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a b s t r a c t 

The crystal structure of the inclusion compounds of citral ( cr ) isomers in native α- and β-Cyclodextrin 

( α- CD and β-CD) as well as in heptakis(2,6-di- O -methyl)- β-cyclodextrin (DM- β- CD) and heptakis(2,3,6- 

tri- O -methyl)- β-cyclodextrin (TM- β- CD) have been explicitly investigated by X-ray crystallography and 

molecular dynamics (MD) simulations. 

The cr / α- CD complex unit, with a 1:2 guest:host stoichiometry, consists of a head-to-head type α- CD 

dimer encapsulating either an E - or a Z -citral isomer with occupancy of 0.4 and 0.6 respectively. In the 

case of the cr / β- CD, head-to-head β- CD dimers are also formed, hosting two highly disordered guest 

molecules, both being E- citral isomers (2:2 guest:host stoichiometry). MD simulations based mainly on 

the determined crystal structures, show that the formed inclusion complexes are stable in a simulated 

aqueous environment and that Z -citral has the tendency to adopt a more ‘bent’ conformation than E - 

citral upon encapsulation in the hydrophobic CD cavity. MM/GBSA-calculations clearly indicate a higher 

binding affinity in the case of the cr / α- CD than the cr / β-CD inclusion complex. 

The inclusion complexes of citral in DM- β- CD and TM- β- CD both crystallize with a 1:1 guest:host sto- 

ichiometry. Only the E -citral isomer is found inside the DM- β-CD with its aldehyde group protruding 

from the narrow rim of the host, whereas both E - and Z -citral isomers, with occupancy of 0,7 and 0,3 

respectively, are present in the TM- β-CD accommodated with different modes inside the host’s cavity. 

MD simulations in aqueous environment reveal a stable inclusion complex of citral in DM- β-CD and a 

rather unstable in TM- β-CD, the ascending order of the binding affinities of these inclusion complexes as 

estimated by MM/GBSA calculations being: Z /TM βCD < E /TM βCD < E /DM βCD. 

It is noticed that in the crystalline state, the rigid cavity of β-CD and DM- β-CD favors the inclusion of 

the E -citral which adopts an extended conformation and is accommodated ‘axially’ in it, whereas the Z - 

citral isomer, that adopts a more bent conformation upon encapsulation in the hydrophobic CD cavity, 

is found only in the case of the cr / α-CD where the 1:2 guest:host stoichiometry provides the space to 

accommodate the bent Z -citral and in the case of the cr /TM- β-CD complex, where the bent Z -citral is 

found accommodated ‘equatorially’ near the wide secondary rim of the distorted host. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Plant terpenoids, which are the main components of many nat- 

ral herbal aromatic essential oils, comprise a class of isoprenoids 
Abbreviations: citral ( cr ), alpha-cyclodextrin ( a -CD); beta-cyclodextrin, ( β- 

D); heptakis(2,6-di- O -methyl)n, - β-cyclodextrin, (DM- β- CD); heptakis(2,3,6-tri- O - 

ethyl)- β-cyclodextrinn, (TM- β- CD); Site occupancy factor, (sof); inclusion com- 

lex, (IC); molecular dynamics, (MD). 
∗ Corresponding author. 

E-mail address: kbeth@aua.gr (K. Bethanis). 
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hat are well known for their pharmacological properties includ- 

ng antifungal, antibacterial, antioxidant and anticancer activities 

1] . Citral (3,7-dimethyl-2,6-octadienal, cr ) is a mixture of two ge- 

metric isomers ( E -citral or geranial and Z -citral or neral, Fig. 1 a),

hich provides an intense lemon odor during its application and 

s reported to have antimicrobial activity [2] . It is usually found 

n lemongrass oil, which has also been widely reported due to 

ts microbicidal action that highlights it as a very useful “natural 

ool” with many applications in food and pharmaceutical indus- 

ries [3–5] . Citral is a highly hydrophobic molecule and unstable 

https://doi.org/10.1016/j.molstruc.2021.130169
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130169&domain=pdf
mailto:kbeth@aua.gr
https://doi.org/10.1016/j.molstruc.2021.130169
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Fig. 1. Schematic representation of chemical structures of (a) E -citral and Z -citral isomers, (b) alpha-cyclodextrin ( α-CD) and (c) beta-cyclodextrin ( β- CD), heptakis(2,6-di- 

O -methyl)- β-cyclodextrin (DM- β- CD) and heptakis(2,3,6-tri- O -methyl)- β-cyclodextrin (TM- β- CD). 
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nder normal storage conditions thus it can easily lose its activity 

6] . Moreover, Adukwu et al have reported some concerns about 

he cytotoxicity of both pure citral and the lemongrass essential oil 

rom Cymbopogon flexuosus [7] . An effective way to overcome these 

rawbacks is the formation of inclusion compounds of citral in Cy- 

lodextrins (CDs), the well-known oligosaccharides composed of α- 

1,4)-linked glucopyranose subunits ( Fig. 1 b and c), having the abil- 

ty, due to their conical shape and amphiphilic nature (relatively 

ydrophilic external surface and hydrophobic interior cavity), to 

ncapsulate a wide range of hydrophobic molecules (or molecules 

ith hydrophobic parts) of appropriate size and scheme [8] . a - 

yclodextrin ( a -CD) and β-cyclodextrin ( β- CD) are the well-known 

ative CDs composed by 6 and 7 glucoses respectively ( Fig. 1 b and

), while the heptakis(2,6-di- O -methyl)- β-cyclodextrin (DM- β- CD) 

nd heptakis(2,3,6-tri- O -methyl)- β-cyclodextrin methylated (TM- 

- CD) are methylated derivatives of the parental β-CD ( Fig. 1 c). 

The inclusion of citral isomers in native and modified CDs has 

een extensively characterized by various methods including 1 H- 

MR, FT-IR, UV-Vis spectrophotometry, circular dichroism spec- 

roscopy, XRD, DSC, TG/DTG, phase solubility (Higuchi-Connors), 

tatic headspace gas chromatography [9–17] , and further stud- 

ed by molecular modelling (Molecular Mechanics calculations and 

olecular dynamics simulations based on models constructed by 

ocking with varying mole ratios) [16–18] . The morphology of the 

reeze dried solutions of the citral/CD inclusion complexes has 

een observed by TEM and SEM [ 12 , 14 ]. The general conclusion of

ll these studies is that the inclusion of citral in various CDs exerts 

eneficial effects on its physicochemical properties, namely: it pre- 

ents heat degradation of citral, improves its stability during long 

erm storage and provides slow release that can be controlled by 

hoosing appropriate native CDs or CDs derivatives. Moreover, re- 

ent studies have demonstrated important applications of citral/CD 

nclusion complexes: the anti-hyperalgesic, anti-inflammatory ef- 

ects of citral/CD in mice [14] is of interest for the pharmaceutical 

ndustry; a new technique to produce aromatic cotton with control 

ragrance release by loading citral/CD in fibers [15] for the textile 

ndustry; the facile production of citral/CD nanofibers offering en- 

anced water solubility of citral along with high-temperature sta- 

ility and longer shelf-life [19] which is of interest for the food 

or related bio applications) industry. However, no crystal struc- 
2 
ure of any citral/CD inclusion complex has been reported so far. 

he crystal structure determination and analysis of these inclusion 

omplexes offers unique information and resolves any ambiguity 

bout the exact host:guest stoichiometry, the inclusion geometry, 

he intra- and inter-molecular interactions and the molecular ar- 

angement of the complex units in the crystalline state. 

In an ongoing investigation of cyclodextrin inclusion complexes 

ith linear monoterpenoids [ 20 , 21 ], we present here the crystal 

tructures of the inclusion complexes of citral in native α- and β- 

D ( cr / α-CD and cr / β-CD), and in methylated DM- β- CD and TM- β-

D ( cr /DM- β- CD and cr /TM- β- CD) as determined by Single Crystal

-ray Diffraction (SCXRD). The four new structures are described 

n detail and they are compared with previously reported crystal 

tructures of inclusion complexes of linear monoterpenoids like β- 

itronellol ( cl ), geraniol ( gr ) and linalool ( ln ) in similar CDs [ 20 –

2 ]. Moreover, based mainly on the crystallographically determined 

toichiometry and atomic coordinates, we investigate, by molecu- 

ar dynamics (MD) simulations of 12 ns, the dynamic behavior of 

hese four inclusion complexes in an aqueous environment and in 

he absence of crystal contacts. With this in silico investigation we 

im to inspect the role of the conformational flexibility of the guest 

nd the type of the host (cavity size, rigidity of the macrocycle, 

ubstituent groups) in the stability of these inclusion complexes. 

he binding affinities are also estimated by MM/GBSA calculations. 

ur understanding of the structural details and dynamic behavior 

f the linear monoterpenoids upon complexation with CDs may be 

lso useful in the engineering of modified guest-host systems with 

ptimized properties and future practical applications. 

. Materials and methods 

.1. Materials 

Citral as a clear yellow liquid mixture of geranial and neral (95% 

ure, d = 0.888 g/mL) was purchased from Sigma-Aldrich Co. LLC. 

-CD and β-CD of pharmaceutical grade quality were obtained 

rom Cyclolab (Budapest, Hungary), while DM- β-CD and TM- β-CD 

 ≥98% pure) as white powders from Sigma-Aldrich Co. LLC. Abso- 

ute ethanol (EtOH, > 99.8%) and distilled water were also obtained 
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rom Sigma. All chemicals were used as received without further 

urification. 

.2. Preparation and crystallization of citral inclusion complexes in 

-CD, β-CD, DM- β-CD and TM- β-CD 

42 μL of citral ethanolic solution (10% v/v) and 5mL of an 

quimolar aqueous solution of α-CD (0.25 mmol, 0.05M) were 

ixed and the mixture was stirred in a tightly sealed glass vial 

or 1 h at 70 °C. Similarly, 13 μL of citral and 5mL of an equimo-

ar aqueous solution of β-CD (0.08 mmol, 0.016M) were mixed 

nd the mixture was also stirred for 1 h at 70 °C. The two mix-

ures allowed to cool gradually to room temperature over a period 

f one week, according to the slow cooling crystallization tech- 

ique, until colorless transparent prismatic crystals in both cases 

ere formed. Crystals of citral/DM- β-CD and citral/TM- β-CD inclu- 

ion complexes were prepared by adding isomolar amounts of host 

44.00 mg or 0.033 mmol of DM- β-CD; 44.17 mg or 0.033 mmol 

f TM- β-CD) and guest (125 μL of citral) in 2 mL of distilled water.

he two final mixtures were stirred vigorously at room tempera- 

ure for 45 min and subsequently maintained at 321 K for a period 

f two weeks. Rod-shaped and prismatic crystals suitable for X-ray 

iffraction measurements were produced in the case of cr /DM- β- 

D and cr /TM- β-CD, respectively. 

.3. X-ray data collection, structure solution and refinement 

Intensity data for all complexes were collected on a Bruker 

8-VENTURE diffractometer, using Cu Ka radiation ( λ = 1.54178 
˚ ) and deduced with the program SAINT [23] . Absorption correc- 

ion was performed with SADABS [24] . The structures of the citral 

nclusion complexes in native CDs and in TM- β- CD were solved 

y Patterson-seeded dual-space recycling with the SHELXD pro- 

ram [25] . The structure of the citral/DM- β- CD inclusion com- 

lex was solved by molecular replacement, using the atomic co- 

rdinates of the DM- β- CD macrocycle of the 2,2 ′ -bithiophene/DM- 

- CD complex [26] . The molecular replacement solution was ob- 

ained by a Patterson vector search and Fourier recycling using 

he DIRDIF99 package [27] . The refinement of all crystal struc- 

ures was performed by full-matrix least squares against F 2 us- 

ng SHELXL-2014/7 [28] through the SHELXLE GUI [29] . Soft re- 

traints on bond lengths and angles, as provided by the PRO- 

RG2 webserver [30] , were applied only to model the disordered 

uest molecules. Anisotropic displacement parameters for citral 

toms were refined with both soft (SIMU) and enhanced rigid bond 

RIGU) restraints implemented in the SHELXL program [31] . All H- 

toms of the host molecules were placed geometrically and al- 

owed to ride on the parent atoms. U iso(H) values were assigned 

n the range 1.2–1.5 times U eq of the parent atom. In order to 

aintain a high ( > 7.0) data/parameters ratio, anisotropic thermal 

arameters were imposed to selected, non-H atoms of the host 

olecules. Mercury 4.1.3 [32] and Olex2 v1.2 [33] were used for 

eometrical analysis and to produce figures illustrating the crys- 

al structures. Experimental details along with refinement statistics 

re quoted in Table 1 . Crystallographic information files with em- 

edded structure factors have been deposited into the Cambridge 

tructural Database (CSD). 

.4. Molecular dynamics 

The MD simulations were based on the following initial mod- 

ls: For the citral/ α- CD inclusion complex, the crystallographically 

etermined atomic coordinates of the α- CD dimer and the sites 

ccupied by the E- and Z -citral were used to comprise two dis- 

inct initial sets: E -citral/ α- CD ( E / αCD) and Z -citral/ α- CD ( Z / αCD),
3 
oth of 1:2 guest:host stoichiometry. For the citral/ β- CD inclu- 

ion complex, the crystallographically determined structure (2:2 

uest:host stoichiometry), that consists of a β- CD dimer hosting 

wo E -citral guests ( EE / βCD) was used as an initial set of atomic

oordinates. However, in order to examine the stability of possible 

imeric β- CD inclusion complexes (of 2:2 guest:host stoichiome- 

ry), hosting a Z - and an E -citral ( EZ / βCD) or two Z -citral guests

 ZZ / βCD), two more initial sets, obtained by molecular modelling 

sing Autodoc Vina [34] , were used. For the inclusion complexes 

f citral in methylated CDs, based on the crystallographically de- 

ermined atomic coordinates of the hosts and the found guests, 

he three initial models (all with an 1:1 guest:host stoichiometry) 

f E -citral/DM- β- CD ( E /DM βCD), E -citral/TM- β- CD ( E /TM βCD) and

 -citral/TM- β- CD ( Z /TM βCD) were used. 

All computations were performed using the Amber12 soft- 

are package [35] . The Clycam06 [36] or the q4md-CD force field 

37] were used to generate the correct native and modified CD 

opologies, respectively. The MD calculations were performed on a 

4 core Intel Xeon 2.8GHz workstation with 32 GB internal mem- 

ry. 

Partial atomic charges and geometrical and topological param- 

ters for citral were assigned by the ANTECHAMBER program 

38] using the general AMBER force field (GAFF) parameters and 

he AM1-BCC methodology. Each complex was solvated in a peri- 

dic, 10- ̊A truncated octahedron simulation box consisted of TIP3P 

aters with the minimum distance of 10.0 Å from the system sur- 

ace. All hydrogen atoms added by the xLEaP module were equi- 

ibrated by energy minimization of the system with 500 steps of 

he steepest descent method followed by 10 0 0 steps of the conju- 

ated gradient method to release the bad contact. Both minimiza- 

ion and MD calculations were performed with SANDER. The Par- 

icle Mesh Ewald method was employed to account for long range 

lectrostatic interactions, while the nonbonded cutoff distance was 

et to 10 Å and all covalent bonds involving hydrogen atoms were 

reated by the constraint algorithm SHAKE [39] . Finally, a 12 ns MD 

roduction run with constant pressure of 1 atm and temperature 

f 300 K (NPT ensemble) was performed for all IC models using a 

ime step of 1 fs. The detailed simulation protocol has been ana- 

ytically described in a previous work [40] . The programs CPPTRAJ 

41] and VMD [42] were used for data handling, processing, ana- 

yzing and visualizing. 

The well-known MM/GBSA method [43] is a post-processing 

pproach to estimate the binding free energy of molecules in 

olution, which combines the molecular mechanical (MM) ener- 

ies (force fields) with continuum solvation models (Generalized- 

orn model and surface area continuum solvation method (GBSA)). 

hus, this method was adopted here for calculating the binding 

ree energy �G (GB) of the inclusion complexes as the energy differ- 

nce between the bound and unbound state of the solvated CD and 

itral molecules. The entropic penalty ( �S ) incurred upon guest 

inding is calculated by extracting snapshots from the MD trajec- 

ories every 100 frames using the NMODE module of AMBER and 

dded to the enthalpic term according to (1): 

G bind = �G ( GB ) 
− T · �S (1) 

. Results and discussion 

.1. Description of the crystal structures 

.1.1. The structure of citral/ α-CD inclusion compound 

The citral/ α-CD inclusion complex crystallizes in P 1 space 

roup. Its asymmetric unit contains two α- CD host molecules (host 

 and host B), one citral guest molecule, nine waters and one 

thanol molecule. The two host molecules are arranged co-axially 

orming a head-to-head dimer via a hydrogen bond net between 
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Table 1 

Crystallographic data and structure refinement parameters for the citral/ α- CD, citral/ β-CD, citral/DM- β-CD and TM- β-CD inclusion complexes. 

citral/ α-CD citral/ β- CD citral/DM- β-CD citral/TM- β-CD 

Crystal data 

Chemical 

formula 

2(C 36 H 60 O 30 ) •C 10 H 16 O 

•C 2 H 6 O 

•9(H 2 O) C 42 H 70 O 35 •C 10 H 16 • 6.65(H 2 O) C 56 H 98 O 35 •C 10 H 20 O 

• 0.6(H 2 O) C 63 H 112 O 35 •C 10 H 20 O 

• 1.2(H 2 O) 

M r 2287.97 2787.21 1491.57 1599.94 

Crystal system, 

space group 

Triclinic, P 1 Monoclinic, C 2 Orthorhombic, P 2 1 2 1 2 1 Orthorhombic, P 2 1 2 1 2 1 

Temperature 

(K) 

100 293 100 100 

a, b, c ( ̊A) 13.8115 (19), 18.892 (4), 11.2400 (6), 14.659 (2), 

13.8652 (16), 24.452 (4), 14.9344 (8), 21.404 (3), 

15.648 (2) 15.662 (5) 45.211 (2) 27.887 (4) 

α, β , γ ( °) 85.177 (12), 110.748 (15) 

88.117 (10), 

60.169 (10) 

V ( ̊A 3 ) 2590.2 (6) 6766 (3) 7589.2 (7) 8750 (2) 

Z 1 2 4 4 

Radiation type Cu K α Cu K α Cu K α Cu K α

μ (mm 

−1 ) 1.13 1.05 0.90 0.82 

Crystal size 

(mm 

3 ) 

0.35 × 0.2 × 0.1 0.3 × 0.22 × 0.15 0.8 × 0.4 × 0.2 0.8 × 0.4 × 0.2 

Data collection 

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

T min , T max 0.444, 0.754 0.621, 0.752 0.582, 0.753 0.243, 0.753 

No. of 

measured, 

independent 

and observed [ I 

> 2 σ ( I )] 

reflections 

96926, 19920, 19719 38253, 11318, 9902 67543,10479, 10055 68931, 15345, 13185 

R int 0.040 0.035 0.042 0.070 

(sin θ / λ) max 

( ̊A −1 ) 

0.626 0.588 0.562 0.596 

Refinement 

R [ F 2 > 2 σ ( F 2 )], 

wR ( F 2 ), S 

0.042, 0.115, 1.05 0.053, 0.148, 1.02 0.085, 0.235, 1.24 0.109, 0.267, 1.09 

No. of 

reflections 

19920 11318 10479 15345 

No. of 

parameters 

1452 928 912 1214 

No. of 

restraints 

44 108 42 175 

�ρmax , �ρmin 

(e Å −3 ) 

0.51, -0.44 0.42, -0.29 0.51, -0.60 0.57, -0.65 

CCDC 

deposition 

number 

1854912 1831155 2019612 2022366 
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heir secondary hydroxyl groups as the wide rim of the one faces 

he wide rim of the other. Inside the formed dimeric cavity, a citral 

olecule is encapsulated, therefore the guest:host stoichiometry of 

he inclusion complex in the crystalline state is 1:2. In about 60% 

f the inclusion complex units, the Z- isomer of citral ( Z- citral or 

eral) is found encapsulated, whereas in the rest 40% of the in- 

lusion complex units, the E- isomer of citral ( E- citral or geranial) 

s hosted in the α- CD dimer. The inclusion mode is the same for 

oth E- and Z -citral guests: The alkenyl group (atoms C6, C7, C8, 

10; see Fig. 1 a) of both isomers occupies the same atomic posi- 

ions, located inside the hostA cavity. Two hydrogens of the C10 

ethyl group and the hydrogen of the C6 atom form closed shell 

nteractions with the inner H3 atoms of the hostA hydrophobic 

avity ( Supplementary Table S1-I ). The rest of the aliphatic tail 

f the guest is extended axially towards the interface of the α-CD 

imer and the encapsulated citral isomers are further stabilized by 

H … O bonds formed with the secondary hydroxyls of the hostA 

nd closed shell interactions with the inner H3 and H5 atoms of 

oth hosts (A and B) which form the dimer ( Supplementary Table 

1-I ). The aldehyde group of both encapsulated E- and Z -isomer 

s hydrogen bonded with an ethanol molecule that is found dis- 
4 
rdered over 3 sites and it is accommodated in the interspace of 

he adjacent α-CD dimers that form channels along the crystallo- 

raphic c -axis as described below ( Fig. 2 a and b; Supplementary 

able S1-I ). The nine water molecules of the asymmetric unit (one 

f them is found disordered over two sites) are located around 

he α-CD dimer, close to the primary and secondary rims of the 

yclodextrins, bridging via hydrogen bonds the adjacent complex 

nits along the a- and b- crystallographic axes ( Fig. 2 b). 

Geometrical features defining the conformation of the a -CD 

olecules are listed in the Supplementary Table S2-I . The glu- 

osidic O4 n atoms in both host molecules form nearly regular 

exagons which are essentially planar as indicated by the distances 

f the O4 n atoms from their approximate centroids and their de- 

iations from the O4 n mean plane. The glycosidic residues have 

ositive tilt angles indicating that their primary sides incline to- 

ards the approximate sevenfold axis of the cavity. All the primary 

ydroxyl groups of the host have the gauche-gauche (gg) conforma- 

ion pointing outwards the cavity and being hydrogen bonded with 

he surrounding water molecules. These water molecules are also 

ydrogen bonded with the primary rim of the consecutive dimer 

long the c -axis, bridging the complex units that stack in a chan- 

https://www.ccdc.cam.ac.uk/structures/Search?access=refereececcdc=1854912ceAuthor=Katerina+Fourtaka
https://www.ccdc.cam.ac.uk/structures/Search?access=refereececcdc=1831155ceAuthor=Fourtaka
https://www.ccdc.cam.ac.uk/structures/Search?access=refereececcdc=2019612ceAuthor=Elias+Christoforides
https://www.ccdc.cam.ac.uk/structures/Search?access=refereececcdc=2022366ceAuthor=Elias+Christoforides
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Fig. 2. (a) The asymmetric unit of the citral/ α-CD crystal structure comprises of a head-to-head α-CD dimer encapsulating a citral molecule (1:2 guest:host stoichiometry). 

Both E - and Z -citral isomers (depicted as green and yellow, respectively) are present as distinct sites of one disordered citral guest molecule with occupancy factors of 0.4 

and 0.6 respectively. An ethanol molecule disordered over 3 sites is also located near the primary rim of host B, hydrogen bonded with the aldehyde group of the citral and 

(b) citral/ α-CD complex units form channels along the c -axis (left) and layers on the ab plane (right). Only one citral isomer guest is depicted for clarity. 
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el mode. The shift between successive dimers along the c -axis is 

.05 Å while their approximate six-fold axis form an angle of 8.5 °
ith the c -axis. The adjacent α-CD dimers on the ab plane form 

ayers, as they are also interconnected either directly via hydrogen 

onds between their secondary hydroxyls or indirectly via hydro- 

en bonds with bridge water molecules close to their primary and 

econdary rim ( Supplementary Table S1-I, Fig. 2 b). 

A Cambridge Structural Database (CSD) [44] search based on 

imilar cell dimensions resulted in 9 isostructural inclusion com- 

ounds and 2 clathrates of α-CD that crystallize in the triclinic 

pace group and in the same molecular packing. Specifically, the 

nclusion complex of diethyl fumarate/ α-CD (CIGLAG) [45] and 

utyl-isothiocyanate/ α-CD (XIGBOE) [46] form alternatively head- 

o-head and tail-to-tail dimers (clathrates) as the guest molecule is 

ocated in the interspace between two adjacent tail-to-tail α-CDs. 

ll the other structures form head to head dimers (inclusion com- 

lexes), the guest molecules of the inclusion complexes being fully 

ncapsulated inside the dimeric cavities as in the present case of 

he citral/ α-CD inclusion complex. 
5 
.1.2. The structure of citral/ β-CD inclusion compound 

The citral/ β-CD inclusion complex crystallizes in C2 space group 

nd its asymmetric unit contains one β- CD host molecule, one cit- 

al guest molecule and 7 water molecules distributed over 19 sites. 

The guest citral molecule is encapsulated axially in the host’s 

avity with its aldehyde group protruding from the primary rim of 

he β-CD. The guest is found highly disordered in the β-CD cav- 

ty, occupying three sites, noted as cr 1, cr 2 and cr 3 with occupancy

actors of 0.3, 0.3 and 0.4 respectively. All three occupied sites cor- 

espond to the E- citral configuration and they form closed-shell in- 

eractions with the inner H3 and H5 atoms of the host’s cavity. 

oreover, in the case of cr 1, CH…O bonds between the hydrogens 

f C4 of the guest and the glycosidic oxygen O4 of the 7 th glucopy-

anose unit (G7) of the β-CD is observed, whereas in the case of 

r 3, the aldehyde oxygen of the guest forms a hydrogen bond with 

 primary hydroxyl of the β-CD ( Supplementary Table S1-II ). The 

wofold symmetry-related molecular complexes form head-to-head 

imers via the usual intermolecular hydrogen bonds between the 
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Fig. 3. (a) The citral/ β-CD inclusion complex forms head-to-head dimers with a guest:host stoichiometry of 2:2 surrounded by a disordered water network. Only the E - 

configuration of citral is found inside the β-CD cavity. The guest is disordered over three sites ( cr 1, cr 2 and cr 3). Hydrogen atoms of the guest molecule are omitted for 

clarity. (b) (left) projection of the crystal packing along c -axis and ( right ) projection of the crystal packing along a -axis. β-CD dimers form channels along the c -axis and 

layers along the ab plane. 
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3 n H secondary hydroxyl groups of the twofold symmetry-related 

-CDs. The two E- citral molecules hosted inside the dimeric cav- 

ty, are accommodated with the alkenyl group of their aliphatic 

ale located in the interface of the dimer, facing each other and 

orming closed shell interactions between each other. Due to steric 

easons, the guest-duets existed in the dimeric cavity are: cr 1- cr 1, 

r 1- cr 2, cr 1- cr 3 and cr 2- cr 3. In any case, the actual guest:host stoi-

hiometric ratio of the inclusion complex in the crystalline state is 

:2 (1:1) ( Fig. 3 a). 

The conformation of the host β-CD molecules is described by 

he geometrical features listed in the Supplementary Table S2-II . 

he reference glycosidic O4 n atoms of the host form nearly planar 

nd regular heptagons whereas all the glycosidic residues incline 

owards the primary rim. The primary hydroxyl groups of the host 

ave the gauche-gauche (gg) conformation pointing outwards the 

avity and being hydrogen bonded with bridge water molecules. 

owever, three of them, which are disordered over two sites each, 
6 
lso adopt the gauche-trans (gt) conformation as they are hydro- 

en bonded with the guest or a primary hydroxyl of the adjacent 

imer. Specifically, gt conformation is observed for the partially oc- 

upied site2 of the primary hydroxyl of the G5 glucopyranose unit 

hich is hydrogen bonded with the O1 atom of the guest occupy- 

ng the cr 3 site, and for the partially occupied sites of the primary 

ydroxyls of the G2 and G6 glucopyranose units that form hydro- 

en bonds between each other in the shifted adjacent dimers that 

re piled up to columns along the c- axis ( Supplementary Table 

1-II ). 

Each dimeric unit is replicated by twofold rotation symme- 

ry along the b- axis and thus the dimers are arranged accord- 

ng to the Channel ( CH ) packing mode [47] as their approximate 

even-fold axis forms an angle of 89.95(15) ° with the c -axis and 

he shift between successive dimers along the c -axis is 2.82(9) Å 

 Fig. 3 b). The host β-CD molecules of consecutive dimers in the 

hannel are interoconnected directly via hydrogen bonds formed 
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Fig. 4. (Left) Superpose of β-citronellol / β-CD (yellow) and geraniol / β-CD form I 

(magenta) inclusion complexes, reveals a relatively high protrusion of the guests 

from the narrow CD rims that inhibits the formation of channels in the crystalline 

state. (Right) Guests in geraniol / β-CD form II (cyan) and citral/ β-CD (green) are en- 

capsulated deeper in the CD dimers aiding the formation of channels. 
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etween their primary hydroxyls or indirectly via hydrogen bonds 

ith bridge water molecules. The guest E- citral molecules of con- 

ecutive dimers in the channel, accommodated with their aldehyde 

roup protruding from the primary rim of the hosts as mentioned 

bove, form CH …O bonds between each other, namely: the O1 

f the site cr 1 (x, y, z) with the H-C2 of the site cr 2 or H-C10 of

he site cr 3 occupied by the guest of the consecutive dimer (1-x, y, 

-z). Any other combination of occupied sites of guests in consec- 

tive dimers is sterically forbidden. The neighboring channels are 

ridged directly or indirectly (via bridge water molecules) via hy- 

rogen bonds forming layers of dimeric inclusion complexes along 

he ab crystal plane ( Fig. 3 b). 

A CSD [44] search for crystal structures of similar cell dimen- 

ions, revealed 37 isostructural inclusion complexes and clathrates 

f β-CD. By limiting the survey to inclusion complexes of lin- 

ar terpenoids in β-CD, we found that the crystal structures of 

inalool/ β-CD [48] , β-citronellol/ β-CD [20] and geraniol/ β-CD form 

 [49] and form II [21] have been previously reported. The guests 

n all these inclusion complexes are encapsulated in β-CD dimers 

ith the same stoichiometry and inclusion mode as the one ob- 

erved in the citral/ β-CD structure presented here, highlighting 

he tendency for the formation of linear monoterpenoids inclusion 

omplexes in β-CDs with an 2:2 guest:host.soichiometry and in a 

pecific inclusion mode. 

However, an intermediate ( IM ) mode of crystal packing is ob- 

erved in the cases of β-citronellol/ β-CD and geraniol/ β-CD (form 

) inclusion complexes, whereas citral/ β-CD, geraniol/ β-CD (form 

I) and linalool/ β-CD form channels ( CH packing mode) in the crys- 

alline state. This is due to the different degree of protrusion of the 

uests from the narrow β-CD rims that inhibits or allows the for- 

ation of channels by the dimeric complex units in the crystalline 

tate [21] ( Fig. 4 ). 

.1.3. The structure of citral/DM- β-CD inclusion complex 

The inclusion complex crystallizes in the orthorhombic space 

roup P 2 1 2 1 2 1 and its asymmetric unit contains one host molecule, 

ne E -citral guest molecule and a half-occupied water molecule 

isordered over two sites. The water occupied sites are located at 

-bond distances from the hosts of adjacent complex units ( Sup- 

lementary Table S1-III ). The encapsulated E -citral is found inside 

he DM- β-CD cavity with its aldehyde group protruding from the 

arrow rim of the host and its lipophilic chain extending through- 

ut the cavity towards the wide rim of the host ( Fig. 5 a). The oxy-

en atom of the E- citral forms a CH … O bond with a disordered

ethoxy group of the host of the adjacent complex unit whereas 
7 
he aliphatic part of the guest is stabilized by closed shell inter- 

ctions with the inner hydrogen atoms of the host’s hydrophobic 

avity ( Supplementary Table S1-III) . 

The summarized in Supplementary Table S2-III geometric fea- 

ures of the host, indicate a torus-like shape and a round con- 

ormation of the CD macrocycle that resembles a canonical hep- 

agon, similar to that of β- CD in its complex with citral. Among 

he 4 fully occupied primary methoxy sites, 2 of them are found 

o have the gt and 2 the gg conformation, while the 3 disordered 

ethoxy groups adopt both conformations ( Supplementary Table 

2-III ). Thus, the host adopts an open cone conformation, which 

llows the entrance and exit of the guest molecules from both its 

ide and narrow rim. 

The inclusion complex units are arranged according to a cage- 

ype mode in the crystal, satisfying the self-inclusion tendency of 

he host DM- β-CD ( Fig. 5 a). The mean plane of the O4 n atoms of

he host forms an angle of 36.18(9) ° with the crystallographic bc 

lane and an angle of 72.36(16) ° with the O4 n atoms mean plane 

f the host of an adjacent (-0.5 + x, 0.5-y, -z) complex unit. The 

ide rim of the host is intruded by two secondary methoxy groups 

those of the 1 st and 7 th glucopyranose units) of this adjacent com- 

lex unit and by two primary methoxy groups (of the 6 th and 7 th 

lucopyranose units) of the host of the neighboring complex unit 

long the a -axis (-1 + x, y, z). 

A CSD search for crystal structures of similar unit cell, re- 

ulted in two DM- β-CD inclusion complexes (refcodes: XIXKUL 

nd COFLOY) that crystallize in the same space group ( P 2 1 2 1 2 1 ).

he XIXKU structure is a clathrate of 2,2 ′ -bithiophene with DM- 

-CD [26] crystallizing with the similar cage-type crystal pack- 

ng, whereas no crystal packing information could be found for 

he COFLOY structure which is the acetate-meta-toluene inclusion 

omplex in DM- β-CD [50] . 

.1.4. The structure of citral/ TM- β-CD inclusion complex 

The citral/TM- β-CD inclusion complex crystallizes in the or- 

horhombic space group P 2 1 2 1 2 1 . The asymmetric unit consists of 

ne TM- β-CD encapsulating one citral molecule. E- cital is found 

ith an occupancy factor of 0.7 whereas Z- citral with 0.3. E- cital 

s accommodated almost axially inside the hydrophobic cavity of 

he host with its aldehyde group towards the rim of the primary 

ethoxy groups of TM- β-CD and its aliphatic tail protruding from 

he secondary methoxy rim of TM- β-CD. On the other hand, Z - 

itral is found in a rather bent conformation, equatorially oriented 

long the wide rim of the host. The aliphatic tail and the aldehyde 

roup of the Z -citral both protrude from the secondary methoxy 

im of the host, the latter being hydrogen bonded with a water 

olecule located in the interspace of the complex units. This wa- 

er molecule, having the same occupancy with Z- citral (0.3), par- 

icipates in a network of 4 partially occupied water molecule sites 

s.o.f = 0.3 for each one) that bridges the adjacent complex units 

 Fig. 5 b). In any case, the guest occupying either the E - or the Z -

itral site, it is stabilized by closed shell interactions and CH … O 

onds with the encapsulant TM- β-CD, and by closed shell interac- 

ions with the host of the consecutive complex unit (1-x, -0.5 + y, 

.5-z) in the formed column (described below) along the crystallo- 

raphic b -axis ( Supplementary Table S1-IV). 

As it has been observed in almost all the structures of inclusion 

omplexes in TM- β-CD reported so far, the macrocycle of the host 

olecule in cr /TM- β-CD is severely distorted due to the absence 

f intramolecular hydrogen bonds between the secondary methoxy 

roups of the host and the induced-fit mechanism for the inclusion 

omplex formation. According to the geometrical features given in 

he Supplementary Table S2-IV (see also Supplementary Figure 

1 ), the etheric O4 n atoms that link the cyclodextrin residues with 

ach other form an elliptical heptagon with its long axis in the di- 
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Fig. 5. (a) (Left) The inclusion complex of cr /DM- β-CD forms monomers with guest:host stoichiometry of 1:1. Only the E -citral isomer (green, sof 1.0) is present inside the 

CD cavity. (Right) Crystal packing projection along the a -axis. Inclusion complex units are arranged according to a cage-type mode satisfying the self-inclusion tendency 

of DM- β-CD and (b) (left) the inclusion complex of cr /TM- β-CD forms monomers in a guest:host stoichiometry of 1:1. The E -citral isomer (green, sof 0.7) has an ‘axial’ 

orientation, whereas the Z -citral isomer (yellow, sof 0.3) is accommodated ‘equatorially’ inside the cavity hydrogen bonded with bridging water molecules. (Right) The 

crystal packing of the cr /TM- β-CD complex: inclusion complex units form columns along the b- axis and antiparallel columns are packed along the c -axis. 
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ection of the equatorially accommodated Z- citral. Five out of the 

even glucose units of the host illustrate positive tilt angles (dihe- 

ral angle between the O4 n mean plane and the mean plane of the 

4( n -1), C1 n , C4 n and O4 n atoms) pointing towards the interior of

he cyclodextrin macrocycle, while the other two point towards its 

xterior. The conformation of the primary methoxy groups of the 

ost, as it is indicated by the O5 n -C5 n -C6 n -O6 n torsion angles, is

auche-gauche ( gg ) for all residues, except for those of G1 and the 

artially occupied sites of G5 (sof = 0.5) and G7 (sof = 0.5) which

dopt the gauche-trance ( gt ) conformation. The primary methoxy 

roups of G1, G5 and G7 form the characteristic “lid” at the pri- 

ary rim of TM- β-CD that has been observed in the vast major- 

ty of TM- β-CD inclusion complex structures, forbidding the guest 

enetration through the primary rim and constraining its accom- 

odation towards the secondary rim of the host [51] . 
8 
The complex units of citral/TM- β-CD related by the crys- 

allographic symmetry of the twofold screw axis parallel to 

he crystallographic b -axis are arranged in a head-to-tail mode 

orming columns ( Fig. 5 b). Parallel columns are packed along 

he direction of the a -axis whereas antiparallel columns are 

acked along the direction of the c -axis. This crystal pack- 

ng is not rare for TM- β-CD inclusion complexes. A search in 

he CSD [44] , based on unit cell similarities, resulted the fol- 

owing four entries of permethylated β-CD inlusion compounds 

hat crystallize in the orthorhombic P 2 1 2 1 2 1 space group form- 

ng columns along the b -axis: (i) 2-Chloro-N-(ethoxymethyl)-N- 

2-ethyl-6-methylphenyl)acetamide/TM- β-CD (CIJVIC) [52] , (ii) p- 

odophenol/TM- β-CD (CAMPIP) [53] , (iii) (S)-p-methoxyphenyl/TM- 

-CD (SIBSIG) [54] and (iv) 3-cyclooctyl-1,1-dimethylurea/TM- β-CD 

OYAPIO) [55] . The cases of CAMPIP and OYAPIO resemble that of 
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Fig. 6. (a) RMSD over time for the two citral isomers in two distinct simulations ( E / αCD and Z / αCD) and (b) the distance plot between the O and C7 atoms of the guest 

molecule in both E / αCD and Z / αCD inclusion complexes. 
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Table 2 

Binding free energies and their standard deviations (kcal/mole) resulting from 

MM/GBSA analysis of the inclusion compounds of E -citral and Z -citral isomers 

in native α-CD (guest:host stoichiometry 1:2). 

E / αCD Z / αCD 

�E vdW 

-34.5 ± 1.7 -34.2 ± 1.7 

�E ele -2.8 ± 2.6 -3.6 ± 2.2 

�E GB 16.5 ± 2.3 16.9 ± 1.8 

�E surf -3.8 ± 0.1 -3.8 ± 0.1 

�G gas -37.2 ± 2.9 -37.7 ± 2.5 

�G solv 12.7 ± 2.3 13.1 ± 1.8 

�G ( GB ) 
a -24.6 ± 2.0 -24.6 ± 2.0 

T ��S -17.0 ± 3.8 -17.1 ± 2.1 

�G bind 
b -7.6 ±4.3 -7.5 ± 2.8 

�E vdW 

= van der Waals contribution from molecular mechanics 

�E ele = electrostatic energy as calculated by the molecular mechanics force 

field 

�E GB = the electrostatic contribution to the solvation free energy, calculated by 

G B model 

�E surf = nonpolar contribution to the solvation free energy, calculated by an 

empirical model 
a �G ( GB ) = �G solv + �G gas 
b �G bind = �G (GB) + T ��S 
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r /TM- β-CD as the asymmetric unit of both crystal structures con- 

ists of one host, one guest and four water molecules bridging the 

djacent complex units. 

.2. Molecular dynamics 

.2.1. Trajectory analysis for the citral/native-CD inclusion complexes 

Based mainly on the crystallographically determined atomic co- 

rdinates, five independent simulations with different initial struc- 

ures of citral/native-CD inclusion compounds were carried out at 

00 K and in explicit water solvent for almost 12 ns as described 

n paragraph 2.4. More specifically, the cases of the inclusion com- 

lexes of E / αCD and Z / αCD with guest:host stoichiometry 1:2 and

E / βCD, EZ / βCD and ZZ / βCD with guest:host stoichiometry 2:2,

ere studied. 

In the cases of the E / αCD and Z / αCD inclusion complexes, the

tarting models correspond to head-to-head α-CD dimers encapsu- 

ating E - or Z -citral guest molecules respectively. MD simulations 

howed that, in both cases, the guest remains encapsulated inside 

he dimeric cavity without changing its orientation. By tracking the 

osition and orientation fluctuations of the two isomers, E -citral 

eems slightly more stable inside the cavity. The root mean square 

eviations (RMSDs) over time from the crystallographically deter- 

ined initial pose, are presented for the two guests in Fig. 6 a. 

oreover, the plot of the distance between the aldehyde group (O1 

tom) and the isobutylenic group (C7 atom) of the guest in both 

 / αCD and Z / αCD complexes ( Fig. 6 b), indicates that, over the time

rame of the MD simulations, Z -citral adopts a more bent confor- 

ation than E -citral inside the apolar environment of the dimeric 

-CD cavity. 

In order to estimate the binding affinity of the inclusion com- 

lexes, we assigned the two α-CD hosts as the receptor of the sys- 

em and the citral isomer as the ligand. The results given in Table 2

ndicate the formation, mainly via van der Waals interactions, of 

qually stable inclusion complexes in both cases. 

For the inclusion complex of citral in native β-CD, although 

he crystallographic studies revealed the encapsulation of solely E - 

itral isomers inside the formed β-CD dimeric cavity with a 2:2 

uest:host stoichiometry ( EE / βCD), we also investigated by MD 

imulations dimeric β-CD complexes hosting two Z -citral ( ZZ / β- 

D) as well as one E -citral and one Z -citral guest ( EZ / βCD). 

In the EE / βCD case, the examination of the dynamic behavior 

f the guests revealed their tendency to rotate about the seven- 

old molecular axis of the hosts retaining their initial ‘axial’ ori- 

ntation in a stable β-CD dimer during the 12 ns simulation 

 Fig. 7 a). This dynamic behavior does not differ from that observed 

or citronellol/ β-CD [20] and geraniol/ β-CD [21] dimeric inclusion 

omplexes. However, a totally different situation has been recorded 

n the other two cases: The Z -citral in the EZ / βCD inclusion com-
9 
lex, flips over and it is found with its aldehyde group near the 

econdary rim of the respective host, adopting an ‘equatorial’ ori- 

ntation. Similar behavior is observed for the one of the two guests 

n the ZZ/ βCD inclusion complex ( Fig. 7 a). This dynamic behavior 

s a result of the ability of Z -citral to adopt, unlike E -citral, bent

onformations inside the hydrophobic environment of the β-CD 

avity as in the case of the α- CD dimer ( Supplementary Figure 

2 ). The RMSDs from the first frame over time for the two guests 

n the three simulations were plotted and given in Fig. 7 b. The ob-

erved variety of inclusion modes of Z -citral in the β- CD dimeric 

avity probably explains why neither EZ / βCD nor ZZ / βCD inclu- 

ion complexes were found in the crystalline state: the presence 

f different building blocks may hinder the formation and growth 

f such crystals. 

MM/GBSA analysis of the citral/ βCD inclusion complexes was 

erformed as follows: the system consisting of the two βCDs of 

he dimeric host and one of the two guests was used as a receptor, 

hereas the other encapsulated guest was used as a ligand, in each 

ne of the EE / βCD, EZ / βCD and ZZ / βCD cases. The results indicate

he formation of stable inclusion complexes mainly via van der 

aals interactions in all cases as the �G values are similar within 

he error margin of the method ( Table 3 ). By comparing these val-

es with those reported for the cases of β-citronellol/ β-CD and 

eraniol/ β-CD (form II) 2:2 inclusion complexes [20–21] , we end 

p with the following ascending order for the stability of these in- 

lusion complexes: citral / β-CD < geraniol / β-CD < β- citronellol / β- 
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D. Moreover, we notice that the absolute values of �G estimated 

or the inclusion complexes of citral in β- CD ( Table 3 ) are signif-

cantly lower than those estimated for the inclusion complexes of 

itral in α- CD ( Table 2 ) clearly indicating a more stable cr / αCD in-

lusion complex under the guets:host stoichiometries revealed by 

he determined crystal structures. 

.2.2. Trajectory analysis for the citral/methylated-CD inclusion 

omplexes 

The crystallographically observed E /DM βCD, E /TM βCD and 

 /TM βCD inclusion complexes were subjected to minimization and 
ig. 7. (a) Representative snapshots at 0 and 10ns for EE / βCD, EZ / βCD and ZZ / βCD inclu

hain (hosts), and (b) time evolution of RMSD for all non-H atoms of the two encapsulate

10 
ubsequent MD runs in order to examine the dynamic behavior of 

he E -citral in two different hosts (DM- β-CD and TM- β-CD) and 

he dynamic behavior of the E - and Z -citral isomers in the same 

ost (TM- β-CD). The RMSD plot for the guest obtained by these 

imulations ( Fig. 8 a, left) indicates a higher mobility of the E -citral 

n the TM- β-CD than in the DM- β-CD cavity. Visual inspection of 

he trajectories shows that the guest E -citral remains encapsulated 

axially’ inside the hydrophobic cavity of both hosts. However, DM- 

-CD host retains always its open cone conformation, due to the 

ntramolecular hydrogen bonds formed between its secondary hy- 

roxyls and methoxy groups of the adjacent glucose units. The lack 
sion complexes ( E- citral green; Z -citral yellow) shown as CPKs (guests) and paper 

d citral isomers in each one of the three inclusion complex cases. 
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Fig. 7. Continued 

Table 3 

Binding free energies and their standard deviations (kcal/mole) resulting from MM/GBSA analy- 

sis of the inclusion compounds (guest:host stoichiometry 2:2) of i) EE / β-CD dimer (model deter- 

mined by X-ray crystallography experiments), ii) EZ / β-CD dimer and iii) ZZ / β-CD dimer (models 

generated by Docking analysis). 

EE / βCD EZ / βCD ZZ / βCD 

E-citral_1 E-citral_1 E-citral Z-citral Z-citral_1 Z-citral_2 

�E vdW 

-28.4 ± 2.3 -27.8 ± 2.4 -27.0 ±2.6 -28.3 ±2.6 -27.5 ±2.8 -28.0 ±3.2 

�E ele -2.7 ± 2.3 -2.7 ± 3.0 -2.8 ±2.5 -5.9 ±4.6 -2.3 ±1.9 -4.3 ±3.6 

�E GB 14.4 ± 2.4 14.1 ± 2.9 13.5 ±2.8 17.5 ±4.3 13.0 ±2.5 15.7 ±3.4 

�E surf -3.7 ± 0.2 -3.6 ± 0.2 -3.5 ±0.3 -3.6 ±0.2 -3.5 ±0.2 -3.6 ±0.2 

�G gas -31.1 ± 3.3 -30.6 ± 3.9 -29.7 ±4.0 -34.2 ±5.2 -30.0 ±3.8 -31.9 ±4.4 

�G solv 10.7 ± 2.2 10.4 ± 2.8 10.0 ±2.6 13.9 ±4.3 9.5 ±2.3 12.2 ±3.3 

�G ( GB ) -20.4 ± 2.1 -20.1 ± 2.2 -19.7 ±2.4 -20.3 ±2.3 -20.6 ±2.3 -19.8 ±3.0 

T ��S -17.2 ± 1.9 -16.9 ± 2.7 -17.0 ±2.9 -17.7 ±2.1 -17.2 ±2.3 16.4 ±2.1 

�G bind -3.2 ± 2.8 -3.2 ± 3.5 -2.7 ±3.7 -2.6 ±3.2 -3.4 ±3.3 -3.3 ±3.6 
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Fig. 8. (a) RMSD over time for all non-H atoms of the encapsulated citral isomers (left) and the respective hosts (right) in each one of the three inclusion complexes 

( E /DM βCD, E /TM βCD and Z /TM βCD) and (b) representative snapshots of E /DM βCD, E /TM βCD and Z /TM βCD inclusion complexes at 0ns, 5ns and 10 ns during the 12 ns 

simulation. E- citral (green) and Z- citral (yellow) are shown as CPKs and methylated CDs as paper chains. Images were rendered with VMD. 
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Table 4 

Binding free energies and their standard deviations (kcal/mole) 

resulting from MM/GBSA analysis of the inclusion compounds 

of citral isomers with methylated cyclodextrins (guest:host sto- 

ichiometry 1:1). 

E /DM βCD E /TM βCD Z /TM βCD 

�E vdW 

-25.17 ± 2.09 -23.48 ± 5.41 -15.46 ± 9.19 

�E ele -0.16 ± 2.38 -4.42 ± 4.30 1.47 ± 2.17 

�E GB 6.92 ± 2.69 12.61 ± 4.10 3.68 ± 2.66 

�E surf -3.35 ± 0.20 -3.21 ± 0.54 -2.08 ± 1.11 

�G gas -25.33 ± 3.53 -27.90 ± 5.77 -13.99 ± 8.50 

�G solv 3.58 ± 2.61 9.40 ±4.13 1.61 ± 2.13 

�G (GB) -21.75 ± 2.09 -18.49 ± 4.79 -12.38 ± 7.74 

T ��S -16.39 ± 1.42 -16.87 ± 1.85 -11.71 ± 7.79 

�G bind -5.36 ± 2.53 -1.62 ± 5.13 -0.67 ±11.09 
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(

f these intramolecular hydrogen bonds in the case of the perme- 

hylated TM- β-CD results to a higher host macrocycle distortion 

s it is shown in the RMSD plot for the host molecules ( Fig. 8 a,

ight). The rigid form of DM- β-CD facilitates the ‘axial’ accommo- 

ation of the E -citral with the aldehyde group of the guest project- 

ng always through the primary rim and its aliphatic end located 

n the secondary rim of the host. Similar accommodation and dy- 

amic behavior has been observed for the inclusion complexes of 

- citronellol and geraniol in DM- β-CD [20–21] . On the other hand, 

he E /TM βCD inclusion complex is much less stable. The depth of 

mmersion of the encapsulated E -citral inside the flexible host cav- 

ty varies significantly during the MD simulation and although the 

uest retains its axial accommodation, after the 10 th ns, it escapes 

rom the hydrophobic cavity through the secondary rim of the host 

ntering in the aqueous environment ( Fig. 8 b). An even less sta- 

le inclusion complex is observed in the case of Z /TM βCD. Z -citral

s found crystallographically with an occupancy factor of 0.3, in a 

ent conformation, partially encapsulated in the TM βCD cavity and 

ccommodated ‘equatorially’ in the secondary rim of the host. MD 

imulations have shown that this inclusion mode is not stable as 

 -citral abandons completely the host’s cavity from its wide rim 

fter the 8 th ns ( Fig. 8 b). 

The estimated binding affinities by MM/GBSA analysis ( Table 4 ), 

or the three inclusion complexes with 1:1 guest:host stoichiome- 

ry, indicate that the stability of the inclusion complexes clearly 

ollows the order: E /DM βCD > E /TM βCD > Z /TM βCD. 

. Conclusions 

The crystal structures presented in this work confirm the inher- 

nt tendency of citral to form inclusion complexes in native α-, β- 

nd methylated β- CDs similar to the previously reported inclusion 

omplexes of other linear monoterpenes, like geraniol, citronellol 

nd linalool, in CDs [20–22] . 

The inclusion complex of cr / α- CD crystallizes in the P 1 space

roup forming channels along the c -axis. The cr / α- CD complex unit 

eveals the encapsulation of an E - or a Z -citral isomer (with oc- 

upancy of 0.4 and 0.6 respectively), which is accommodated axi- 

lly in the interface of the formed head-to-head α-CD dimer (1:2 

uest:host stoichiometry). The inclusion complex of cr / β- CD crys- 

allizes in the C 2 space group also forming channels along the c -

xis. Two highly disordered guest molecules, both being E- citral 

somers, are found axially accommodated inside a head-to-head β- 

D dimeric cavity, with their aldehyde group located in the pri- 

ary rim of the hosts (2:2 guest:host stoichiometry). 

MD simulations based mainly on the determined crystal struc- 

ures of the examined inclusion complexes, show that in a simu- 

ated aqueous environment, stable inclusion complexes of citral in 

oth native α- and β- CD are formed. Interestingly, in both cases 

he encapsulated Z -citral seems to adopt a more bent conforma- 
13 
ion than E-citral and thus it has the ability to alternate its ori- 

ntation in the wider β- CD cavity. MM/GBSA-calculations clearly 

ndicated a higher binding affinity in the case of the cr / α- CD than

he cr / β-CD inclusion complex. By comparing the binding affinities 

f the inclusion complexes of linear monoterpenes in β-CDs, that 

ave been estimated by MM/GBSA calculations and for the same 

:2 guest:host stoichiometry revealed by crystallography [20–21] , 

he ascending order of the �G values is: citral / β-CD < geraniol / β-

D < citronellol / β-CD. 

Regarding the citral inclusion complexes in methylated β- CDs, 

oth examined cr/ DM- β-CD and cr/ TM- β-CD crystallize in the or- 

horhombic P 2 1 2 1 2 1 space group with 1:1 guest:host complex 

nits arranged in a “head-to-tail” fashion forming antiparallel 

olumns. Only the E -citral isomer is found inside the DM- β-CD 

ith its aldehyde group protruding from the narrow rim of the 

ost, whereas both E - and Z -citral isomers are present in the TM- 

-CD having different occupancy factors, location and accommo- 

ation mode inside the host’s cavity. 

A structural comparison between citral inclusion complexes in 

ative ( α-CD and β-CD) and methylated (DM- β-CD and TM- β-CD) 

yclodextrins reveals that in the crystalline state, the rigid cavity 

f β-CD and DM- β-CD favors, in a 2:2 and 1:1 host:guest stoi- 

hiometry respectively, the inclusion of the E -citral which adopts 

n extended conformation and it is accommodated ‘axially’ in it. 

n the other hand, the Z -citral isomer, that adopts a more bent 

onformation upon encapsulation in the hydrophobic CD cavity, is 

ound only in the case of the cr / α-CD where the 1:2 guest:host 

toichiometry provides the space to accommodate the bent Z -citral 

nd in the case of the cr /TM- β-CD complex, where the bent Z -

itral is found accommodated ‘equatorially’ near the wide sec- 

ndary rim of the distorted host. MD simulations in aqueous en- 

ironment reveal a stable inclusion complex of citral in DM- β- 

D and a rather unstable in TM- β-CD, the ascending order of 

he binding affinities of these inclusion complexes as estimated by 

M/GBSA calculations being: Z /TM βCD < E /TM βCD < E /DM βCD. 
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