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ABSTRACT: Recently, f-cyclodextrin (#CD)-based polymers with enhanced adsorption
kinetics and high removal capacity of organic micropollutants (OMPs) and uptake rates have
been synthesized and tested experimentally. Although the exact physical—chemical mechanisms
via which these polymers capture the various types of OMPs are not yet fully understood, it is
suggested that the inclusion complex formation of OMPs with SCD is very important. In this
study, the inclusion complex formation of OMPs with CD in an aqueous solution is
investigated by using the well-established attach—pull—release method in force field-based
molecular dynamics simulations. A representative set of OMPs is selected based on the
measured occurrences in surface and ground waters and the directives published by the European Union. To characterize the
formation of the inclusion complex, the binding free energies, enthalpies, and entropies are computed and compared to experimental
values. It is shown that computations using the g4md-CD/GAFF/Bind3P force field combination yield binding free energies that are
in reasonable agreement with the experimental results for all OMPs studied. The binding enthalpies are decomposed into the main
contributing interaction types. It is shown that, for all studied OMPs, the van der Waals interactions are favorable for the inclusion
complexion and the hydrogen bond formation of the guest with the solvent and SCD plays a crucial role in the binding mechanism.
Our findings show that MD simulations can adequately describe the inclusion complex formation of SCD with OMPs, which is the
first step toward understanding the underlying mechanisms via which the SCD-based polymers capture OMPs.

Organic micropollutants  B-Cyclodextrin

B INTRODUCTION areas, long-term physicochemical stability in water, low
weights, mechanical flexibility, cost efficiency, good selectivity,
fast adsorption kinetics, large capacity, and easy preparation
and regeneration.”*™*” The numerous available molecular
building blocks®” of porous polymers allow for the synthesis of
a wide variety of adsorbents having diverse structures and
functions.

One promising building block is f-cyclodextrin (SCD),
which is an inexpensive, nontoxic, naturally occurring cyclic
oligosaccharide produced from starch.*>*' Seven covalently
connected glucose molecules form a truncated hollow cone-
shaped molecule with a polar outer surface and a relatively
nonpolar internal cavity. Due to this structure, fCD can form
stable inclusion complexes with numerous compounds of

Industrial, agricultural, and domestic activities give rise, directly
or indirectly, to water contamination with a wide variety of
harmful organic compounds." Thousands of organic micro-
pollutants (OMPs) of different origins and types, for example,
industrial chemicals, pesticides, pharmaceuticals, personal-care
products, human hormones, detergents, and their trans-
formation products, are ubiquitously detected in surface and
ground waters.””® Despite their relatively low concentration,
ranging from a few picograms to several micrograms per liter,
many of those OMPs raise significant environmental and
toxicological concerns.”'® Due to the large physicochemical
diversity of OMPs and their low concentrations, conventional

water and wastewater treatment processes (e.g., coagulation,

. : 3237
flocculation, sedimentation, and sand filtration) achieve poor appropriate size, shape,' and polarity. In recent years,
removal efficiency, essentially allowing many harmful OMPs to PCD-based polymers with enhanced adsorption kinetics and
survive and find their way into the urban water cycle.''™"® high removal cazpacity of OMPs and uptake rates have been
. 1384 i i
Several techniques for the efficient removal of OMPs have synthesized. These polymers can ca.lpture.aw1de variety of
been developed, including oxidation, catalytic degradation, OMPs, evgn at .trace concentrétlons, via various me'chanlsms
membrane filtration, and adsorption.lé_21 Adsorption-based such as 1.nclu51on complex_atlo-n, hyc?rogezg 4;bond11_1g,_ and
technologies are considered promising due to their simplicity, electrostatic and hydrophobic interactions. As it is far
low operational cost, and versatility through adsorbent from trivial to determine the contribution of each mechanism

selection. To this end, novel porous materials that can be

tailor-designed have emerged as promising candidates for Received: October 28, 2019
water treatment.”>*? Revised:  December 10, 2019
Among the various families of porous materials (e.g., Published: January 24, 2020

zeolites, silica, and activated carbons), porous polymer
adsorbents exhibit distinct advantages, such as high surface
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only based on experimental measurements, the exact physical
chemistry via which the polymer captures the various types of
OMPs (e.g, polar and nonpolar) is still not completely
understood.” Previous studies have suggested that the
inclusion complex formation of OMPs with the SCD building
blocks of the polymer is one of the major mechanisms for
capturing the OMP."

Molecular simulation techniques can provide the necessary
atomistic resolution to determine the effect of the various
mechanisms contributing to the capture of OMPs.**™* In
molecular simulations, the accurate representation of the
interactions between atoms and molecules is provided by the
force field and precise structural description of the
polymer.””*® Currently, there is no readily available force
field describing fCD-based polymers and their interactions
with aqueous solvents and organic components. The derivation
of such a force field requires an extensive number of
experimental results and computationally intensive optimiza-
tion scheme. As a first and computationally more attainable
step toward understanding the capturing mechanisms, the
interaction of the main building block of the polymer, SCD, in
an aqueous solution with ions and guest molecules can be
simulated using force fields from the literature. These
simulations can be validated with reported experimental
studies on the inclusion complexation of different guest
molecules with fCD.

Computational studies testing various force field combina-
tions for such systems have been reported recently.*’™>'
Henriksen and Gilson® computed the binding free energies
and binding enthalpies of 21 guest molecules with SCD using
four different water models and two charge derivation methods
and compared them with the available experiments. Molecules
with three types of functional groups (i.e, ammoniums,
alcohols, and carboxylates) attached to linear, aliphatic
scaffolds and phenyl groups were studied. It was shown that
the combination of the AM1-BCC/q4md-CD force field for
the host, AM1-BCC/GAFF force field for the guest, and
TIP3P for water produced the lowest deviation from
experimental binding free energies, having a root mean square
error (RMSE) = 3.35 kJ mol™". This force field combination,
however, yielded a poor prediction of the binding enthalpy,
deviating from experimental measurements by approximately a
factor of 2. In the same study, significant variations in the
computed free energies and enthalpies were obtained by using
the g4md-CD (host), RESP/GAFF (guest), and different
water force fields (i.e., TIP3P, TIP4Pew, and SPC).

Tang and Chang™ reported computations of the binding
free energy, binding enthalpy, and binding entropy of three
aliphatic alcohols, methyl-butyrate, aspirin, 1-naphthyl-ethanol,
and 2-naphthyl-ethanol with fCD. Two different force fields,
that is, GAFF and q4md-CD, were used for the host (fCD),
while the RESP/GAFF force field was used for the guest and
the TIP3P for water. It was shown that the calculated binding
free energies are in a reasonable quantitative agreement with
the respective experiments, having an RMSE = 1.5—1.6 kcal
mol ™. Based on these results, it is evident that no available
force field combination is able to reproduce both the
experimental binding free energies and binding enthalpies
within the error of the experimental measurements for a wide
variety of molecule types. More discussion on the inclusion
complexation of CDs with guest molecules for food,
pharmaceutical, and separation technology applications can
be found in the relevant literature, for example, guest
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molecules: anthracene,” isoflavones,>>™> octyl glycoside,

ionic quuids,57 chalcone,® and glycyrrhizic acid.®® Some
studies focus on the investigation of inclusion comglex
formation of widely used drug molecules (e.g. ketoprofen,®”’
ibuprofen,®”*** lidocaine,”* and naproxen®’) with SCD. To
the best of our knowledge, there is no comprehensive study on
the inclusion complex formation of OMPs with SCD, although
this mechanism is one of the most important for the capturing
capability of SCD polymers.””**

In this study, a representative set of OMPs is selected based
on the measured occurrences of the compound in surface and
ground waters®® and the directives by the European Union
(EU).%>% The priority substance list, that is, directives 2000/
60/EC and 2008/10S5/EC, which contains substances
presenting a significant risk to the environment,”> and the
surface water watch list, which contains substances posing
possible health risks,®° were considered. The selected
compounds are listed in Figure la. Bisphenol A (BPA) is an

(a)
Bisphenol A Ibuprofen Ketoprofen
HC CH, Hy
s';;:;;‘; :
Diclofenac 4-nonylphenol  2,4,6-trichlorophenol

¢ "
HeCH

Secondary
hydroxyls

Primary
hydroxyls

Orientation 2

Orientation 1

Figure 1. (a) Organic micopollutants (OMPs) studied in this work
and (b) schematic illustrations of the different binding orientations.
The main functional group of each molecule is indicated by a green
rectangle. The orientations are defined based on the position of the
main functional group. Orientation 1 refers to the binding orientation
in which the main functional group of the molecule is near the
primary hydroxyl groups of cyclodextrin. Orientation 2 refers to the
binding orientation in which the main functional group of the
molecule is near the secondary hydroxyl groups of cyclodextrin.

endocrine disruptor frequently detected in waters. Due to
BPA’s potential risk for public health, it also appears on the
priority substance list published by the EU.°® Diclofenac is a
nonsteroidal anti-inflammatory drug that is listed as an
emerging contaminant by the EU watch list.°® 4-Nonylphenol
(NP) is an endocrine disruptor that is detected at high
concentrations in the aquatic environment and listed on the
priority substance list published by the EU.%® 2,4,6-
Trichlorophenol (TCP) is a compound used as a pesticide
and wood preservative. TCP is frequently detected in the
aquatic environment and listed as a carcinogen.”” Ibuprofen
and ketoprofen are nonsteroidal anti-inflammatory drugs that
are frequently detected in surface and ground waters®® due to
their widespread use.

The purpose of this work is to provide the necessary physical
insight into the inclusion complexation of fCD with OMPs by
performing MD simulations with the well-established attach—
pull—release method of Henriksen et al.®® To characterize the

https://dx.doi.org/10.1021/acs.jpcb.9b10122
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Figure 2. Computed and experimentally measured binding free energies of bisphenol A, ibuprofen, 4-nonylphenol, ketoprofen, diclofenac, and
2,4,6-trichlorophenol (TCP) molecules with SCD. The columns in red and blue represent the calculated binding free energies using the g4md-CD/
GAFF/TIP3P"*""7* and q4md-CD/GAFF/Bind3P**"*"" force field combinations, respectively. The columns with the black-and-white patterns
represent the experimental data, which is taken from the following sources: Pellegrino Vidal et al,,®® Mironov et al.,*” Waters et al,,*® Felton et al.,*°

Rozou et al,** and Hanna et al.”®

inclusion complex formation, the binding free energy, binding
enthalpy, and the average number of hydrogen bonds between
PCD, OMPs, and water are calculated. The binding enthalpy is
further decomposed into several contributions, that is,
intramolecular, Lennard-Jones, and electrostatic. The choice
of force fields used in this study was based on the work by
Henriksen and Gilson® and Yin et al.>' where the inclusion
complexation of ACD with a wide and diverse range of guest
molecules has been studied. The obtained binding free
energies for all studied OMPs are in reasonable agreement
with the experimental results. Two different binding
orientations, shown in Figure 1b, are discussed. It is shown
that, based on the obtained results, the contributions of the
different interactions can be established and differences in
binding strength can be explained. The remainder of this
article is structured as follows. In the Simulation Methodology
and Computational Details, the details about the calculation of
the binding free energy and enthalpy are explained. In the
Results and Discussion, the results of the binding free energy,
enthalpy, and entropy calculations are presented and discussed
for all OMPs.

B SIMULATION METHODOLOGY AND
COMPUTATIONAL DETAILS

All simulations were carried out using the GROMACS2018.2
software package.”” The bonded and nonbonded force field
parameters of fCD, OMPs, and sodium and chloride were
taken from the q4md-CD,”® General AMBER (GAFF),”" and
Joung-Cheatham force fields,”” respectively. For the represen-
tation of water, two models were used: TIP3P”* and Bind3P.>'
Bind3P is a water force field developed recently by Yin et al.
who refitted the Lennard-Jones size and energy parameters of
the TIP3P force field to better match the experimental host—
guest binding data.’’ In this study, the Bind3P water model is
used because it is specifically fitted to reproduce experimental
host—guest data. Simulations with the TIP3P water model are
also performed since this model is widely used along with
GAFF. The partial charges of SCD, water, sodium, and
chloride are taken from the original publications.”"’*”*”* The
partial charges for all OMPs were computed with restrained
electrostatic potential (RESP) at the 6-31G* level of theory
using the R.E.D. IIL.52 script’* with the Gaussian09 RevB.01
software package.”” GROMACS parameter files containing all
force field parameters are provided in the Supporting
Information. The nonbonded interactions were truncated at
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9.0 A, and analytic tail corrections are applied in the
computation of the energies and pressures. The long-range
electrostatic interactions are taken into account by using the
particle-mesh Ewald (PME) method.”® The stochastic leap-
frog algorithm is used to integrate the equation of motion with
a timestep of 2 fs. The scheme followed in all simulations is as
follows: Initially, the energy of the system is minimized using
the steepest descent method. Consequently, equilibration runs
were performed for (i) SO ps in the NVT ensemble at a
temperature of 50 K, (ii) 1 ns in the NVT ensemble with a
temperature ramping from S0 to 300 K, and (iii) 2 ns in the
NPT ensemble at 300 K and 1 bar. The production runs were
carried out in the NPT ensemble at the same temperature and
pressure, regulated using the Langevin thermostat’”’ and
Berendsen barostat.”®

To calculate the binding free energy of the selected OMPs
with SCD, the attach—pull—release (APR) method®® was used.
A detailed description of the APR method can be found in the
study reported by Henriksen et al.”® The binding enthalpy of
the OMPs with SCD was calculated with the solvent-balance
method.”” The errors in the binding free energies are
calculated using the built-in GROMACS tools.”” The errors
in the binding enthalpies are calculated with the block average
method.** The details on the implementation of the APR and
the solvent-balance method are reported in the Supporting
Information.

It is important to note that several orientations of the OMPs
can contribute to the binding free energy and enthalpy with
SCD.*%% In experiments, these binding orientations occur
naturally, and therefore the measurements of the binding free
energies and enthalpies do not explicitly distinguish between
them. In this study, the combined binding free energies and
enthalpies for two different binding orientations are calculated
for all OMPs. The orientations are shown in Figure 1b. The
approach for calculating the combined binding free energies
and enthalpies is presented in the Supporting Information. In
experimental studies, the binding constant, K, or the
dissociation constant, K4 = 1/K,, of the host—guest complex
is reported. The binding constant is a special type of
equilibrium constant, which is related to the concentration of
the complex, free host, and free guest in the solution.”! To
compare experimental and simulation results, the binding free
energy of the guest can be calculated from the binding/
dissociation constant using:82

https://dx.doi.org/10.1021/acs.jpcb.9b10122
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Figure 3. Computed and experimentally measured binding enthalpies of bisphenol A, ibuprofen, 4-nonylphenol, ketoprofen, diclofenac, and 2,4,6-
trichlorophenol (TCP) molecules with SCD. The columns in red and blue represent the calculated binding enthalpies using the g4md-CD/GAFF/
TIP3P”"""7 and q4md-CD/GAFF/Bind3P*""""" force field combinations, respectively. The columns with black-and-white patterns represent the

experimental data, which is taken from the following sources: Chelli et al,”® di Cagno et al,”! Chadha et a

92
L, 1.54

Waters et al,** and Rozou et a

AG, RT 1 K

. = n—
‘combined c° ( 1)
where AG_,ppineq 1S the combined free energy of the different

orientations, R is the universal gas constant, T is the
temperature, and C° is the standard reference concentration
(C°=1M)

B RESULTS AND DISCUSSION

Binding Free Energy. In Figure 2, the experimentally
measured and computed binding free energies of the OMPs
with SCD using the qg4md-CD/GAFF/TIP3P and q4md-CD/
GAFF/Bind3P force field combinations are shown. It can be
observed that the experimentally measured binding free
energies for specific OMPs vary between studies. This may
be due to the different experimental conditions or measure-
ment techniques applied in the studies. In Figure 2, three sets
of experimental results are presented for the binding free
energy of ketoprofen with SCD. In the study reported by
Waters et al,” the binding free energy was measured by
isothermal titration calorimetry (ITC). In the studies by Felton
et al.” and Rozou et al.,** phase solubility measurements were
performed. It can be seen that, despite using the same
measurement technique, the reported binding free energies by
Felton et al.®” and Rozou et al.** differ by ~2.5 kJ mol~". The
most probable cause of this discrepancy is that, in the
measurements of Felton et al,*” no buffer is applied to keep
the pH of the solution constant, while in the study by Rozou et
al,* a phosphate buffer is applied. It has been shown that, due
to the competition of the ions and guest molecules for the
cavity, the type and concentration of the applied buffer affect
the binding affinity of guest molecules with SJCD"*** and other
host molecules (e.g, curcurbit[7]uril and octa-acid).®” The
measurements by Waters et al.”’ and Rozou et al.** are in the
same conditions (e.g, type of buffer and temperature) but
using different measurement techniques. Thus, the discrepancy
between the reported experimental studies may be attributed
to the different techniques. To quantitatively compare the
binding affinity of different guest molecules with SCD,
experiments at the same conditions and using the same
technique should be carried out. To the best of our knowledge,
a systematic study reporting the experimentally measured
binding free energies of all selected OMPs with SCD is lacking.

The binding free energy measurements by Pellegrino Vidal
et al.** are shown in Figure 2. It can be seen that BPA forms a
more stable complex with fCD than with NP (AGbindmg is
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equal to —27.68 and —22.13 kJ mol™!, respectively). Our
calculations of the binding free energies predict the same trend
of binding affinity for these molecules. Interestingly, the
experimentally measured binding free energy of BPA with the
BCD-based polymer reported by Alsbaiee et al.,* AGyinding =
—27.26 kJ mol™’, is very close to the calculated binding free
energy of BPA with just the SCD using the Bind3P water
model, AGypging = —28.63 KJ mol~". Moreover, the computed
value is almost identical with the experimentally reported
binding free energy of BPA with fCD (AGbinding = —27.68 kJ
mol™).** Mironov et al.*’ reported the binding free energy of
diclofenac and ibuprofen, measured both by affinity capillary
electrophoresis coupled with mass spectrometry (CE-MS) and
with UV detection (CE-UV) techniques. Both experimental
techniques predict that ibuprofen has a more negative binding
free energy than that of diclofenac. This indicates that
ibuprofen forms a more stable inclusion complex with SCD
than that with diclofenac. The same trend is observed from the
MD calculations using both water force fields. The
experimental measurements by Felton et al.®” and Waters et
al.*’ for ketoprofen and ibuprofen are also shown also in Figure
2. In both studies, it was found that ibuprofen has a more
negative binding free energy with SCD than that of ketoprofen,
indicating that ibuprofen forms a more stable inclusion
complex than that of ketoprofen. Our MD simulations are in
line with these experimental findings. It is important to note
here that, since the experiments are performed at different
conditions and with varying techniques, an exact quantitative
comparison of the computed and experimentally measured
binding free energies cannot be carried out for the selected
OMPs. From the qualitative point of view, the computed
binding free energies using both TIP3P and Bind3P water
force fields follow the trend of the experiments, that is, MD
simulations can predict which OMPs form more stable
inclusion complexes with SCD. The calculated binding free
energies of all OMPs using the Bind3P water force field show a
slight overestimation compared to the corresponding exper-
imental values but are still in reasonable agreement, having an
RMSE = 3.5 kJ mol™', which corresponds to a deviation of
24%. Consistent with the findings by Henriksen and Gilson,*’
our MD results for the binding free energies using the TIP3P
water force field considerably overestimate the experimental
measurements by approximately 59%.

Binding Enthalpy. The computed binding enthalpies of
the OMPs with SCD are shown in Figure 3, along with the
respective experimental results obtained from the litera-
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ture.*>**?°~% The available experimental binding enthalpies
for the selected compounds are scarcer compared to binding
free energies. Experimentally measured binding enthalpies for
NP and TCP with fCD are not available in the literature. The
only available binding enthalpies of ketoprofen and ibuprofen
are from the study by Waters et al.*> who performed
measurements using ITC.** In Figure 3, both the experimental
and MD results show that the binding of ketoprofen

(AHRRES™ = — 2722 k] mol™!, AHYEE™ = — 3298
mol ™!, and AHEGEAGL = — 1600 kJ mol™) is more

exothermic than the binding of ibuprofen (AHDuprofen
25.28 k] mol ™', AHPB;3*" = — 30.10 k] mol ™, and AHg:R9kr
— 14.60 kJ mol™"). Similar to the binding free energy results,
the computed binding enthalpies follow the trend of the
experimental measurements, which is AHPiPhencld o
AHKetoprofen < A HDiclofenac ~ AHIbuprofen < AH4 — Nonylphenol <
Ap?*6 ~ Trichlorophencl A cap be seen in Figure 3, the computed
binding enthalpies using the Bind3P water force field are
systematically closer to the experimental values compared to
simulations using TIP3P. This finding is in agreement with Yin
et al’’ who performed binding free energy and enthalpy
computations using TIP3P and Bind3P force fields for 21
PCD—guest pairs. Based on our comparison of the
experimental and computed binding free energies and
enthalpies, it can be concluded that MD simulation techniques
have the potential to predict the binding affinity of OMPs with
PCD. The quantitative predictive power of the method is
expected to improve even more with the development of
improved force fields, which can be developed considering also
the binding thermodynamics data.*’

To obtain a better understanding of the binding mechanism,
the contributions of different interactions are investigated. The
binding enthalpy is decomposed to three contributions: (1)
intramolecular (bonded, 1-4 L], and 1-4 electrostatic terms),
(2) Lennard-Jones, and (3) electrostatic interactions. In Figure
4, the decomposition of the computed enthalpies using the
Bind3P water force field is shown for all studied OMPs.
Computations considering both binding orientations are
shown (representations of the two orientations are shown in
Figure 1b). As can be seen in Figure 4, for all OMPs studied
and both binding orientations, the Lennard-Jones and
electrostatic contributions are negative, which means that
these interactions are favorable for the inclusion complex
formation. The binding is hindered by intramolecular
interactions (positive energy) for almost all OMPs, except
for ketoprofen. The main opposing terms in the intramolecular
contribution are the 1-4 interactions, which mainly originate
from the conformational change of the host upon binding
(Table S1). For the case of orientation 1 of ketoprofen, the 1-4
electrostatic term becomes favorable and results in a negative
intramolecular contribution to the binding (Table S1).

To further investigate the role of the different intramolecular
contributions, the position of the carboxyl oxygens relative to
the primary and secondary rims of SCD is investigated for both
orientations of ibuprofen and ketoprofen (Figure S). In Figure
Sc—f, the distances of the carboxylic oxygens from the center of
mass of the primary or secondary oxygens of SCD are shown
for both orientations of ibuprofen and ketoprofen. In
orientation 1, the carboxyl group of ketoprofen shows a
preference for tighter binding to the primary rim of fCD than
that of ibuprofen (Figure Sc). The tighter binding of the
carboxyl oxygen at the narrower rim provides the possibility for
the oxo group to form hydrogen bonds with the oxygen atoms
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Figure 4. Computed enthalpy decomposition of the binding
orientations for bisphenol A, ibuprofen, 4-nonylphenol, ketoprofen,
diclofenac, and 2,4,6-trichlorophenol (TCP) molecules with SCD.
The O1 and O2 labels indicate orientations 1 and 2, respectively. The
intramolecular (bonded, 1-4 LJ, and 1-4 Coulombic terms)
contribution is shown in cyan, the Lennard-Jones contribution in
gray, and the electrostatic contribution in orange. The bars
representing the contributions of the different interaction types are
stacked on each other.

at the wider rim of fCD (see Figure Sc,d). In orientation 2, the
carboxyl oxygen of ketoprofen shows a slight preference
compared to ibuprofen toward the solvent, which brings the
oxo group closer to the oxygens of the wider rim of SCD
(Figure Sef). The binding configuration of ketoprofen results
in favorable host configurations most probably due to the
stabilizing effects of the hydrogen bonds between the host and
guest molecules. The stabilizing effects of the hydrogen bonds
formed between ketoprofen and SCD are also discussed in the
study reported by Guzzo et al.’' In that study, the inclusion
complexation of ketoprofen with SCD is investigated both by
performing nuclear magnetic resonance (NMR) measurements
and MD simulations.

Although the contributions from Lennard-Jones and electro-
static interactions are favorable for the binding of all studied
guest molecules, the relative magnitude of the two contribu-
tions can differ regardless of the polarity or the protonation
state of the OMP. The binding enthalpy can be decomposed
into two terms, namely, the host—guest and desolvation. The
host—guest term accounts for the intermolecular host—guest
interactions and for the change of enthalpy due to conforma-
tional changes of the host and guest upon binding. The
desolvation term represents the effects due to the binding of
the guest molecule. This term comprises the interaction
change between host and water, guest and water, and water
and water upon binding. In Figure 6, the decomposed
enthalpies into the host—guest and desolvation terms for
orientations 1 and 2 are shown for all studied OMPs. Since all
desolvation terms are positive (i.e, inclusion complexation is
hindered) and all host—guest terms are negative (inclusion
complexation is favored), the negative value of the desolvation
term (—AHjeqopation) 1S shown in Figure 6 to make the
comparison to the host—guest term more representative. For
orientation 1, the LJ interactions are the dominant
contribution to the host—guest term for all OMPs except for
ketoprofen. The LJ contribution scales with the number of

https://dx.doi.org/10.1021/acs.jpcb.9b10122
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Figure S. Distance of the carboxylic oxygens from the center of mass of the primary or secondary hydroxyl groups of fCD for both orientations of
ketoprofen and ibuprofen. (a, b) The schematic representations of the distances of the carboxylic oxygens from the center of mass of the primary
and secondary hydroxyl groups are shown, respectively. (c, d) The distances between the carboxylic oxygens and the center of mass of the primary
and secondary hydroxyl groups are shown for orientation 1, respectively. (e, f) The distances between the carboxylic oxygens and the center of mass
of the primary and secondary hydroxyl groups are shown for orientation 2, respectively.

atoms contributing to the formation of the inclusion complex.
By comparing the L] contributions of the two orientations, it
can be seen that the L] terms are slightly larger for orientation
1. This difference can be attributed to the stronger interactions
of the OMPs with the atoms in the narrow rim of fCD. In
Figure 6, it can be observed that the electrostatic interactions
become dominant in the host—guest term for both orientations
of ketoprofen and for orientation 2 of diclofenac and
ibuprofen. The major role of the electrostatic interactions in
the host—guest term is caused by the hydrogen bond
formation of the OMPs with SCD as it will be discussed in
the following paragraph.

In Figure 6, it can be observed that both L] and electrostatic
contributions of the desolvation term show the same trend as
the host—guest term. Orientation 1 has a larger L] contribution
to the desolvation term than that of orientation 2. This means
that more atoms are involved in the complex formation and
lose interactions with water upon binding in orientation 1.

Hydrogen Bonding. In Figure 7, the number of hydrogen
bonds between the solvent—guest and host—guest molecules is
shown. From Figure 7, it can be observed that the guest loses
hydrogen bonds with the solvent upon binding to SCD. For
example, ibuprofen (in orientation 2) loses ~2 hydrogen
bonds with the solvent upon binding to SCD. The host also
loses interactions with the solvent upon binding of the guest
molecule. The free host forms approximately 33 hydrogen
bonds with the solvent. The host may lose some of these
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hydrogen bonds upon forming an inclusion complex with an
OMDP. For example, fCD loses approximately three of these
hydrogen bonds in the binding with ketoprofen in orientation
1. All data on hydrogen bonding are listed in Table S3 in the
Supporting Information. The loss of these hydrogen bonds
plays a dominant role in determining the magnitude of the
electrostatic contribution of the desolvation term. The more
hydrogen bonds are lost between the host, guest, and solvent,
the greater the electrostatic contribution in the desolvation
term. The net change in the number of hydrogen bonds upon
binding of the OMP is shown in Table S3 in the Supporting
Information. As can be seen in Figure 7, BPA, NP, and TCP
molecules practically do not form hydrogen bonds with fCD
(orange part of the bars). The absence of hydrogen bonds
results in considerably lower electrostatic contributions to the
host—guest and desolvation terms, as discussed earlier and can
be explicitly seen in Figure 6. Ibuprofen and diclofenac form
fewer hydrogen bonds in orientation 1 than in orientation 2. In
orientation 2, the OMPs can form more hydrogen bonds with
PCD due to the more accessible OH groups and less steric
hindrance, which can lead to a more stable inclusion complex.
Due to the positions of the oxo and carboxyl groups in the
ketoprofen molecule, they can form almost the same amount
of hydrogen bonds in both binding orientations. This indicates
that the dominant electrostatic contribution in the host—guest
term (see Figure 6) is caused by the hydrogen bond formation
between the guest and host molecules.

https://dx.doi.org/10.1021/acs.jpcb.9b10122
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Figure 6. Contributions of the host—guest interactions and
desolvation effects to the binding enthalpy for (a) orientation 1 and
(b) orientation 2 of all studied OMPs. Since the host—guest and
desolvation terms have opposite signs, the negative value of the
desolvation term (—AHg. jaion) i shown. The intramolecular
(bonded, 1-4 LJ, and 1-4 Coulombic terms) contribution is shown
in cyan, the Lennard-Jones contribution in gray, and the electrostatic
contribution in orange. The bars representing the contributions of the
different interaction types are stacked on each other. The -DSOL and
HG labels indicate the desolvation and host—guest terms, respectively.

In the study reported by Brown et al,”* experimental
measurements of the inclusion complex formation of ibuprofen
with permethylated JCD (PMpCD) were reported. It was
found that, in the stable inclusion complex, the isobutyl group
of ibuprofen lies in the cavity. The carboxyl group forms a
hydrogen bond with the methoxy group of the wider rim
(orientation 2), which evidently contributes to the stability of
the inclusion complex. This finding is in line with our
simulation results, which show that the binding of ibuprofen in
orientation 2 is more stable than in orientation 1 (see Table S2
in the Supporting Information). Brown et al.”* also reports
detailed structural properties of the ibuprofen—PMpBCD
inclusion complex; some of which are comparable with our
simulation results. The radius of the heptagon, which is the
distance of the O4 oxygens from the center of mass of the
seven O4 atoms in the CD (see Figure Sla in the Supporting
Information), is 4.99 A in PMACD and on average 4.93 + 0.3
A in our simulations. This shows that the cavity size of the CDs
in the experiment and simulations is equal within the
uncertainties of the computation. The glycosidic oxygen
angle, which is the angle between the O4 oxygens of the
residues of the CDs (see Figure S1b in the Supporting
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Figure 7. Average number of hydrogen bonds formed between the
solvent and free guest (cyan), host and guest (orange), and solvent
and guest in the inclusion complex (gray). The bars representing the
number of hydrogen bonds between the different molecule types are
stacked on each other. The O1 and O2 labels indicate orientations 1
and 2, respectively.

Information), is found to be 127.4° for PMfSCD and 127.15 +
1.64° in our simulations. The agreement in the glycosidic
oxygen angles suggests that the shape of the host cavity is not
influenced by the functionalization of fCD. The number of
intramolecular hydrogen bonds in the experiments of PMBCD
is found to be seven. In our simulation, fCD forms
approximately six intramolecular hydrogen bonds. These
findings suggest that the configuration of fCD and PMSCD
is similar in the inclusion complex with ibuprofen.

Braga et al.” performed measurements to investigate the 1:2
ibuprofen—ACD inclusion complex. The two ACDs in the
complex are linked by the formation of hydrogen bonds
between the secondary hydroxyl groups of the wider rim. Braga
et al.”® found that, in the stable 1:2 inclusion complex, the
carboxyl group of the ibuprofen protrudes from the smaller rim
of ACD. In our study on the 1:1 inclusion complex, this
configuration of ibuprofen can be identified as orientation 1,
and our findings indicate that this orientation is less stable
compared to orientation 2. This disagreement with the
experiments can be most probably attributed to the fact that
ibuprofen in the 1:2 complex cannot form hydrogen bonds
with the wider rims of SCD. This shows clearly that the
dimerization of ACD has a significant effect on the
configuration of the inclusion complex.

Binding Entropy. The binding entropy can be computed
by subtracting the calculated binding free energy from the
binding enthalpy: AG = AH — TAS. The computed binding
entropies for all studied OMPs and both orientations are
shown in Figure 8. Due to the subtraction between very big
numbers, the error propagation results in considerable errors
for the binding entropy (¢ = 1.9—3.4 k] mol™"). From Figure
8, it can be observed that the binding entropies for orientation
2 are smaller than for orientation 1, indicating that orientation
2 is entropically more favorable for binding. This difference
can be possibly explained by the tighter binding of OMPs in
orientation 1, which results in a less flexible SCD. The tighter
binding of OMPs is also indicated by the more favorable (i.e.,
more negative) Lennard-Jones contributions of the host—guest
term in orientation 1 than in orientation 2 as can be seen in
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Figure 8. Computed binding entropy for orientation 1 (red) and
orientation 2 (blue) for all OMPs studied.

Figure 6. This is caused by fewer atoms participating in the
inclusion complex formation.

B CONCLUSIONS

In this work, the binding free energy and enthalpy of bisphenol
A, ibuprofen, ketoprofen, diclofenac, 4-nonylphenol, and 2,4,6-
trichlorophenol with SCD are computed by performing force-
field-based MD simulations. The computed binding free
energies using the Bind3P water force field are in reasonable
agreement with the available experimental results. The
deviations between the computed and experimentally meas-
ured binding enthalpies are found to be considerable. This is in
agreement with the findings of Henriksen and Gilson.”” The
computed binding enthalpies follow the trend of the
experimental measurements. To obtain a better understanding
of the binding mechanism, the effect of the intramolecular, van
der Waals, and electrostatic interactions on the inclusion
complex formation is investigated by the decomposition of the
binding enthalpy. It is shown that, for all studied OMPs, the
van der Waals and electrostatic interactions are favorable for
the inclusion complex formation, but the relative magnitude of
the two contributions can differ regardless of the polarity or
protonation state of the OMP. To reveal the effect of the
different interactions, the binding enthalpy is decomposed into
host—guest and desolvation terms. It is observed that the
magnitude of the contribution from the van der Waals
interactions depends on the number of atoms participating
in the complex formation. It is shown that the hydrogen bond
formation of the guest with the solvent and SCD plays a crucial
role in the binding mechanism. Our findings show that MD
simulations using the APR method®® can provide important
physical insight into the inclusion complex formation of fCD
with OMPs. Inclusion complexation is suggested to be one of
the main mechanisms via which fCD-based polymers capture
OMPs; thus, our findings can be used for the design and
optimization of these materials.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10122.

1225

Computational details about the binding free energy and
enthalpy calculations (PDF)

Parameter files in GROMACS format for all OMPs and
BCD (Z1P)

Tables S1-S3: Enthalpy decomposition for all OMPs for
orientations 1 and 2, summary of the calculated binding
free energies, enthalpies, and entropies for all OMPs
with orientations 1 and 2 using the TIP3P and Bind3P
water models, and the number of hydrogen bonds
formed between the host—guest, guest—solvent, and
host—solvent in the bound and unbound state (XLS)
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