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Abstract: Piperine (PN), the primary pungent alkaloid in black pepper shows several biological
activities such as antioxidant, antimicrobial and anti-cancerogenic effects. Similar to other alkaloids,
PN is characterized by poor water solubility. One way to improve its solubility and thus its biological
activities is by forming inclusion complexes with suitable cyclodextrins. In this work PN inclu-
sion complexes in native β-cyclodextrin (β-CD), its methylated (randomly methylated (RM-β-CD),
heptakis-(2,6-di-O-methyl)-β-CD (DM-β-CD) and heptakis-(2,3,6-tri-O-methyl)-β-CD (TM-β-CD))
and 2-hydroxypropylated (HP-β-CD) derivatives are investigated using physicochemical methods,
such as phase solubility study and X-ray crystallography complemented by theoretical (molecular
dynamics simulations) studies. The determination of the crystal structure of the PN inclusion com-
plexes in β-CD, DM-β-CD and TM-β-CD, reveals the formation of 1:2 guest:host inclusion complexes
in the crystalline state. The guest PN molecule threads the hydrophobic cavities of the hosts which
are arranged as couples in a tail-to-tail mode in the case of PN/β-CD and in a head-to-tail mode
in the cases of PN/DM-β-CD and PN/TM-β-CD. MD studies based on the crystallographically
determined structures and docked models show the stability of the examined complexes in an aque-
ous environment whereas the binding affinity of PN for the host molecules is calculated by the
MM/GBSA method. Finally, phase-solubility studies of PN with β-CD, RM-β-CD and HP-β-CD are
presented, indicating a Bs-type for the PN/β-CD complex and an AL-type for the PN/RM-β-CD and
PN/HP-β-CD complexes with 1:1 guest:host stoichiometry.

Keywords: piperine; β-cyclodextrin; methylated β-cyclodextrin; 2-hydroxypropyl-β-cyclodextrin;
inclusion complex; molecular dynamics; phase solubility; X-ray crystallography

1. Introduction

Black pepper (Piper nigrum) is one of the most important spices worldwide due
to its many biological properties such as antioxidant, antimicrobial, anti-inflammatory,
and anticancer activities [1]. Its characteristic pungent taste and flavor is attributed to
the presence of the alkaloid piperine (1-(5-[1,3-benzodioxol-5-yl]-1-oxo-2,4-pentadienyl)
piperidine), for short PN, Figure 1a). Although piperine is consumed as a dietary spice
and has been considered as functional food [2], it has also many pharmaceutical benefits.
More specifically, piperine is known as a phytochemical and antimicrobial [3] or antifungal
agent acting as an inhibitor for certain enzymes [4], but it also affects the activity of catalase
and glutathione peroxidase enzymes [5] preventing in this way the outbreak of negative
biological procedures and diseases like Parkinson and Alzheimer [6,7]. However, its ability
to reduce the risk of developing certain cancers [8] and to exhibit anticarcinogenic effects [9]
have recently drawn great attention. Piperine can reverse multidrug resistance (MDR) in
cancer cells and acts as a bioavailability enhancer for many chemotherapeutic agents [10],
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as many studies indicate that piperine shows synergistic effects when taken in combination
with various classes of drugs [11].

Biomolecules 2022, 12, x FOR PEER REVIEW 3 of 23 
 

engineering of modified guest-host preparations with optimized pharmacological 
properties and shape future piperine applications [24]. 

 

(a) (b) 

Figure 1. Schematic representation of the chemical structure of (a) Piperine (PN); (b) β-cyclodextrin 
(β-CD), heptakis(2,6-di-O-methyl)-β-cyclodextrin (DM-β-CD), heptakis(2,3,6-tri-O-methyl)-β-
cyclodextrin (TM-β-CD), randomly-methylated-β-cyclodextrin (RM-β-CD) and 2-hydroxypropyl-β-
cyclodextrin (HP-β-CD). 
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(Damstadt, Germany), while β-CD, DM-β-CD, TM-β-CD, RM-β-CD (degree of 
substitution (DS) ~12) and HP-β-CD (DS~4.5) of pharmaceutical grade quality as white 
powders were from Cyclolab Ldt. (Budapest, Hungary). Double distilled water was 
utilized for the preparation of all the examined solutions. 

2.2. Phase Solubility Study 
The UV–visible (UV–Vis) spectrophotometer BK-S380 (BioBase Group, Jinan, 

Shandong, China) was utilized for all spectroscopic analyses concerning the solubility of 
pure PN and the phase solubility studies. The calibration curve was obtained at the visible 
absorption maximum of the PN (345 nm) as follows: Five standards of PN solution in a 
1:1 methanol: water ratio corresponding to concentrations of 0.00125, 0.0025, 0.005, 0.01 
and 0.02 mM were prepared and measured at 345 nm. The calibration curve was depicted 
by plotting the absorbance against the above PN concentrations and by applying the linear 
regression analysis according to a previously described procedure [25]. Subsequently, 
phase solubility studies were carried out according to the method reported by Higuchi 
and Connors [26]. More explicitly, an excess amount of PN (50 mg) was added to 10 mL 
of deionized water containing various concentrations between 1 to 15 mM for β-CD and 1 
to 60 mM for both RM-β-CD and HP-β–CD. The solutions were further mixed using an 
orbital shaker (PHOENIX Instrument Laboratory Shaker RS-OS 5, Berlin, Germany) at 25 
°C for 48 h to ensure equilibrium, and then the solutions were passed through a 0.45-μm 
filter to remove the undissolved solids. The filtered solutions were appropriately diluted 
with a 1:1 (v/v) methanol: water solution and measured at 345 nm. 

2.3. Single-Crystal Preparation  
In the crystal formation process of native CD supramolecular complexes, the slow 

cooling method, where the temperature of an aqueous saturated mixture solution of CD 
and the guest molecule is gradually decreased from 343 K to ambient temperature, was 
followed. More specifically, 20 mg of β-CD (0.0175 mmoles) were weighted into vials and 
2 mL of distilled water was added. An equimolar quantity (5.0 mg, 0.0175 mmoles) of PN 
was added and the mixture was stirred for about four hours at 343 K until it was limpid. 

Figure 1. Schematic representation of the chemical structure of (a) Piperine (PN); (b) β-cyclodextrin
(β-CD), heptakis(2,6-di-O-methyl)-β-cyclodextrin (DM-β-CD), heptakis(2,3,6-tri-O-methyl)-β-
cyclodextrin (TM-β-CD), randomly-methylated-β-cyclodextrin (RM-β-CD) and 2-hydroxypropyl-β-
cyclodextrin (HP-β-CD).

However, its potential application in functional foods and pharmaceutical formu-
lations is incommoded as piperine is practically insoluble in water, slightly soluble in
other permissible pure solvents [12] and unstable in ultraviolet light [13]. An already
tested approach, in order to improve the physicochemical properties of piperine (i.e., in-
crease its water solubility and protect it from degradation) and thus effectively enhance
its bioavailability and activity, is by the formation of piperine inclusion complexes in
suitable cyclodextrins (CDs) [14,15]. CDs are amphiphilic cyclic oligosaccharides con-
sisting of at least six D-(+) glucopyranose units attached by α-(1, 4) glycosidic bonds.
Their distinctive round conformation of a truncated cone facilitates the encapsulation of
certain guest molecules inside their interior cavity. Beta-cyclodextrin (β-CD), which is
comprised of seven glucose units is the most common representative in food and phar-
maceutical industries due to its suitable cavity size for the accommodation of several
food ingredients or drugs, and its low cost. The hydroxyl groups of its macrocycle rims
participate in several intra- and intermolecular (host-host and host-guest) hydrogen bonds.
Methylation of these hydroxyls in both rims results in its methylated derivatives that
are characterized by significantly higher water solubility and flexibility compared to the
parental β-CDs. (Heptakis(2,6-di-O-methyl)-β-cyclodextrin (DM-β-CD), heptakis(2,3,6-tri-
O-methyl)-β-cyclodextrin (TM-β-CD) and randomly methylated β-cyclodextrin (RM-β-CD)
(Figure 1b). Another β-CD derivative, obtained by substituting the aforementioned hy-
droxyls with 2-hydroxypropyl groups, is the 2-hydroxypropyl-β-Cyclodextrin (HP-β-CD),
which is also well known for its pharmaceutical applications (Figure 1b). CDs have a
distinct role in the pharmaceutical industry, either by their direct use as drugs [16] or as
drug carriers participating in nanoparticle (NPs) formulations [17].

The inclusion of piperine in native β-CD has been studied by various spectroscopic
(phase solubility studies, Job’s Plot, FT-IR, near-infrared spectroscopy (NIR), Raman,
1H-NMR, UV-visible absorption and fluorescence intensity study, powder X-ray diffraction
(PXRD)) and calorimetric (differential scanning calorimetry (DSC) and thermogravime-
try (TG)) methods as well as by scanning electron microscopy (SEM) [18–23]. The above
methods indicated the formation of PN/β-CD complexes of either 1:1 or 1:2 guest:host
stoichiometry, according to the interactions found between the aromatic ring of PN and
β-CD, with complexation efficiency varying from 7 to 70% for various stoichiometric ratios.
Moreover, the dissolution rate behavior of the complex was examined via dissolution test-
ing assays. Although in the above-mentioned works, the inclusion complex has been also
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studied in the solid state, no crystal structure of piperine complexes, either in native β-CD
or in β-CD derivatives has been presented so far. In this work, the inclusion compounds
of piperine in β-CD, DM-β-CD and TM-β-CD are investigated by single crystal X-ray
diffraction (SC-XRD), revealing the stoichiometry, interactions and geometrical details of
the complex in the crystalline state. Based on the crystallographically determined coordi-
nates, molecular dynamics (MD) studies have also been performed in order to monitor
the dynamic behavior and the stability of the complexes in aqueous environments and in
the absence of crystal contacts. Finally, phase solubility studies in aqueous solution were
carried out for PN/β-CD, PN/RM-β-CD and PN/HP-β-CD inclusion complexes, in order
to examine the solubility profile and estimate the apparent stability constant (K1:1) and the
compexation efficiency (CE) for these complexes. In the case of PN/HP-β-CD, where no
crystal structure is available, the 1:1 guest:host stoichiometry, indicated by its solubility
profile, was used for the preparation of the docked model which was further examined
by MDs.

The complementary structural analysis by experimental (X-ray crystallography) and
theoretical (MD) studies presented in this work, sheds light on the structure-stability
relationship of the examined “spicy” cyclodextrin inclusion complexes. Our understanding
of the structural aspects of these complexes may be useful in the engineering of modified
guest-host preparations with optimized pharmacological properties and shape future
piperine applications [24].

2. Materials and Methods
2.1. Materials

Piperine (97% pure) as a light yellow powder was purchased from Merck KGaA
(Damstadt, Germany), while β-CD, DM-β-CD, TM-β-CD, RM-β-CD (degree of substitution
(DS) ~12) and HP-β-CD (DS~4.5) of pharmaceutical grade quality as white powders were
from Cyclolab Ldt. (Budapest, Hungary). Double distilled water was utilized for the
preparation of all the examined solutions.

2.2. Phase Solubility Study

The UV–visible (UV–Vis) spectrophotometer BK-S380 (BioBase Group, Jinan, Shan-
dong, China) was utilized for all spectroscopic analyses concerning the solubility of pure
PN and the phase solubility studies. The calibration curve was obtained at the visible
absorption maximum of the PN (345 nm) as follows: Five standards of PN solution in a 1:1
methanol: water ratio corresponding to concentrations of 0.00125, 0.0025, 0.005, 0.01 and
0.02 mM were prepared and measured at 345 nm. The calibration curve was depicted by
plotting the absorbance against the above PN concentrations and by applying the linear
regression analysis according to a previously described procedure [25]. Subsequently,
phase solubility studies were carried out according to the method reported by Higuchi
and Connors [26]. More explicitly, an excess amount of PN (50 mg) was added to 10 mL of
deionized water containing various concentrations between 1 to 15 mM for β-CD and 1 to
60 mM for both RM-β-CD and HP-β–CD. The solutions were further mixed using an orbital
shaker (PHOENIX Instrument Laboratory Shaker RS-OS 5, Berlin, Germany) at 25 ◦C for
48 h to ensure equilibrium, and then the solutions were passed through a 0.45-µm filter to
remove the undissolved solids. The filtered solutions were appropriately diluted with a 1:1
(v/v) methanol: water solution and measured at 345 nm.

2.3. Single-Crystal Preparation

In the crystal formation process of native CD supramolecular complexes, the slow
cooling method, where the temperature of an aqueous saturated mixture solution of CD
and the guest molecule is gradually decreased from 343 K to ambient temperature, was
followed. More specifically, 20 mg of β-CD (0.0175 mmoles) were weighted into vials and
2 mL of distilled water was added. An equimolar quantity (5.0 mg, 0.0175 mmoles) of PN
was added and the mixture was stirred for about four hours at 343 K until it was limpid.
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Clear light colourless prismatic-like crystals suitable for X-ray data measurements were
obtained over a seven-day period.

On the other hand, the slow evaporation method, which is more suitable for crystal-
lizing inclusion complexes of methylated CDs, was used in the cases of DM-β-CD and
TM-β-CD inclusion complexes. Briefly, a suitable amount of PN was added to aqueous so-
lutions of DM-β-CD or TM-β-CD (0.004 M) at 1:1 host: guest mole ratios. The two mixtures
were stirred for 1 h at room temperature and subsequently maintained at 321 K for a period
of one week. Clear light colourless rod-like and prism-like crystals, suitable for X-ray data
collection, were obtained in the case of PN/DM-β-CD and PN/TM-β-CD, respectively.

2.4. X-ray Diffraction Experiments

Data collection was performed using CuKa radiation (λ = 1.54178 Å) in a Bruker
D8-VENTURE diffractometer equipped with the CMOS-based detector PHOTON 100.
The tested specimens were harvested from the mother liquor, cryo-protected by rapid
immersion in paraffin oil and flash frozen using a continuous nitrogen-flow cooling device
(Oxford Cryosystems Ltd., Long Handorough, UK) at 100 or 120 K.

The data were processed with the Bruker SAINT Software package [27] using a narrow-
frame algorithm and were corrected for absorption effects using the multi-scan method
(SADABS) [28].

In the case of the PN/β-CD complex, a total of 2494 frames were collected in a total
exposure time of 15.1 h. The crystal was twinned. Based on a determined triclinic unit cell,
two main domains were detected related by a rotation angle of 179.91◦. The integration
of the images using both domains and the subsequent scaling of the data by using the
TWINABS program [29] yielded 16,593 and 17,055 total reflections with I/σ(I) of 33.0
and 33.2 for domain 1 and 2, respectively, whereas 17,875 reflections were attributed as
composites (overlapped reflections from domain 1 and 2). The twin fraction was close
to 0.5. The resolution of the measured data was up to 0.84 Å. However, due to the low
completeness of the measured data set (94.4%), a lower resolution limit of 0.86 Å with a
completeness of 98%, was used for the refinement of the crystal structure. The final cell
constants and refinement details are listed in Table 1.

The X-ray diffraction from a crystal of PN/DM-β-CD complex, resulted in a total
of 2860 frames which were collected in 21 h. A monoclinic unit cell of P21 space group
symmetry was defined and the integration procedure yielded a total of 59,020 reflections to a
maximum θ angle of 63.89◦ (0.86 Å resolution), of which 12,372 were independent (average
redundancy 4.770, completeness 99.1%, Rint = 7.19%, Rsig = 5.26%) and 10,678 (86.31%)
were greater than 2σ(F2). The final cell constants, quoted in Table 1, are based upon the
refinement of the XYZ-centroids of 9685 reflections above 20 σ(I) with 7.934◦ < 2θ < 128.5◦.

Finally, in the case of the crystal of PN/TM-β-CD complex, a total of 1706 frames
were collected in 14 h. The unit cell was also a monoclinic P21 and the integration of the
collected data yielded a total of 73,723 reflections to a maximum θ angle of 50.66◦ (1.00 Å
resolution). The final cell constants, based upon the refinement of the XYZ-centroids of
9801 reflections above 20 σ(I) with 6.544◦ < 2θ < 100.4◦, are also quoted in Table 1 along
with other refinement information.

The structure solution of these CD complexes was based on the Patterson-seeded
dual-space recycling utility of the SHELXD program [30]. The structures were refined by
full-matrix least squares against F2 by using SHELXL-2014/7 [31] in the SHELXLE GUI [32].
Due to the limited resolution, structural complexity and disorder of the final models,
soft restraints on bond lengths and angles, generated from the PRODRG2 webserver [33],
were applied on the host and guest molecules of the inclusion complexes. Anisotropic
displacement parameters were refined using soft restraints (SIMU) [34] implemented in the
SHELXL program where necessary.
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Table 1. Experimental details, crystal data and refinement statistics.

PN/β-CD PN/DM-β-CD PN/TM-β-CD

Crystal data

Chemical formula 2(C42H70O35)C17H19NO3·
21.5(H2O) C56H98O35·0.5(C17H19NO3) 2(C63H112O35)C17H19NO3

Mr 2902.32 1474.00 3141.35

Crystal system, space group Triclinic, P1 Monoclinic, P21 Monoclinic, P21

Temperature (K) 100 120 100

a, b, c (Å)
15.435 (2), 15.452 (2),

15.502 (2)
15.364 (4), 10.3253 (16),

25.006 (5)
20.8000 (14), 14.7391 (10),

27.0968 (18)

β (◦) 104.761 (5), 100.770 (5),
104.207 (6) 106.552 (16) 96.214 (4)

V (Å3) 3341.9 (6) 3802.4 (13) 8258.3 (10)

Z 1 2 2

Radiation type Cu Ka Cu Ka Cu Ka

µ (mm−1) 1.14 0.90 0.86

Crystal size (mm3) 0.5 × 0.4 × 0.2 0.8 × 0.12 × 0.1 0.22 × 0.16 × 0.08

Data collection

Diffractometer Bruker APEX-II Bruker APEX-II Bruker APEX-II

Absorption correction

Multi-scan
TWINABS—Bruker AXS

scaling for twinned
crystals—Version 2012/1

Multi-scan
SADABS2016/2—Bruker AXS

area detector scaling and
absorption correction

Multi-scan
SADABS2016/2—Bruker AXS

area detector scaling and
absorption correction

Tmin, Tmax 0.607, 0.796 0.352, 0.752 0.582, 0.75

No. of measured,
independent and
observed [I > 2σ(I)] reflections

16,593 (domain 1)
17,055 (domain 2)

17,875 (composites)
21,234, 21,234, 20,381

58,942, 12,341, 10,665 88,314, 13,469, 11,219

Rint 0.05 0.072 0.089

(sin θ/λ)max (Å−1) 0.581 0.582 0.465

Refinement

R[F2 > 2σ(F2)], wR(F2), S 0.076, 0.203, 1.02 0.100, 0.271, 1.06 0.118, 0.316, 1.04

No. of reflections 21,234 12,341 13,469

No. of parameters 1688 1044 1224

No. of restraints 209 77 213

H-atom treatment H-atom parameters
constrained

H-atom parameters
constrained

H-atom parameters
constrained

∆ρmax, ∆ρmin (e Å−3) 0.74, −0.48 0.48, −0.45 0.67, −0.55

All hydrogen atoms were placed in geometric positions and treated as riding on
their parent atoms with dC–H = 0.95–1.00 Å (depending on the hybridization of carbon
atom) and dO–H = 0.84 Å. Uiso(H) values were assigned in the range 1.2–1.5 times Ueq
of the parent atom. Hydrogen atoms of water molecules were not included in any of the
final structural models. In an effort to maintain a relatively high (>6.0) data/parameters
ratio, anisotropic thermal parameters were imposed to selected, non-H atoms of the host
molecules. Extinction corrections were applied to the PN/DM-β-CD case, while 8, 33 and
12 reflections that exhibited poor agreement to the refined models were omitted in the
PN/β-CD, PN/DM-β-CD and PN/DM-β-CD cases, respectively.
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The programs Mercury [35], Pymol [36] and Olex2 [37] were used to explore the crystal
packing, analyze the structure geometry and visualize the asymmetric unit, the intermolec-
ular interactions and the crystal packing of the complexes. Crystallographic data are given
in Table 1. Crystallographic information files with embedded structure factors have been
checked and validated for the consistency and integrity of crystal structure determina-
tions according to IUCr standards and have been deposited in the Cambridge Structural
Database (CSD) under the deposition numbers CCDC: 2063126, 2022888 and 2063127.

2.5. Computational Methods

Five separate MD simulations involving piperine inclusion complexes with the native
and three modified β-CDs, illustrating different guest:host ratios and different inclusion
modes were carried out in an effort to monitor their time-resolved motions in aqueous
media. For the PN/β-CD complex, the crystallographically determined atomic coordinates
of four adjacent β-CD molecules (two of them forming a dimer) and two encapsulated
guests (PN1 and PN2) inside their cavity comprise the staring model of a 2:4 guest:host sto-
ichiometry. For the inclusion complexes of piperine in methylated CDs, PN/DM-β-CD and
PN/TM-β-CD, the initial models were also based on the crystallographically determined
atomic coordinates (both with a 1:2 guest:host stoichiometry). Finally, in order to examine
the PN/HP-β-CD inclusion complex for which no crystal structure is available, two stable
binding models from a docking analysis using AutoDoc Vina [38], both having an 1:1
guest:host stoichiometry but different inclusion modes, were used as the starting structures
of MD simulations in case of PN/HP-β-CD. The 1:1 stoichiometry for this complex has
been shown by Jadhav [39] using Job’s plot analysis and further supported by the AL-type
profile in the present phase solubility studies. More explicitly, the HP-β-CD molecule
with degree of substitution (DS) 5 was built using VEGAZZ [40] by removing the methyl
groups and arbitrarily adding five 2-hydroxypropyl groups to both rims of DM-β-CD.
In order to examine the effect of piperine ’s inclusion mode (insertion of the aromatic
or piperidine ring in the cavity) in HP-β-CD, as the determination of a 3D structure is
unattainable, two different models (with high docking scores) representing two different
inclusion modes were selected as the starting systems for the PN/HP-β-CD case. Charges to
2-hydroxypropyl groups of modified CDs were applied with GAMESS [41]. Consequently,
MD simulations were performed for the five complexes by using the Amber12 suite [42].
The q4 md-CD force field [43] was applied to all modified CD atoms, while atoms of native
β-CD molecules were treated with GLYCAM [44]. The piperine geometry was optimised
following the AM1BCC methodology with the program ANTECHAMBER. In all cases, the
formed cyclodextrin inclusion complex was initially solvated with TIP3P waters [45] in a
periodic, octahedral box forming a 10 Å thick water shell around the structure using xLEaP.
Hydrogen atoms were also added with xLEaP in all systems.

MD calculations and minimizations were carried out with SANDER. Periodic bound-
ary conditions were imposed by means of the particle mesh Ewald method using a 10 Å
limit for the direct space sum. The protocol included energy minimization for hydrogen
atoms with positional restraints of 50 kcal mol−1 Å−2 on the non-hydrogen atoms, heating
equilibration of the solvent in the canonical (NVT) ensemble using positional restraints
and the Berendsen thermostat algorithm with coupling constants of 0.5 ps to control tem-
perature and pressure, unrestrained energy minimization, gradual temperature increase
from 5 to 300 K with 10 kcal mol−1 Å−2 restraints on the atoms of the inclusion complex,
gradual release of the restraints in successive steps at 300 K and density equilibration in
the isobaric-isothermal (NPT) ensemble for 250 ps. Subsequently, production runs using a
Berendsen-type algorithm with coupling constants of 1.0 ps were carried out under physio-
logical conditions for additional 12 ns in the NPT ensemble. Root mean square deviation
(RMSD) calculations, as well as geometric (H-H bond distance monitoring) analysis of
the examined systems were performed by the CPPTRAJ module [46] of Amber12 and
VMD [47].
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The well-known post-processing single-average MM/GBSA methodology [48] imple-
mented in AMBER [49] was used for investigating the binding free energy of PN to CD hosts in
solution. In the MM/GBSA approach, the free energy ∆G binding = Gcomplex − Ghost − Gguest
for the binding of the guest to the host to form the complex, can be expressed as [50]:

∆Gbinding = ∆H − T ∆S = ∆EMM + ∆Gsolvation − T ∆S (1)

where ∆EMM, ∆Gsolvation and −T ∆S are the changes in the gas-phase molecular mechanics
(MM) energy, solvation free energy, and conformational entropy upon PN encapsulation in
the host cavity. The ∆EMM is achieved from the combination of the electrostatic (∆Eele) and
van der Waals (∆EvdW) energies, whereas the ∆Gsolvation is calculated using Equation (2),

∆Gsolvation = ∆GGB + ∆Gnonpolar (2)

where ∆GGB is the electrostatic solvation energy (polar contribution) calculated using
the GB model and ∆Gnonpolar is the nonpolar contribution between the solute and the
continuum solvent, estimated using the solvent-accessible surface area (SASA) [51,52]:

∆Gnonpolar = γ·SASA + b (3)

The change in entropy –T ∆S is obtained using the NMODE module of AMBER [49].
However, the estimation of the entropy term is often problematic as the normal mode lacks
information of the conformational entropy and alternative methods do not give converged
results [48]. Thus, although calculated, this term is usually neglected in the comparison
between binding affinities of similar inclusion complexes.

3. Results
3.1. Phase Solubility Analysis

The detection wavelength for the calibration was set at 345 nm. The calibration graph
was linear in the range of 0.00125–0.02 mM for the PN. The regression equation of the
curve and the coefficient of determination (R2) were y = 39.19x+0.0009 and R2 = 0.99
(Supplementary Figure S1). Measurements were performed in triplicate.

The phase solubility diagram of PN as a function of various concentrations of β-CD
and its derivatives (RM-β-CD and HP-β-CD) at 298 K is shown in Figure 2. The solubility
of PN increases linearly with increasing β-CD concentration only in the range of 1–3 mM
indicating a typical Bs-type system. On the contrary, both phase solubility diagrams
observed for PN versus RM-β-CD and HP-β-CD hosts respectively, show typical AL-type
systems suggesting formation inclusion complexes with a 1:1 host:guest stoichiometry.
The binding constant (Kc) and the complexation efficiency (CE) values of the inclusion
complexes for the two latter cases as well as for the linear portion of the PN/β-CD graph
are derived from the respective diagrams using the following equations:

Kc = slope/[S0(1 − slope)], (4)

CE = slope/(1 − slope), (5)

where S0 is the intercept.
The results from the above experiments are summarized in Table 2. Poorly soluble

drugs (with intrinsic solubility values below about 0.1 mM) usually show negative intercept
deviation, Sint < S0 (Sint, intrinsic and S0 solubility determined in pure water), resulting in
AL- type profiles in pure aqueous solutions [25]. Piperine falls into this category as its intrin-
sic solubility in water (Sint) has been measured at 0.0229 mM by Ezawa et al. [19], whereas
in the present work it was determined as Sint = 0.0378 mM. The phase-solubility profiles of
PN/RM-β-CD and PN/HP-β-CD (Figure 2) are of AL- type, giving negative Sint values. In
order to estimate the apparent Kc values for these complexes, the determined S0 value was
used in Equation (4) instead of the intrinsic Sini. On the other hand, the numerical value
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of CE calculated by equation (5), expressing the concentration ratio between cyclodextrin
in a complex and free cyclodextrin, is only dependent on the slope of the phase solubility
profile and thus more reliable than the estimated Kc value [53].
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Figure 2. (a) Phase solubility diagrams of PN inclusion complexes with β-CD (in the range of
0–16 mM), RM-β-CD and HP-β-CD (0–60 mM) in water media at 25 ◦C; (b) PN increases linearly
with increasing β-CD only in the range of 1–3 mM. (n = 3), (•) β-CD, (N) RM-β-CD, (�) HP-β-CD.

Table 2. Stability constants Kc in (M−1) and complexation efficiency CE (%) values of PN inclusion
complexes with native and two modified β-CD derivatives at 25 ◦C (n = 3).

Complexes Type Linear Equation R2 Kc (M−1) CE (%)

PN/β-CD Bs
y = 0.0652x + 0.0378
(for linear portion) 0.9939 1800 ± 300 7.0 ± 0.4

PN/RM-β-CD AL- y = 0.1562x − 0.3348 0.9988 4900 ± 500 18.5 ± 0.3
PN/HP-β-CD AL- y = 0.1148x − 0.3337 0.9968 3400 ± 300 13.0 ± 0.3

According to the calculated CE values, the rank order of the PN complexation efficiency
with the three examined hosts is: RM-β-CD >HP-β-CD > β-CD. Although the determination
of KC by the phase-solubility profiles is significantly affected by the low PN solubility, the
same rank order is also observed according to these values (Table 2). However, it is more
secure to compare between only the PN inclusion complexes in RM-β-CD and HP-β-CD,
both presenting an AL-type profile, where a stronger binding affinity is observed in RM-
β-CD than HP-β-CD. In the case of the PN/β-CD phase-solubility profile (Figure 2), the
solubility of PN increases linearly with increasing β-CD only in the range of 1–3 mM,
indicating a typical Bs-type profile. The KC value in this case is estimated by the linear
portion of the profile (Table 2). This profile type is not unusual for inclusion compounds
of drugs in native β-CDs as the solubility limit of the drug/β-CD complex is reached
within the concentration range of the β-CD. A B-type profile for PN/β-CD, with the same
maximum solubility for piperine at 3 mM of β-CD, has also been observed previously by
Ezawa et al. [19].

3.2. The Crystal Structure of PN/β-CD

The crystallographic data of the PN/β-CD inclusion complex are summarized in
Table 1. PN/β-CD crystallizes in the triclinic space group (P1) with a 1:2 guest:host
stoichiometry, as two β-CD host molecules (denoted as hostA and hostB) encapsulate one
piperine molecule. The two β-CD molecules hosting the piperine molecule, are arranged so
that the narrow rim (tail) of the one faces the narrow rim of the other (tail-to-tail mode). The
guest molecule is found accommodated “axially” in the hosts’ cavity, occupying two sites
(site PN1 and site PN2 with 0.5 occupancy each) of opposite orientation and stabilized
by forming numerous van der Waals and C-H . . . O interactions with the inner cavity
of the hosts. In both occupied sites a small network of three water molecules is tethered
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to an oxygen atom of the guest’s benzodioxole group via hydrogen bonds (Figure 3a).
These water molecules fill the void within the head-to-head β-CD dimers, formed via the
usually observed intermolecular hydrogen bonds between the O3n-H hydroxyl groups of
the adjacent β-CD molecules (Figure 3b). Ezawa et al. [18,20], by using DSC and PXRD
methods, had predicted the existence of water molecules inside the β-CD cavities for the
particular inclusion complex as well as the 1:2 guest:host stoichiometry. The β-CD dimers
stack along the crystallographic c-axis, the angle between their approximate seven-fold
axis and c-axis being 9.8◦, and form layers along the ab crystal plane. The shift between
two successive dimers along the c-axis is 3.1 Å. This displacement is within the range of
2.7 to 3.1 Å observed in the cases of the dimeric structures crystallizing according to the
channel (CH) packing mode (Figure 3c,d).
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Figure 3. (a) The asymmetric unit of PN/β-CD inclusion complex. A piperine (PN) molecule,
disordered over two sites (PN1 green and PN2 yellow) of opposite orientation, is encapsu-
lated in the cavities of two successive β-CDs (HostA and HostB) arranged in a tail-to-tail mode.
(b) three water molecules, tethered via hydrogen bonds to an oxygen atom of the PN’s benzodioxole
group, fill the void within the head-to-head β-CD dimers formed as usual via intermolecular hydro-
gen bonds between the secondary hydroxyls of β-CDs. (c,d) The crystal packing is characterized as
channel mode (CH) along c axis. Only the PN2 site is depicted and hydrogens and waters are omitted
for clarity. Images were generated by PyMoL and Mercury.
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Moreover, 18.5 additional water molecules occupying 20 sites have been defined in
the unit cell bridging via the hydrogen bonds adjacent complex units within the same and
neighbouring channels. The observed host–guest interactions along with the extended
hydrogen bond network between water molecules, hosts and guest are listed analytically
in Supplementary Table S1.

The conformation of the two hosts is described analytically by listing some geometrical
features of the molecules in Supplementary Table S2. The glucosidic O4n atoms in both
hosts form nearly regular heptagons, which are essentially planar, as indicated by their
distances from their approximate centroids (dK), the distance between adjacent O4n atoms
(d) and their deviations (dev) from the O4n mean plane. The glycosidic residues (Gn,
n = 1, . . . , 7) have positive tilt angles, indicating that their primary sides incline towards
the approximate sevenfold axis of the cavity. The majority of hydroxyl groups in both hostA
and hostB have the gauche-gauche conformation pointing outwards from the cavity. Two
hydroxyl groups in hostA (residues 3 and 5) illustrate gauche-trans conformations pointing
into the cavity, while G1 and G7 units adopt both gg and gt conformations. In host B, only
G2 and G4 residues adopt both gg and gt conformations.

A Cambridge Structural Database (CSD) search query resulted in two entries with
comparable unit cells: the crystal structure of the inclusion complex of β-CD with (-)-linallol
(CCDC code: UKIXAP) [54] and that of the inclusion complex of β-CD with fentanyl
(CCDC code: SATFEB) [55], sharing 96% and 91% unit cell resemblance with the PN/β-CD,
respectively. In the SATFEB entry, the guest:host stoichiometry is also 1:2 and the guest is
accommodated inside two successive hosts, similar to piperine.

3.3. The Crystal Structure of PN/DM-β-CD

The PN/DM-β-CD complex crystallizes in the space group P21 with lattice parameters
quoted in Table 1. Its asymmetric unit contains one host molecule and one partially en-
trapped PN guest molecule (with sof 0.5), found with its 1,3-Benzodioxole moiety entering
the DM-β-CD cavity (hostA) from its secondary (wide) rim. The remaining part of the guest
molecule is also encapsulated in the hydrophobic cavity of the symmetry related DM-β-CD
(hostA’), entering it from its primary (narrow) rim. Thus, a piperine molecule threads two
DM-β-CD molecules arranged in a head-to-tail mode (shifted by 6.074(18) Å), forming a 1:2
guest:host inclusion complex in the crystalline state (Figure 4a). These complex units are
arranged in columns along the crystallographic axis-b, which are tightly packed parallel
(based on the orientation of individual DM-β-CD units) via numerous C–H···O and H···H
closed shell interactions between host molecules, without the aim of any water molecule
(Figure 4b,c). No hydrogen bonds between guest and DM-β-CD or neighbouring host are
observed (Supplementary Table S1).

The pyranose residues of the DM-β-CD host molecule have the usual 4C1 conformation
and their geometric features are reported in Supplementary Table S3. The values in this
table indicate that the host DM-β-CD molecule retains in general its torus-like macrocy-
cle shape and the round conformation. This is due to the formation of the well-known
intramolecular interglucose O3(n)-H···O2(n + 1) hydrogen bonds. The heptagon formed
by the O4n glucosidic atoms of the host seems to slightly deviate from the ideal planarity
and sevenfold symmetry (Supplementary Table S3 and Supplementary Figure S2). Five pri-
mary methoxy groups of the DM-β-CD molecule have the gauche-gauche (gg) conformation
pointing outwards from the cavity, while one group has the gauche-trans (gt) conformation
pointing inwards and one adopts both conformations (Supplementary Table S3).

Two entries with comparable unit cells (with resemblance of about 96%) were found in
a CSD search (YIVXUX and YOJSUL) but none of them is a crystal structure of cyclodextrin
inclusion complex. The uniqueness of the investigated crystal packing can be attributed to
the lack of bridging water molecules as in the case of a-naphthaleneacetic acid/DM-β-CD
complex [56].
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Figure 4. (a) A piperine molecule is encapsulated in the hydrophobic moiety formed by two sym-
metry related DM-β-CD hosts. (b,c) The complex units form columns along the b-axis which are
stacked parallel.

3.4. The Crystal Structure of PN/TM-β-CD

The inclusion complex of PN/TM-β-CD also crystallizes in the P21 space group. Unit
cell parameters and further crystal lattice details are quoted in Table 1. The asymmetric unit
of the structure consists of two hosts and one guest molecule (1:2 guest:host stoichiometry).
Similar to the PN/DM-β-CD crystal structure, the piperine is found encapsulated in the
extended hydrophobic moiety formed by two TM-β-CD molecules that are arranged in a
head-to-tail mode along the crystallographic a-axis (Figure 5a). The O4(n) planes of the
two hosts form an angle of 2.663(2)◦ with each other and their centroids are shifted by
1.924(7) Å. However, the orientation of the guest in the PN/TM-β-CD inclusion complex is
opposite to that of the guest in PN/DM-β-CD. In particular, the piperidine ring of the guest
is accommodated in the hostA cavity (upper CD), entering from its wide rim and forming
an angle of 70.81(19)◦ with its O4(n) plane, whereas the 1,3-benzodioxole moiety of the
guest is accommodated in the hostB cavity (lower CD), entering from its narrow rim and
forming an angle of 78.3(3)◦ with its O4(n) plane. Host–guest interactions include CH..O
bonds and multiple H-H interactions (Supplementary Table S1).
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In Supplementary Table S4, some geometrical features regarding the conformation of
the two TM-β-CD molecules are given, the values of which reveal that both host macrocycles
are severely distorted due to the absence of any intramolecular interglucose hydrogen
bonds. The glycosidic O4(n) atoms deviate significantly from their mean plane (their
distance from the mean plane ranging from −0.480 to 0.579 Å for HostA and −0.582 to
0.545 Å for HostB). The distances between the O4(n) atoms and their centroid also vary
significantly (from 4.362 to 5.387 Å for hostA and from 4.378 to 5.450 Å for hostB) indicating
two distorted macrocycles that have the shape of elliptical heptagons. The tilt angles of
the permethylated glucopyranose units of the host (τ: tilt angles between the optimum
O4(n) mean plane and the mean plane of the O4(n−1), C1(n), C4(n), and O4(n) atoms)
span a wide range from −14.64◦ to 43.63◦ (hostA) and from −24.50◦ to 39.33◦ (hostB),
contributing to the narrowing of the primary and the broadening of the secondary rim.
In hostA, two glucose residues have positive tilt angles (τ1) indicating that their primary
sides incline towards the approximate sevenfold axis of the macrocycle whereas three
methyl-glucose residues (G2, G4 and G6) have negative tilt angles. The remaining two
glucose residues (G1 and G7) adopt both gg and gt conformations. In hostB, five residues
have the gg conformation and the G2 and G4 units have both (gg and gt). The high τ values
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of G2, G3 and especially G7 of hostA indicate the formation of the characteristic ‘lid’ in the
primary region of the host that is usually observed in TM-β-CD inclusion complexes [57],
preventing the deep penetration of the guest. On the other hand, G1, G2 and G4 of hostB
also show high τ values, but the host macrocycle is more “open” as almost all residues
of hostB have the gauche-gauche (gg) conformation. Thus, it is the combination of the
two characteristics that plays a crucial role in the overall host conformation.

In the absence of bridge water molecules, the complex units stack in a head-to-tail
mode along the twofold screw a-axis with their mean O4 planes slanted at 5.38◦ (for host A)
and 3.40◦ (for hostB) against the bc plane (Figure 5c). The complex units of these columns
are interconnected via numerous host-adjacent host CH . . . O and CH/π interactions.
The adjacent deployed columns are antiparallel as complex monomers have opposite
orientations (Figure 5c,d).

No unit cell match was found by traversing the CSD database with the aim of find-
ing structures with similar cell dimensions based on differences between Krivy-Gruber
reduced cells.

3.5. MDs Trajectories Analysis

Atomistic simulations for the inclusion complexes of piperine in β-CD, DM-β-CD,
TM-β-CD and HP-β-CD, as determined by the SC-XRD experiments or produced from
docking analysis were undertaken for almost 12 ns at 300 K in explicit water solvent.

In the case of PN/β-CD, an assembly of four consecutive β-CDs hosting two piperine
molecules was used as the starting model. This choice was made in order to monitor the
dynamic behavior of two consecutive tail-to-tail complex units (PN2/β-CD1 & β-CD2 and
PN1/β-CD3 & β-CD4) as revealed by crystallography, that interlinked via the H-bonds
network between the hydroxyls of the β-CD’s wide rims that face each other and form the
usually observed head-to-head dimer (β-CD2–β-CD3) (Figure 6a).
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PN2) molecules.

By monitoring the frames during the time frame of the simulation, we observed
that both PN1 and PN2 guests retain their accommodation in the tail-to-tail host couples
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with their benzodioxole and piperidine groups always embedded in the β-CD cavities.
On the other hand, the H-bonds network between the secondary hydroxyls of β-CD2
and β-CD3 that interconnects the adjacent complex units by a head-to-head mode is
disrupted after the 5th ns, causing a severe distortion to the head-to-head facing of these
hosts observed in the crystal structure. Although no disassociation of the supramolecular
system is observed during the 12 ns time of simulation, probably due to the limited time
interval and box size of the simulation, the diagrams of the RMSD values distribution show
that the PN1/β-CD3 & β-CD4 complex unit departs from the crystal arrangement that
enforces its head-to-head interlink with the PN2/β-CD1 & β-CD2 complex unit (Figure 6b
and Supplementary Figure S3). The preference of β-CD’s dimerization in a head-to-head
orientation has been early shown by Bonnet et al. with MM and MD calculations in
vacuo [58]. According to these studies β-CDs present the head-to-head orientation as the
most energetically stable while their number of intermolecular hydrogen bonds (about 8–9)
being the largest among all the computed dimers orientations. In the case of PN/β-CD,
although initially 8 intermolecular H-bonds are observed between the adjacent head faces
of the complex units in the starting model based on the crystal structure, this number
immediately decreases to about 5 H-bonds, then after the 4th ns it further decreases to
about 3 H-bonds and finally after the 10th ns just 2 H-bonds in average are observed
(Supplementary Figure S4) indicating that this head-to-head formation is rather unstable.

H-H interactions between host (PN1) and guest (β-CD3) are monitored during the
simulation. The H14, H17 and H18 atoms of the benzene ring of PN1 interact with the H3
(Supplementary Figure S5) and H5 (Supplementary Figure S6) atoms of β-CD3 and these
results are in agreement with previous NMR studies of Ezawa et al. [18]. However, the
interactions between the aromatic ring’s H atoms and the H6 atoms of the host that the
same NMR studies had shown, are not observed here due to the specific inclusion mode, in
which the H atoms of the guest are always in close proximity to the wider rim of the host
(hydroxyl groups attached to secondary C2 and C3 atoms of the macrocycle) and not with
the narrower (C6 atom). The number of contacts between PN1 and PN2 molecules with
β-CD3-, β-CD4 and β-CD1-β-CD2 duets is illustrated in Supplementary Figure S7).

In both cases of PN/DM-β-CD and PN/TM-β-CD, the piperine adopts an extended
conformation threading constantly its two hosts during the time-frame of the simulations
(Figure 7a). The depth of immersion of the aromatic rings of the guest in the hosts’ cavities
varies significantly during the simulations time, resulting to high RMSD values from the
initial, crystallographically determined, pose (Figure 7b). In the case of PN/DM-β-CD,
the existence of secondary hydroxyls in the wide rim of the hosts enables the formation
of intramolecular H-bonds that limits the conformational variations of their cavities. The
guest PN is able to move more freely in this relatively rigid hydrophobic environment
always tethered by alternate H-bonds between its oxygen atoms and the hosts’ secondary
hydroxyls. On the other hand, in the case of the TM-β-CD hosts, the lack of any intra- and
inter-molecular hydrogen bond causes a higher flexibility and mobility of these molecules,
as it is shown in the RMSD diagram of Figure 7b, whereas the mobility of the encapsulated
guest is rather limited, following a pronounced induced-fit mechanism [59].

Finally, in the case of the PN/HP-β-CD complex, where a 1:1 guest:host stoichiometry
was chosen, the guest is highly mobile (Figure 8a,b) and the complex is significantly less
stable as the binding affinity estimations using the MM/GBSA method indicate (see below).
Two inclusion modes were examined: PN-i.m.1 and PN-i.m.2, with the piperidine ring and
the 1,3-benzodioxole group of the guest initially encapsulated in the CD cavity, respectively.
In both inclusion modes the remaining part of the guest protrudes from the host’s wide
rim. By monitoring the frames during the time interval of the simulations, a tendency of
the 1,3-benzodioxole group to be exposed to the solvent, forming hydrogen bonds with
the water molecules, is observed. In the case of PN-i.m.1, where from the beginning of
the simulation the 1,3-benzodioxole group is exposed to the solvent, the guest is highly
mobile, whereas in the case of PN-i.m.2, the initially encapsulated 1,3-benzodioxole group
escapes from the narrow rim of the host after the 5th ns of the simulation and the piperidine
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group takes its place in the CD cavity, stabilizing the guest, as it can be seen in the RMSD
diagrams (Figure 8a,b). Thus, in both cases the hydrophobic CD cavity is found hosting
the piperidine group of the guest and no host-guest disassociation is observed during the
time-frame of the simulations (Figure 8a,b).
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Binding affinities for the five examined supramolecular complexes were calculated
by the molecular mechanics/generalized Born surface area (MM/GBSA) method as listed
in Table 3. As expected, in the case of PN/HP-β-CD, where a 1:1 guest:host stoichiometry
was chosen as indicated by the solubility profile of the complex, the averaged change
of van der Waals energies (∆EvdW) upon PN inclusion in the host, is about half for both
examined inclusion modes compared to the PN inclusion complexes in β-CD DM-β-CD
and TM-β-CD where the 1:2 guest:host starting models indicated by the crystallographic
studies, were used. The lack of hydroxyls in the case of the permethylated host (TM-β-CD)
minimizes the formation of guest–host intermolecular H-bonds, thus lowering significantly
the (∆Eele) term. The existence and lifetime indicative of such H-bonds in the case of the
PN/β-CD complex is shown in the Supplementary Figure S8 and Table S5.



Biomolecules 2022, 12, 1762 16 of 23

Biomolecules 2022, 12, x FOR PEER REVIEW 16 of 23 
 

 

 

(a) (b) 

Figure 8. (a) Representative snapshots for the two different starting poses of PN/HP-β-CD inclusion 
complex at 0 and 10 ns during simulation time. (b) RMSD to the first frame for the inclusion com-
plexes of PN_i.m.1/HP-β-CD and PN_i.m.2/HP-β-CD as a function of MD simulations time. 

Binding affinities for the five examined supramolecular complexes were calculated 
by the molecular mechanics/generalized Born surface area (MM/GBSA) method as listed 
in Table 3. As expected, in the case of PN/HP-β-CD, where a 1:1 guest:host stoichiometry 
was chosen as indicated by the solubility profile of the complex, the averaged change of 
van der Waals energies (EvdW) upon PN inclusion in the host, is about half for both ex-
amined inclusion modes compared to the PN inclusion complexes in β-CD DM-β-CD and 
TM-β-CD where the 1:2 guest:host starting models indicated by the crystallographic stud-
ies, were used. The lack of hydroxyls in the case of the permethylated host (TM-β-CD) 
minimizes the formation of guest–host intermolecular H-bonds, thus lowering signifi-
cantly the (Eele) term. The existence and lifetime indicative of such H-bonds in the case 
of the PN/β-CD complex is shown in the Supplementary Figure S8 and Table S5. 

The estimated binding affinities for the first three cases (PN in β-CD, DM-β-CD and 
TM-β-CD) that share a common stoichiometry, show quite stable inclusion complexes. A 
higher value for PN/DM-β-CD is observed indicating probably a more stable inclusion 
complex, although the differences between the calculated ΔGbind values fall within the er-
ror margins. On the other hand, the estimated binding affinity for both examined inclu-
sion modes of the PN/HP-β-CD complex, indicates an unstable complex, although no 
host–guest disassociation was observed by monitoring the trajectories during the time 
frame of the simulations. This contradiction could be attributed to the limited time inter-
val of the simulations (12 ns), however, as it is mentioned in Section 2.5, the calculation of 
the entropic term (T·S) based on normal mode analysis is often problematic and thus its 
combination with the relatively low absolute value of the enthalpic term (H) due to the 
1:1 host:guest starting model, that resulted to the positive ΔGbind values for these cases, is 
quite disputable. 

Figure 8. (a) Representative snapshots for the two different starting poses of PN/HP-β-CD inclusion
complex at 0 and 10 ns during simulation time. (b) RMSD to the first frame for the inclusion complexes
of PN_i.m.1/HP-β-CD and PN_i.m.2/HP-β-CD as a function of MD simulations time.

Table 3. Binding free energies and their standard deviations (kcal/mole) resulting from MM/GBSA
analysis of the inclusion compounds of PN in β-CD, DM-β-CD, TM-β-CD and HP-β-CD with
guest:host ratios of 2:4, 1:2, 1:2 and 1:1 (two inclusion modes), respectively.

PN1/
β-CD

PN2/
β-CD

PN/
DM-β-CD

PN/
TM-β-CD

PN_i.m.1/
HP-β-CD

PN_i.m.2/
HP-β-CD

∆EvdW −51.70 ± 4.08 −50.79 ± 4.27 −51.16 ± 3.01 −53.41 ± 3.60 −27.15 ± 2.24 −26.23 ± 2.60
∆Eele −10.41 ± 4.64 −9.66 ± 4.18 −11.09 ± 4.08 −6.43 ± 2.58 −5.79 ± 3.15 −7.00 ± 3.16

∆EMM
a −62.11 ± 6.25 −60.45 ± 6.45 −62.25 ± 5.36 −59.84 ± 4.84 −32.94 ± 3.86 −33.27 ± 3.90

∆GGB 26.68 ± 3.91 25.31 ± 4.01 26.43 ± 3.84 27.16 ± 3.00 23.64 ± 3.68 25.43 ± 3.28
∆Gnonpolar −5.44 ± 0.30 −5.33 ± 0.25 −5.49 ± 0.20 −5.37 ± 0.23 −3.28 ± 0.25 −3.29 ± 0.34

∆Gsolvation
b 21.24 ± 3.84 19.99 ± 3.90 20.93 ± 3.83 21.78 ± 2.93 20.35 ± 3.59 22.16 ± 3.12

∆H c −40.87 ± 4.60 −40.47 ± 4.56 −41.31 ± 2.94 −38.06 ± 3.20 −12.58 ± 2.08 −11.11 ± 2.29
T·∆S d −20.43 ± 3.76 −19.93 ± 3.14 −16.51 ± 4.16 −17.61 ± 3.78 −15.63 ± 1.48 −16.31 ± 1.71

∆Gbinding
e −20.43 ± 5.94 −20.53 ± 5.53 −24.80 ± 5.10 −20.45 ± 4.95 +3.04 ± 2.69 +5.20 ± 2.86

∆EvdW = van der Waals contribution from molecular mechanics; ∆Eele = electrostatic energy as calculated by the
molecular mechanics force field; ∆GGB = the electrostatic solvation energy (polar contribution) calculated using the
GB model; ∆Gnonpolar = nonpolar contribution to the solvation free energy, calculated by the solvent-accessible sur-
face area (SASA) method; a ∆EMM = ∆EvdW + ∆Eele; b ∆Gsolvation = ∆GGB + ∆Gnonpolar; c ∆H = ∆Gsolvation + ∆EMM;
d T ∆S entropic term calculated by normal mode analysis; e ∆Gbinding = ∆H − T·∆S.

The estimated binding affinities for the first three cases (PN in β-CD, DM-β-CD and
TM-β-CD) that share a common stoichiometry, show quite stable inclusion complexes. A
higher value for PN/DM-β-CD is observed indicating probably a more stable inclusion
complex, although the differences between the calculated ∆Gbind values fall within the
error margins. On the other hand, the estimated binding affinity for both examined
inclusion modes of the PN/HP-β-CD complex, indicates an unstable complex, although
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no host–guest disassociation was observed by monitoring the trajectories during the time
frame of the simulations. This contradiction could be attributed to the limited time interval
of the simulations (12 ns), however, as it is mentioned in Section 2.5, the calculation of
the entropic term (T·∆S) based on normal mode analysis is often problematic and thus its
combination with the relatively low absolute value of the enthalpic term (∆H) due to the
1:1 host:guest starting model, that resulted to the positive ∆Gbind values for these cases, is
quite disputable.

4. Discussion

X-ray crystallography studies of the PN inclusion complexes in β-CD and its methy-
lated derivatives heptakis(2,6-di-O-methyl)-β-Cyclodextrin (DM-β-CD) and heptakis(2,3,6-
tri-O-methyl)-β-Cyclodextrin (TM-β-CD), revealed the formation of inclusion complexes
with 1:2 guest:host stoichiometry in the crystalline state. In all determined crystal structures,
a piperine molecule is found encapsulated in an extended hydrophobic cavity formed by
two hosts which are arranged in a tail-to-tail mode (narrow rim facing the narrow rim)
in the case of PN/β-CD and in a head-to-tail mode (wide rim facing the narrow rim) in
the cases of PN/DM-β-CD and PN/TM-β-CD. Interestingly, in all cases it is the guest
PN molecule that mainly interconnects the two host CDs, threading their cavities. Native
β-CD hosts usually tend to form head-to-head dimers via a network of intermolecular
H-bonds between their secondary hydroxyls. The formation of these dimers is observed in
the crystalline state of PN/β-CD complexes, however this dimeric cavity is filled by water
molecules tethered to the protruding part of an encapsulated PN in the adjacent tail-to-tail
β-CD couple. This inclusion mode, revealed by the determined crystal structure of the
PN/β-CD complex, is consistent and further explains previous findings for the PN/β-CD
complex by DSC and 1H-NMR studies. In particular, the existence of water molecules in the
β-CD cavity have been indicated by previous DSC studies of the PN/β-CD complex [18],
whereas the interactions between the PN aromatic ring and the H3 and H5 of the β-CD that
have been previously reported by 1H-NMR studies [19] were also observed by monitoring
the host-guest H-H proximity during the MD simulations performed in this work for the
PN/β-CD complex in an aqueous environment. The H-bonds network, which forms the
above mentioned head-to-head β-CD dimers, that interconnect two adjacent tail-to-tail
complex units, is not maintained during the time-frame of the MD simulations, although
the inclusion complexes remain stable. On the other hand, in the cases of the DM-β-CD and
TM-β-CD hosts, this kind of head-to-head dimers cannot be formed due to the limitation or
complete absence of hydroxyls in their rims. Thus, the couple of hosts in the corresponding
complex units is arranged in a head-to-tail mode forming columns in the crystalline state.

The stability of the inclusion modes revealed by X-ray crystallography was examined
in an explicit water environment and in the absence of crystal contacts by MD studies. All
inclusion complexes remain stable during the 12 ns simulations and MM/GBSA calculations
showed the high binding affinity of PN for the β-CD, DM-β-CD and TM-β-CD hosts in
their 1:2 guest:host complexes. On the other hand, in MD simulations performed for
the PN/HP-β-CD inclusion complex by using docked starting models of 1:1 guest:host
stoichiometry, as indicated by the solubility profile of the complex, although no complex
dissociation was observed, the estimated binding affinities were significantly lower. This
result, although expected due to the 1:1 guest:host stoichiometry of the complex, is not
consistent with the rank order of the PN affinity with β-CD, RM-β-CD and HP-β-CD
hosts (RM-β-CD > HP-β-CD > β-CD), according to the estimated Kc and CE values by
phase-solubility studies. The solubility profiles for these complexes indicate a BS-type
for PN/β-CD and an AL-type for PN/RM-β-CD and PN/HP-β-CD, thus the CE and Kc
calculations were made for 1:1 guest:host complexes.

Ezawa et al. [18] have indicated a 1:1 guest:host stoichiometry for PN/β-CD in solution
by a Job’s plot. Moreover, in a following work of Ezawa et al. [19] a B-type solubility
profile, similar to the one observed in this work, and a significant higher estimation
binding constant of 3244 M−1 was reported for PN/β-CD. However, in a recent work by
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Alshehri et al. [60] a binding constant of just 287 M−1, estimated by an A-type solubility
profile of PN/β-CD, was reported. This low value and the A-type profile is disputable for
the following reason: It is well documented that CD inclusion complexes, especially those
of the natural CDs, have tendency to self-assemble in aqueous solutions to form aggregates,
giving rise to characteristic B-type phase-solubility diagrams [61]. The self-aggregation
increases with increasing cyclodextrin concentration. The increase of β-CD concentration
in the phase solubility study by Alshehri et al. is not high enough to display the B-curve
plateau. By comparing the binding constant of 3244 M−1 estimated by Ezawa et al. [19]
to the one presented in this work (1800 ± 300) M−1, we should note that Kc as well as
CE values for the B-type complexes are estimated as 1:1 guest:host complexes by the
limited linear portion of the profile. Moreover, the KC value determined by Equation (4)
is strongly affected by the S0 value which is usually very inaccurate for compounds with
S0 < 0.1 mg/mL [62] like piperine. All these may cause the difference observed between
these estimations. In addition, the theoretical calculations of this work, based on the 1:2
guest:host complex revealed by crystallography in aqueous solution, resulted in a high
binding affinity for this complex. These results can justify the high Kc value estimated by
Ezawa et al. [19] considering that the stability constants obtained from phase-solubility
diagrams are estimations for 1:1 complexes but are the most frequently observed constants
that are composed of a number of true stability constants for multiple types of coexisting
water-soluble drug complexes in the aqueous complexation media. Moreover, it is well
documented that the self-aggregation that causes a B-type solubility profile, as the one
observed for this complex, is usually observed for multi-component ternary and quaternary
CD complexes [63]. Thus, according to our theoretical calculations, the overall Kc obtained
by the phase solubility diagrams, is expected to be high (at least higher than that of PN/HP-
β-CD) as estimated by Ezawa et al. [19].

Moreover, in crystalline state, it is observed that the formation of β-CD channels
hosting PN molecules bridged by water molecules which are entrapped in the head-to-
head β-CD interfaces. Although this structure resembles the “molecular necklace” of a
linear CD pseudopolyrotaxane obtained in the solid state [64], the inclusion compounds of
the linear assembly threaded by the CD rings are not directly interconnected, resulting in
an unstable “necklace” in solution. Theoretical studies by Anconi et al. [65] have shown
that CD pair interaction plays a major role in the probability distribution of the entities
formed in the self-assembly system of polymers threaded by CDs. Although in this case
no polymer is threaded in the CDs’ nanotube, it is interesting to notice the following: A
tail-to-tail inclusion mode, as revealed by the crystal structures of PN/β-CD presented
in this work, and other similar structures that will be presented in forthcoming works
(e.g., the inclusion complex of capsaicin in β-CD; unpublished data), results in a Bs-type
solubility profile, meaning a low solubility of the complex caused by self-aggregation of
the complex units. On the other hand, a 1:2 guest:(head-to-head) host inclusion mode, as
observed in the crystal structure of cholesterol in β-CD [66] is correlated with an A-type
solubility profile [67], indicating that the complex units do not aggregate so intensively.
Thus, the inclusion mode in the complex units of the 1:2 guest:host β-CD dimers, in the
sense of whether the wide or the narrow rims are the open ends interconnecting adjacent
complex units, plays a crucial role in the self-aggregation and thus solubility of the inclusion
complex. However, this topic has to be further investigated.

For all the above reasons, it is safer to compare the KC and CE values estimated by
phase solubility studies solely between the PN/RM-β-CD and PN/HP-β-CD inclusion
complexes, that both present an AL-type solubility profile. From this comparison, a stronger
binding affinity is indicated for PN in RM-β-CD than HP-β-CD. The low binding constant
of PN/HP-β-CD in solution has also been reported by Imam et al. [68] estimating a value of
238 M−1 by phase solubility studies. Thus, in agreement with our MM/GBSA calculations,
PN has lower affinity for HP-β-CD than methylated β-CDs.
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5. Conclusions

The determination of the crystal structure of the PN inclusion complexes in β-CD,
DM-β-CD and TM-β-CD presented in this work, gives unique and valuable information
about the stoichiometry and geometry of the complexes that conclusively clarifies the
inclusion mode of piperine in these host molecules. In all determined structures, inclusion
complexes of 1:2 guest:host stoichiometry were found in the crystalline state. The guest
PN molecule threads the hydrophobic cavities of the hosts which are arranged as couples
in a tail-to-tail mode in the case of PN/β-CD and in a head-to-tail mode in the cases of
PN/DM-β-CD and PN/TM-β-CD.

Complement MD studies were performed for the crystallographically determined
structures in order to monitor the dynamic behavior and the stability of the complexes in an
aqueous environment and in the absence of crystal contacts. All inclusion complexes remain
stable during the 12 ns simulations and MM/GBSA calculations showed the high binding
affinity of PN for the β-CD, DM-β-CD and TM-β-CD hosts. Moreover, MD simulations
were performed for the PN/HP-β-CD inclusion complex by using docked starting models
of 1:1 guest:host stoichiometry, as indicated by the solubility profile of the complex. By
monitoring the trajectories during the time-frame of the simulations the complex also
remains stable although the absolute values of the estimated binding affinities (neglecting
the entropic term) were significantly lower than those of the other examined complexes.

Finally, phase solubility studies were carried out for the PN/β-CD, PN/RM-β-CD
and PN/HP-β-CD inclusion complexes in order to examine the solubility profile and
estimate the apparent stability constant (K1:1) and the complexation efficiency (CE) for
these complexes in aqueous solution. The low solubility of PN/β-CD resulted in a BS
solubility profile and the estimation of the K1:1 and CE values, under the assumption of a
1:1 guest:host complex, is quite disputable. Although the complex units in solution may
differ from those in crystalline state, the overall 1:1 guest:host stoichiometry used in these
estimations, resulted to low values relative to the other complexes. This is inconsistent
with the high binding affinity values given by MM/GBSA end-state energy calculations
that were based on the MD simulations of the 1:2 guest:host crystal structure in an aqueous
environment. Thus, it is safer to compare the estimated K1:1 and CE values only between
the PN/RM-β-CD and PN/HP-β-CD complexes, both of AL-type profile, which show
a higher binding affinity for the former than the latter complex in accordance with the
calculated values using the MM/GBSA method.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom12121762/s1: Figure S1. The solubility profile of pure Piper-
ine in an equimolar water: methanol solution (n = 3). Figure S2. The distances and angles as
defined in Tables S2–S4. In particular the following are presented: (a) d = O4n . . . O4(n + 1) dis-
tances; (b) dK = distances of the approximate center K of the O4n heptagon from the O4n atoms;
(c) dev = deviations of the O4n atoms from their least-squares plane; (d) ϕ =O4(n−1) . . . O4n . . .
O4(n + 1) angles; (e) ϕK = O4n . . . K . . . O4(n + 1) angles. All distances are given in Å and angles
in (◦). Figure S3. RMSD to first frame vs. time plots for the four host and two guest molecules in
the supramolecular ensemble of PN/β-CD. Figure S4. Number of H-bonds between hydroxyls of
the wide rims of adjacent PN/β-CD complex units within the same channel. Figure S5. H-H close
contacts between guest’s (PN1) H14, H17 and H18 atoms and host’s (β-CD3) H3 atoms of specific
glucose residues (G1, G2, G3, G4, G5 and G6). Figure S6. H-H close contacts between guest’s (PN1)
H14, H17 and H18 atoms and host’s (β-CD3) H5 atoms of residues G1, G2, G3, G4, G5 and G6. Figure
S7. Plots of contacts between PN1 and PN2 guests and β-CD3/β-CD4 and β-CD1/β-CD2 host duets,
respectively in PN/β-CD complex case. Figure S8. Number of H-bonds between hosts and guests in
PN/β-CD complex case. Table S1. Main intramolecular interactions present in the crystal structures
of PN/β-CD, PN/DM-β-CD and PN/TM-β-CD inclusion complexes. Table S2. Conformational
characteristics of the two β-CD host molecules in the PN/β-CD structure. Table S3. Conformational
characteristics of the DM-β-CD host molecule in the PN/DM-β-CD structure. Table S4. Conforma-
tional characteristics of the two TM-β-CD host molecules in the PN/TM-β-CD structure. Table S5. H
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bond analysis for the two encapsulated PN molecules (PN_1 and PN_2) in their complex with four
β-CDs during the 12ns MD simulation.
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