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ABSTRACT: Cyclodextrins are widely used in pharmacy, chemistry and other scientific disciplines, due to their
unique properties which are consequences of the special geometries of these compounds. The cyclic arrangements
of glucopyranose rings form structures where small and medium-sized molecules can be included. This inclusion
reaction is of high interest, because it may change the physico-chemical properties of the guest molecules and allows
the application of the involved compounds like drugs for a better delivery. Another important feature is the fact,
that a large number of cyclodextrin derivatives is existing, with different affinities to the guest molecules, different
thermodynamic properties and consequently a broad variety of applications. In the present review a short overview

will be given about the various structures, the applications, in particular as drug carriers.
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INTRODUCTION

Cyclodextrins (cyclomaltooligosaccharides, CDs)
are cyclic oligosaccharides consisting of glucopy-
ranose subunits linked by a-1,4-glycosidic bonds.
The so called “natural” CDs consist of six (cyclo-
maltohexaose, a-CD), seven (cyclomaltoheptaose,
Bp-CD) and eight (cyclomaltooctaose, y-CD) can
be obtained from enzymatic degradation of starch
by cyclodextrin glucosyltransferase (CGTase). The
arrangement of these linked glucopyranose units
leads to the formation of a ring. The shape of
these cyclic compounds depends on the number of
glucose units (n). (n) Primary hydroxyl groups
are located on one side of the rim at the cone,
whereas 2n secondary hydroxyl groups are arranged
on the opposite side of the ring. A more apolar
cavity consisting of CH groups and glycosidic oxygen
atoms is formed as a consequence of this particular
structure with an average diameter of 5A (a-CD),
6.2A (B-CD) and 7.9A (v-CD), respectively and a
thickness around 8 A [1-5].

Due to their unique structure CDs are able to
include small or medium-sized organic molecules.
This opens a huge field of applications in many
scientific disciplines, in particular as recipients in
pharmaceutical industry as drug carriers, for sol-
ubility enhancement and drug delivery. On the

www.scienceasia.org

Fig. 1 Deserts with a-cyclodextrin as additive (Cyclodex-
trin conference dinner, Saarbruecken 2014).

other hand the association protects the molecules
included in the cavity, leading to a stabilization of
the compounds against oxidation or interaction with
light, or masking of taste and odour. Moreover,
chemical properties are influenced, like the reactiv-
ity of the compounds, intramolecular processes and
spectral features. Some CDs are also used in food
(Fig. 1).
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Structure of CDs

The structures of the natural CDs were elucidated
extensively by X-ray crystallography including co-
crystallized water molecules [6,7]. Intra- and in-
termolecular hydrogen bonds can be found in the
cavities and around the molecules, influencing the
solubility of CDs. It has been observed that p-CD is
less soluble in water than other CDs (nine to eleven
times less soluble than other CDs). In addition to a
somewhat higher rigidity, intramolecular hydrogen
bonding leads to a lower solubilization entropy for
B-CD [8]. The influence of hydrogen bonding on
the solubilities of CDs is strongly supported by the
observation, that the solubility of all CDs is lower in
D,O, where the entropy-enthalpy balance, involved
in the dissolution is less favorable. The solubility
of CDs is also a consequence of self-assembling in
solution [9]. All these findings are consequences of
the strong interaction of CDs with water molecules,
partly as solvating molecules but also bound to the
interior of CDs.

Beyond the three “natural” CDs, a large number
of chemically modified CD derivatives have been
synthesized in order to extend the physico-chemical
properties and the inclusion capacity of the parent
CDs. Larger ring CDs have been synthesized and
investigated in detail [10]. Methylated CDs and
hydroxypropyl-CDs are widely synthesized as well
as many different mono-substituted CDs.

The shape of the CD’s interior differs depending
on the number of glucopyranose units. However,
substitution e.g. at the hydroxyl groups varies the
inclusion features of CDs, not only through the size
and the polarity of their cavities but also by the dis-
tinguishable flexibilities of the CDs themselves. For
example, full methylation of the primary and sec-
ondary hydroxyl groups causes a marked distortion
of the CD ring because it abrogates the intramolec-
ular hydrogen bonds to some extent [11,12]. The
resulting change of the shape of the cavity affects
the geometries of the molecules. Most of the
CD derivatives show a pronounced water solubility
and moreover, interestingly for 2,6-dimethyl-p-CD a
negative temperature coefficient of its solubility is
observed [13].

Theoretical concepts have been applied to an-
alyze the structural features of various CDs using
empirical calculations methods. A wide range of
symmetric and non-symmetric shape of structures
were found [14,15]. Semiempirical methods have
been also used for exploring the molecular geome-
tries, but the correct description of hydrogen bond-
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ing depends on the methods used, which makes the
obtained results doubtful to some extent. Increasing
computational facilities make it possible to apply
ab initio and density functional theory methods to
describe structures and energy differences between
various conformations of CDs in the gas phase. Sym-
metric structures with homodromic intramolecular
hydrogen bonds at the rim have been found [16],
the global minimum as a closed form with two
hydrogen bond rings could not be evaluated experi-
mentally up to now, probably because of experimen-
tal difficulties.

As the solvent plays an essential role for the ge-
ometries of CDs, empirical force field-based molec-
ular dynamics methods are the most important
methods for the determination of the geometries
and the investigation of the dynamical behavior of
CDs alone as well as for CD inclusion complexes.
An extensive MD study on p-CD in water shows
the presence of 3-5 slightly bound water molecules
inside the cavity [17,18]. A detailed analysis of
the conformation and the conformational changes-
derived entropy is presented in the paper of Suarez
and Diaz [19] not only for the parent CDs but also
for a p-CD inclusion complex. They performed a
quite extended 5 ms MD simulation on the geome-
tries to explore the dynamics and the conforma-
tional space of the natural CDs. A survey about
MD simulations and also other theoretical molecu-
lar modeling methods, mainly of CD complexes is
given [20].

Particularly, large ring CDs appeared to be a
challenge for the MD simulations, as the flexibility of
these ring systems is rather complicated. Such large
ring systems were investigated by Gotsev et al [21].
Another systematic study was performed on CD10
(10 glucopyranose subunits in the ring system),
where various force fields have been tested by
replica exchange molecular dynamics [22]. Flipping
of the glucopyranose subunits in the ring system
in dependence on the temperature was observed
and analysed. The same method was applied on
CD14 ring system, where the various modes of
intramolecular motion could be identified [23].

Beyond the three “natural” CDs, and the large
ring systems, chemically modified CD derivatives
have been developed in order to extend the physico-
chemical properties and the inclusion capacity of
CDs. A survey of various CD derivatives is given
elsewhere [24]. Evidently, the shape of the CD’s
interior differs depending on the number of glucose
units, but, however, substitution, e.g. at the hy-
droxyl groups varies the inclusion properties of the

www.scienceasia.org


http://www.scienceasia.org/
www.scienceasia.org

256 ScienceAsia 46 (2020)

AGblndmg: AECDSP_ AEi:onf,SF’_ AEconf,CD - MESD'V -ZTAS

Q

AECUI’If SP
TASccnf SP

AEsnlv SP)
TASSDN P

AEgonco TASsolv cD

AEconf.CD
TASconf CD

DEcosp |
TASCD sP

AEso\v SP-CD |rﬂssolv‘5P-CD

$ AG binding

CDso\v

Su\\l

SP-CDgq

Fig. 2 Elementary steps of the inclusion reaction of spironolactone and p-cyclodextrin. The energies of each step
are given. The total solvation energy (AAE,,,) consists of the three solvation processes. The sum of the entropic
contributions (XTAS) is the summation of all entropic terms.

ring systems, not only by the size and polarity of
their cavities but also by different flexibilities and
distortion of the systems. Hydroxypropyl substi-
tution at one hydroxyl group of each glucose unit
results in an interesting CD which is also used rather
often [25]. The main problem of many substituted
CDs is the fact, that the purification is rather difficult
and so, particular on industrial scale, the available
CDs are mixtures with an overall average value of
substitution. However, the solubility of such com-
pounds is high and in most cases the complexation
affinity is larger than that of the parent compounds.

Cyclodextrin inclusion complexation

A wide variety of small and medium-sized molecules
can be included in the CDs cavities. No covalent
bond is formed, the association or “host-guest inclu-
sion complexation” is a consequence of the interac-
tion of the guest molecules with the cavity of the
host molecules. The specificity of this “molecular
recognition” lies between unspecific interactions of
a solute with the solvent — solvation — and highly
specific receptor interactions [26,27]. The driving
forces for the inclusion complexation are hydropho-
bic, van der Waals and electrostatic interactions as
well as hydrogen bond formation abilities [28].
The association complexation changes the prop-
erties of the guest molecules to a large extent which
is broadly used in many applications of CDs in en-
vironmental and technical chemistry, in biology and
food chemistry, as well as in pharmacy and phar-
maceutical technology. Stereospecific separations of
diastereomers and optical isomers, extraction of nat-
ural products, protection of unstable compounds,
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e.g. light-, temperature- or oxidation-sensitive sub-
stances, masking of odour or taste are caused by
complexation with CDs. Moreover, emulsification of
highly polar compounds, modifications of catalytic
activities and support in organic syntheses are topics
which make CDs indispensable excipients in many
scientific disciplines.

The association constants and the subsequent
thermodynamic parameters characterize the bind-
ing ability of included compounds. The overall bind-
ing constants can be measured by many different
methods. One most popular is the solubility method
where the equilibrium constant can be calculated
from concentration of the guest molecule with rising
concentration of CD [29]. Another rather efficient
method is the use of caloric methods, e.g. isother-
mal calorimetry [30,31]. The overall inclusion
reaction consists of several elementary steps. A
scheme of these elementary steps together with the
corresponding thermodynamic is given in Fig. 2 for
the complexation of spironolactone, a compound of
rather low solubility and of very high affinity to -
CD. After dissolution of solid spironolactone, the sol-
vation shell has to be removed and conformational
change need to take place before the compound is
able to interact with the CD’s interior [32]. The
energetic parameters of these elementary steps are
given by AH,)y, AEg—sp and AE ¢ gp in Fig. 2.

For CD the solvation shell and the water
molecules inside the cavity have to be removed,
too (AE,,), followed by the final solvation of the
complex (AEg,,, SP-CD). Each elementary step is
associated with an energy difference accompanied
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by reaction entropy changes. Most of the single
processes depend on the guest molecular and the CD
used. Under special circumstances changes of the
energetics of the individual steps result in changes
of the reaction mechanisms. Thus, the inclusion re-
action of spironolactone exhibits a rather high com-
plexation constant. Enthalpy-entropy compensation
is observed for -CD, whereas for 2,6-dimethyl-f3-
CD the contribution of the reaction entropy to the
overall free energy is of opposite sign [32].

Numerous papers have been published describ-
ing the thermodynamics of the interaction between
CDs and guest molecules [33,34]. In particular,
many thermodynamic data of organic compounds
complexed to CDs are given in investigations pub-
lished by Rekharsky [35,36]. The experimentally
observed complexation constants range over six or-
der of magnitude. The overall reaction enthalpies
and entropies can be determined from the temper-
ature dependence of the equilibrium constants or
from calorimetric experiments for the detailed char-
acterization of the complexes. The reaction entropy
plays an essential role in the thermodynamics of
this type of bimolecular reactions. Enthalpy-entropy
compensation is recognized in many cases [37].

Based on the large amount of available exper-
imental data, models for predicting the association
constants or the related free energies of complexa-
tion have been developed. The aim of such studies
is not only to select convenient CDs for a potent
complexation of a distinct compound, but also to
get some insight into the parameters influencing the
affinity between host and guest molecules. Pre-
diction models for the free energy of complexa-
tion using several molecular descriptors were estab-
lished [38, 39], an approach predicting the binding
capacity was published just recently [40], and also
artificial neural networks were used to predict affin-
ity of hosts-guest interactions [41]. Most of these
investigations consider only basic CDs.

As already mentioned before the overall re-
action of the bimolecular process consists of
many elementary steps. Depart from the scheme
given in Fig. 2 the reaction between a com-
pound and CDs follows many local minima on
the energy hypersurface, before the global mini-
mum, the energetically stable inclusion complex,
is reached. A careful analysis of the reaction
path of the inclusion of a-mangostin into f-
cyclodextrin, 2,6-dimethyl-p-cyclodextrin (DMBCD)
and hydroxypropyl-f-cyclodextrin (HPRCD) was
performed just recently [42]. By an extensive
Molecular Dynamics simulation (over 500 ns sim-
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ulation time in water) it was shown, that on the re-
action pathway from the isolated molecule many as-
sociation complexes were formed, where the guest
compound is located at various positions outside the
CDs rim as well as at different geometries inside
the cavity. Moreover, it could be recognized, that
the reaction diagram was different for the individual
CDs, also because the binding free energies are re-
markably different for the three CDs. DMPCD forms
stronger inclusion complexes as HPRCD. 3-CD forms
the weakest complexes of the three considered CDs.
This finding was proven also experimentally, where
the measured association constants follow the same
trend.

Drug-cyclodextrin complexes

The importance of the applications of CDs in phar-
macy is discussed in many reviews. A review on
historical perspectives of the use of CDs in pharmacy
is published [43]. General overviews are given
in a series of review articles [44-48]. Other ex-
tended reviews describe the solubility enhancement
of poorly water-soluble drugs and the subsequent
increase of bioavailability and efficiency of the ac-
tive compounds as well as facilitating of their con-
trolled release in numerous investigations [49-52].
Special applications of CD inclusion complexation
are also described for many cases [53-55]. In
the pharmaceutical fields, CDs were widely used to
improve the stability and solubility of the insoluble
drugs in water or organic solvent-water mixtures
through molecular encapsulation. The ability of
encapsulation of CDs with drugs strongly depends
on the structural nature of CDs.

The structures of drug-CD inclusion complexes
are investigated and described in a huge number
of publications, some recent crystallographic studies
as well as Molecular Dynamics investigations are
given here [56-59]. As the inclusion complexation
of CDs is used to improve the solubility of apolar
compounds with low solubility in water the con-
centration of inclusion complexes is in many cases
much higher than the saturation concentration of
the compounds alone. The dissolution rate of the
considered compounds depends on many parame-
ters, like particle size, stirring of the heterogenous
solution, temperature and so on.

The mechanism of CD inclusion of low soluble
compounds is rather complicated. As an example
the pronounced solubility enhancement of nabilone
should be mentioned. Nabilone is a synthetic
cannabinoid and is used against nausea caused by
chemotherapy treatment [60,61]. The solubility in
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Fig. 3 Inclusion complex of nabilone and 2,6-dimethyl-f3-
cyclodextrin. The minimized (M06-2X/6-31G(d,p) struc-
ture of the complex is given. Nabilone in sticks, the solid
surface of the CD derivate (USCF Chimera 1.14)

pure water is lower than 10~ mol/l. The solubility
is increased to some extent by encapsulation by f3-
CD, but complexation with 2,6-dimethyl-CD leads to
a tremendous higher concentration of the drug [62].
A structure of the complex between nabilone and
2,6-dimethyl-CD obtained from quantum mechani-
cal minimization (M02-2X/6-31G(p,d)) is depicted
in Fig. 3.

The dissolution of a low soluble compound
is performed by stirring the heterogenous system
(solid compound and CD solution) for several hours.
In the case of nabilone first an increase of the
concentration of nabilone is observed but later on
the concentration of the complex — and of nabilone
- is decreased again. The reason for this behaviour
results from the formation of several different ag-
gregates between CDs as well as between CD com-
plexes [9,47], some have a rather low solubility
which leads to precipitation of the complexes aggre-
gates. A scheme of possible aggregates is given in
Fig. 4.

Such a solubilization behaviour is also observed
for other cannabinoids [63]. Another example is
the solubility profile of dexamethasone where the
v-CD inclusion complex has only a limited solubility
and therefore, this complexation does not lead to an
increase of the concentration of the drug. The appli-
cation of randomly substituted hydroxypropyl-y-CD
in contrary leads to a tremendous increase of the
drug concentration in s olution [47,64, 65]. Inter-
esting cyclodextrin derivatives are also cyclodextrin
derivatives with different amounts of substitutions
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of sulfobutylether sodium salt. These compounds
are applied to increase the solubility of many drug
molecules [66, 67].

A broad field of applications of CD inclusion
complexation is opened by the copolymerization
of B-CD. The polymerization with many different
monomers, with different functional groups and
cross-linkers leads to a series of compounds with
various properties. A review about these com-
pounds and their applications has been published
recently [68].

Cyclodextrin-drug complexes at the cellular
membrane

Solubility enhancement and subsequent increase of
bioavailability are the main aims of the use of CDs as
pharmaceutical recipients. Beyond this increase of
the concentration of biologically active compounds,
CDs may also support the transfer of drugs through
the cellular membranes. CDs and CD complexes are
not able to penetrate the membrane system with-
out destroying the membrane structure, but they
interact with the membrane surface [69-71]. They
influence e.g. the composition of the membrane by
extraction of cholesterol. The transport of drugs
to the lipid bilayer surface has been investigated
in many studies. In a recent study is has been
shown, that various cyclodextrin derivatives interact
in a different way at the membrane surface [72, 73],
and enable the penetration of the drug through the
membrane to some extent.

Cyclodextrins as medicinal applications

For a number of years it is already known that
cyclodextrins (CDs) can be used not only as ex-
cipients in drugs but also as active pharmaceutical
ingredients (API) for special diseases. The most im-
portant mechanism of action is the complex binding
of CDs with cholesterol located in biomembranes
followed by the complexation of drug substances.
For native CDs as well as some derivatives, like
hydroxypropylated CD, randomly methylated CD
or modified gamma-CD (Sugammadex) biological
activities are proven.

For oral administration of native CDs there are
almost no restrictions, according to the rules of
the Food and Drug Administration (FDA) they have
“GRAS” status which means that they are recognized
as save for human use; only the intake of p-CD
is limited to a maximum of 5 mg/kg/day. a-CD
was included in the European Union Register on
nutrition and health claims in 2013 and approved
for reduced post-meal glycemic responses [74]. For
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Fig. 4 Scheme of the various aggregations of nabilone — 2,6-dimethyl-3-CD. 1 and 2: inclusion complex (1:1, 2:1), 3

to 10 association complexes, 11 nabilone in solution, 12 nabilone dimer, 13 CD, 14 CD dimer, 15 solid nabilone. Some
of these aggregates might have a lower solubility. Colored in blue = CD, colored in purple = nabilone molecule.

parenteral applications native CDs are not recom-
mended by the European Medicines Agency (EMA),
only 2-hydroxypropyl-p-CD, 2-hydroxy-propyl-y-CD
or Sugammadex are approved as biocompatible ex-
cipients or drug substances.

Hereafter, only examples of successful medical
applications in humans are described in details.

Due to the high binding capacity of native CDs
and modified CDs to cholesterol they are good can-
didates for antiviral drug substances; such a new
type of an antiviral drug may disrupt the outer
shell of the virus and destroys the integrity of the
particle [75]. CDs modified with mercaptoundecane
sulfonic acid are highly biocompatible and showed
in vitro and in an animal model a limitation of
viral replication, including herpes simplex virus,
respiratory syncytial virus, Dengue virus and Zika
virus [76,77]. All these promising data could be a
first step in the development of a vaccine against the
new coronavirus.

Clinical trials are still ongoing with
hydroxypropyl-p-cyclodextrin for the treatment
of the rare kidney disease named Focal Segmental
Glomerulosclerosis, where the CD removes excess
cholesterol from the kidneys [78].

The Niemann-Pick Type 1 disease (NPC1) is
a progressive autosomal recessive disease caused
by defective intracellular cholesterol and lipid traf-
ficking.  Currently, there are no therapies ap-
proved by FDA or EMA, but it could be shown that
hydroxypropyl-p-cyclodextrin given by intrathecal
injections results in a stabilization of the neurolog-
ical functions. Though the mechanism of action
remains unknown, there is evidence that the cy-

clodextrin binds to lysosomal cholesterol [79]. Or-
phan designation for hydroxypropyl-p-cyclodextrin
had been granted in the United States and in the
European Union [80].

The modified v-cyclodextrin Sugammadex
(Bridion®; Cyclooctakis-(1—4)-[6-S-(2-carboxy-
ethyl)-6-a-D-glucopyranosyl] sodium salt) is
used to reverse the neuromuscular blockade of
the muscle relaxants rocuronium bromide and
vecuronium bromide in adults undergoing surgery.
It is given as a single bolus injection intravenously
up to 4 mg/kg body weight. The date of issue
of marketing authorization valid throughout the
European Union was 07/2008 [81].
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