGumbrella was 

extracted. Umbrella sampling variables were chosen such that there was a stronger restraining 

potential when the ligand was close to the cyclodextrin and a weaker potential further from the 

cyclodextrin. The standard deviation of ΔGumbrella was calculated by using bootstrapping, with 50 

iterations.

Interaction energy between -CD and ligand molecules ΔGsr was calculated by adding the electrostatic 

and Van der Waals interaction energies obtained using the function from Gromacs gmx energy.39 The 

standard deviation of ΔGsr was calculated from three replicate MD simulations.

Results and Discussion

The binding of -CD to the nine different ligand molecules was studied through 250ns MD simulations. 

All the ligand molecules were found to be trapped inside the cavity of -CD, except Tetra. pH8 that is 
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adsorbed at the top outer surface of the cavity. Figure 1 shows the complexes formed between -CD 

and BPA, and between -CD and Tetra. pH8. All the other studied complexes are presented in Figure 

S1.  The number of binding and unbinding events during the 250ns MD simulations varies between the 

complexes studied. The time percentages during which each ligand molecule is bound to -CD 

(%adsorp.) are given in Table 1. BPA and uncharged Trim. molecules stay bound to -CD during the 

entire 250ns MD simulations, while Tetra. pH8 is bound to -CD only during half of the 250ns MD 

simulations. The six other ligand molecules are bound to -CD between 95% and 67% of the 250ns MD 

simulation. In spite of high error bars in the case of the smallest adsorption percentages, these results 

are in line with the free binding energies of the complexes discussed below.

   

Figure 1. (left) BPA and (right) Tetra. pH8 bound to the -CD cavity.

Calculation of the free binding energy between -CD and ligand molecules

The free binding energies between -CD and ligand molecules were calculated by SMD simulations 

(GSMD). For each complex, at least ten SMD replicates were run for 10 ns at 0.2 m/s. The Jarzinski 

modeling from the force-time curves is given in Figure S2 for all the complexes studied. The GSMD 

values are indicated in Table 1, along with the experimental free binding energies values obtained 

through previous studies (Gexp).40-45 A correlation is obtained between GSMD and Gexp, as shown 

in Figure 2.  Note that at pH7, about half of the trimethoprim molecules are uncharged while the other 

half are positively charged, while Gexp is given at pH 7 independently of the charge state of 

trimethoprim. The best correlation between GSMD and Gexp, are obtained in the case of the three 

ligand molecules with the lower Gexp, therefore the most negative free binding energies. Indeed, the 

differences between GSMD and Gexp are only 2%, 2% and 27% respectively for BPA, theobromine, 

and Tetra. pH4. The differences between GSMD and Gexp, for the trimethoprim, atenolol, and 

caffeine are in the range 47% - 74%. 

Table 1. Time percentages of the 250ns MD simulations during which each ligand molecule is bound to -CD 

(%adsorp.). Free binding energy between -CD and ligand molecules calculated by SMD simulations (GSMD) and 

Page 8 of 26Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

umbrella sampling (GUmbrella). Sum of the electrostatic and VdW interaction energies between -CD and ligand 

molecules (Gsr). Free binding energy between -CD and ligand molecules obtained from previous experimental 

studies (Gexp)40-45. All the values of energy are given in kJ/mol. Standard deviations are indicated. 

BPA
uncharged

Trim.
Tetra. pH1 Theo.

charged

Trim.

Tetra. 

pH4
Atenolol Caffeine

Tetra. 

pH8

%adsorp.
0.99± 

0.01
1.00± 0.00 0.93± 0.06 0.95± 0.03 0.95± 0.07 0.91± 0.11

0.67± 

0.20

0.80± 

0.06

0.50± 

0.20

GSMD -30± 2 -18± 4 -17± 2 -16± 2 -16± 3 -15± 1 -14± 2 -12± 1 -4± 2

GUmbrella -27± 2 -20± 2 -17± 1 -14± 1 -5± 1 -14± 3 -11± 2 -12± 1 -8± 4

Gsr -117± 18 -156± 34 - 107± 54 -110± 41 -96± 34 -132± 56 -66± 55 -60± 40 -44± 49

Gexp -29.2 -10.3 - -16.3 -10.3 -11.8 -8.4 -8.5 -

In addition, the free binding energies of the studied complexes were calculated by umbrella sampling. 

The bias distributions and the potential of mean forces are shown in Figure S3 and Figure S4, while the 

Gumbrella are reported in Table 1. GSMD and Gumbrella are shown to be in excellent agreement, except 

for the charged Trim. Indeed, the free binding energy of charged Trim. calculated by SMD is -16 kJ/mol, 

and -5 kJ/mol when calculated by umbrella sampling. This difference was observed on three 

independent replicates and stays unexplained. Nevertheless, for charged Trim., the difference 

between GSMD and Gexp (55%) is similar to the one obtained between Gumbrella and Gexp (51%). 

Thus, SMD and umbrella sampling analysis were demonstrated to allow for predicting the free energy 

binding of the studied complexes, with a similar precision, that increases as the free binding energy 

decreases. The Pearson correlation coefficient between ∆GSMD and ∆Gexp is equal to 0.82, while this 

coefficient is equal to 0.73 between ∆Gumbrella and ∆Gexp.

Finally, the sum of the electrostatic and Lennard Jones interactions, indicated in Table 1 (Gsr), is 

poorly correlated to Gexp.
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Figure 2. The free binding energies between -CD and ligand molecules calculated by SMD simulations 

(GSMD), and the sum of the electrostatic and van der Waals energies between -CD and ligand 

molecules (Gsr) v. the experimental free binding energies values obtained through previous studied 

(Gexp)40-45.

The electrostatic (Gelec) and van der Waals (GVdW) contributions to Gsr are presented in Table 2. 

The values of GVdW roughly decrease (become more favorable) as the free binding energies (GSMD) 

of the complexes decrease, while the values of Gelec are not correlated to the free binding energy of 

the molecules studied (Figure 3). The Pearson correlation coefficient between ∆Gvdw and ∆GSMD is equal 

to 0.76. Thus, these results demonstrate that VdW interactions are a major parameter that controls 

the free binding energy between -CD and the ligand molecules studied.

Table 2. Electrostatic and van der Waals contributions to the enthalpy part of the free binding energy between 

-CD and the ligand molecule studied. 

BPA
uncharged

Trim.
Tetra. pH1 Theo.

charged

Trim.

Tetra.

pH4
Atenolol Caffeine

Tetra. 

pH8

Gelec -22± 2 -70± 2 -70± 2 -52± 2 -26± 2 -63± 2 -50± 2 -16± 1 -24± 2

GVdW -83± 1 -83± 1 -86± 1 -68± 1 -83± 1 -76± 1 -54± 1 -63± 1 -28± 1
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A

B
Figure 3. (A) The van der Waals (GVdW) and (B) the electrostatic (Gelec) contributions to the enthalpy 

part of the free binding energy between -CD and ligand molecules v. the free binding energy 

calculated by SMD analysis (GSMD).

Impact of the hydrophilic-hydrophobic properties of the ligand molecules studied on the free binding 

energy of the complexes

The physico-chemical parameters of the studied ligands molecules (molar mass, log D, and the 

proportion of aromatic cycles) are presented in Table 3. Aromatic proportions are calculated as the 

fraction of aromatic atoms compared to all atoms in a given ligand. The molar masses of the nine ligand 

molecules are close, spanning in the range 194 g/mol (caffeine) – 445 g/mol (Tetra. pH1), and are not 

correlated to the free binding energy of the complexes, as shown in Figure 4.  Nevertheless, the log D 

values of the ligands studied are variable. Indeed, BPA is the most hydrophobic ligand (log D = 4.04), 

while Tetra. pH8 is the most hydrophilic ligand (log D = -6.82), and the seven others ligand have 

intermediate log D values comprised between -4.67 and 0.92. In line with the log D values, BPA has the 

highest proportion of aromatic cycles (0.71), while Tetra. has the lowest proportion of aromatic cycles 

(0.18), with the seven other molecules studied lying between 0.32 and 0.57 aromatic cycles. LogD 

values, as well as the proportion of aromatic cycles, roughly increase as GSMD becomes more 

favorable, as shown in Figure 4. The Pearson correlation coefficient between logD and ∆GSMD is equal 

to 0.79 while this coefficient is equal to 0.72 between thee aromatic proportion and ∆GSMD. Indeed, 

BPA has the lowest GSMD (-30 kJ/mol), while Tetra. pH8 has the highest GSMD (-4 kJ/mol), and the 

seven other studied molecules have intermediate GSMD (from -18kJ/mol to -12kJ/mol). This result is 
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expected as the cavity of -CD is hydrophobic. In addition, this result is in line with a previous study 

that has demonstrated that the presence of an aromatic ring in alcohol dehydrogenase is responsible 

for the formation of the complex with CD.46 Thus, logD seems to be a major parameter that controls 

the free binding energy between -CD and highly hydrophobic (logD around 4) or highly hydrophilic 

(log D around -6) ligand molecules. Nevertheless, variations of logD between -4.67 and 0.92 are not 

sufficient to explain the variations in the free binding energy of the complexes.

In addition, the free binding energy of the complexes studied (∆GSMD) is shown to be correlated to the 

number of water molecules in the cavity of -CD during bound states (Pearson correlation coefficient 

is equal to 0.89) (Figure 4). Indeed, 3.86 water molecules are present in the cavity of -CD alone in 

water (without any ligands molecules), while this value drops to 0.14 when BPA (the ligand molecule 

with the most favorable free binding energy) is bound, and to 3.64 when Tetra. pH8 (the ligand 

molecule with the most unfavorable free binding energy) is bound (Table 3). The high number of water 

molecules in the cavity, in the case of Tetra. pH8, reflects the shallow trapping of the molecule. Thus, 

the binding mechanism between -CD and the ligand molecules studied involves expulsion of water 

molecules from the -CD cavity. 

Table 3. Molar mass (MW), logD, and proportion of aromatic cycles of the different ligand molecules studied. 

Mean number of water molecules in the -CD cavity when the different ligand molecules are bound to -CD. The 

number of water molecules in the -CD cavity, without any ligands, is equal to 3.9± 1.9. Mean number of 

hydrogen bonds (H-bonds) between -CD and the ligand molecules. Mean value of the contact surface area (CSA) 

between -CD and the ligand molecules. Mean RMSD values of ligands and  of -CD. Each average is calculated 

from the bonding states only of the 250ns MD simulations. Standard deviations are calculated from triplicate MD 

runs.

BPA
uncharged

Trim.

Tetra. 

pH1
Theo.

 charged

Trim.

Tetra. 

pH4
Atenolol Caffeine

Tetra. 

pH8

MW (g/mol) 228 290 445 180 291 444 266 194 443

logD 4.04 0.92 -4.67 -0.41 0.92 -3.83 -1.8 -0.55 -6.82

aromatic 

proportion
0.71 0.57 0.18 0.38 0.57 0.18 0.32 0.36 0.18

# water 

molecules in the 

-CD cavity

0.14± 

0.4
0.63± 0.7

2.31± 

2.1

1.31± 

1.0
1.51± 1.0

1.71± 

1.7
1.89± 1.5 2.03± 1.7 3.64± 1.8
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# H-bonds
0.38± 

0.01
1.73± 0.07

1.03± 

0.32

0.95±

0.30

1.05± 

0.54

    

0.82± 

0.65

0.35± 

0.15

0.15± 

0.01
0.21± 0.31

CSA (nm²)
2.46± 

0.20
2.67± 0.16

1.46± 

0.53

1.76± 

0.29
1.9± 0.28

1.52± 

0.35

1.01± 

0.60

1.25± 

0.44
0.60± 0.51

rmsd ligand (nm)
0.114± 

0.005

0.151± 

0.011

0.094± 

0.020

0.029

± 

0.001

0.169± 

0.004

0.127± 

0.010

0.222± 

0.001

0.033± 

0.000

0.241± 

0.002

rmsd -CD (nm)
0.110± 

0.013

0.105± 

0.007

0.131± 

0.014

0.125

± 

0.020

0.112± 

0.018

0.151± 

0.026

0.154± 

0.021

0.165± 

0.021

0.151± 

0.011

A C

B D

Figure 4. (A) Molar mass (MW), (B) proportion of aromatic cycles, and (C) logD of the different ligand 

molecules studied v. GSMD. (D) Mean number of water molecules in the -CD cavity when the different 

ligand molecules are bound to -CD v. GSMD. Each average is calculated from the bound states only, 

of the 250ns MD simulations. Standard deviations are calculated from triplicate MD runs.
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Impacts of H-bonds on the free binding energy between -CD and the ligand molecules studied

The average number of H-bonds between -CD and the ligand molecules studied, during the bound 

states of the complexes, are indicated in Table 3. Both BPA and Tetra. pH8 have low h-bond numbers 

(0.38 and 0.21 respectively). Thus, H-bonds do not impact significantly the free binding energy of the 

most hydrophilic and hydrophobic molecules studied. Indeed, GSMD is -30kJ/mol for BPA and -4kJ/mol 

for Tetra. pH8. However, for the seven other molecules with intermediate logD, the number of H-

bonds increases as GSMD decreases (become more favorable) (Figure 5). Thus, these results 

demonstrate that the number of H-bonds between -CD and the ligand molecules studied with 

intermediate logD, is a major parameter, along with VdW interactions, that controls the free binding 

energy of the complexes. This result may seem counterintuitive since hydrogen bonds increase the 

polarity of a complex and therefore would be expected to decrease the binding. However, -CD does 

contain seven ether groups within the cavity, that are hydrogen bond acceptors. Finally, the large 

standard deviations for the number of hydrogen bonds reflect the variety of conformations whether 

the complex is strongly (e.g. theobromine) or weakly (e.g. Tetra. pH8) bound. Note that the part of the 

binding energy associated to H-bonds is included in the Gelec values, even if Gelec is not correlated to 

the binding energy of the complexes.

Figure 5. Mean number of hydrogen bonds (H-bonds) between -CD and the ligand molecules v. 

GSMD. Averages are calculated from the bonding states only of the 250ns MD simulations. Standard 

deviations are calculated from triplicate MD runs.

Structure of the -CD – ligand molecule complex.

The mean contact surface (CSA) area between the -CD and the different ligand molecules during 

bound states, as well as the mean rmsd values of the ligand molecules and of -CD during bound states 

are given in Table 3, and their variations with GSMD are presented in Figure 6. The CSA is shown to 

increase as GSMD decreases (become more favorable). This result agrees with the increase in van der 
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Waals interactions, as GSMD decreases, discussed above. Moreover, the CSA increase involves an 

increase in the rigidity of -CD. Indeed, the rmsd values of -CD decrease as GSMD decreases, as shown 

in Figure 6, becoming lower than the rmsd of -CD alone in water. In addition, the rmsd of the -CD-

ligand complexes resembles a bimodal distribution centered around 0.1 and 0.2 nm which corresponds 

to a circle and oval shaped ring respectively, as shown in Figure 7. In the case of the ligand molecules 

with the more favorable GSMD, the predominant form is the circular, while in the case of the ligand 

molecules with the less favorable GSMD, the distribution is balanced between oval and circle forms. 

Such a balance between oval and circle forms is also obtained for -CD alone in water.

Nevertheless, the rmsd of the ligand molecules alone seems to be independent on the free binding 

energy (Figure 6). In addition, the RMSD of all the ligand molecules studied stay constant (equal to the 

values given in Table 3) independently of their bound and unbound states.

A

B C

Figure 6. (A) Mean value of the contact surface area (CSA) between -CD and the ligand molecules v. 

GSMD. Mean RMSD values of -CD (B) and of ligands (C) v. GSMD. The blue dot line on Figure 6.B 

indicates the rmsd value of -CD alone in water. Averages are calculated from the bonding states only 

of the 250ns MD simulations. Standard deviations are calculated from triplicate MD runs.
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BPA Trim. uncharged

Tetra. pH1 Theo.

Trim. charged Tetra. pH4
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atenolol caffeine

Tetra. pH8 -cyclodextrin alone

Figure 7. Relative frequency of rmsd (nm) and Rg (nm) for the different complex studied, during bound 

states, as well as for -CD alone in water, over the 250ns MD simulation.

Conclusions

The binding of -CD to nine different ligand molecules was studied by MD simulations, during 250ns. 

Each complex was undergoing various numbers of unbinding and binding events over the 250ns. 

Indeed, BPA and uncharged Trim. molecules stayed bound to -CD during the entire simulation, while 

the cumulation of unbinding events of Tetra. pH8 to -CD showed that the cumulative adsorption time 

was 50% of the 250 ns. The six other ligand molecules yielded intermediate percentage of adsorption, 

in the range of 95% - 67%. These adsorption percentages are in line with the free binding energy of the 

complexes calculated through SMD simulations, GSMD. Moreover, the values of GSMD agree with the 

experimental values of the free binding energy from previous studies. The differences between GSMD 

and Gexp are only 2%, 2% and 27% for BPA, theobromine, and Tetra. pH4 respectively, which are the 

three ligand molecules studied with the most favorable Gexp. The differences between GSMD and 

Gexp, for trimethoprim, atenolol, and caffeine are in the range of 47% - 74%. In addition, the free 

binding energies of the different complexes were calculated using umbrella sampling simulations. The 

differences between Gumbrella and Gexp were similar to the ones between GSMD and Gexp, for all 

the systems. Thus, SMD simulations require less calculation time and therefore seem well adapted to 

the evaluation of the free energy between -CD and the ligand molecules studied. Also, the van der 

Waals contribution to the enthalpy is demonstrated to be qualitatively correlated to GSMD, while the 

electrostatic part of the enthalpy is not correlated to GSMD. Finally, GSMD is shown to increase as the 

contact surface area between -CD and the ligand molecules increases.

In addition, the number of H-bonds between -CD and the most hydrophobic (BPA) and the most 

hydrophilic (Tetra. pH8) ligand molecules were found to have a minor impact on their free binding 
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energy, which are respectively the more and the less favorable energies among the nine complexes 

studied. Nevertheless, the number of H-bonds between -CD and ligand molecules with intermediate 

logD has a major effect on their free binding energies. Finally, in the case of the studied complexes 

with the more favorable free binding energy (the lowest negative values), -CD is constrained to a 

circular shape, while in the case of complexes with the less favorable free binding energy (as well as in 

the case of -CD free in water), -CD is more flexible with a shape that can switch between circular 

and oval forms.

The research findings could support to predict interactions between cyclodextrin and ligand molecules 

and to optimize the functionalization of cyclodextrin for ligand molecules adsorption.
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