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ABSTRACT

Cyclodextrins (CDs) are widely used as enabling pharmaceutical excipients, mainly as solubilizing com-
plexing agents. CDs are cyclic oligosaccharides with hydrophilic outer surface and a somewhat lipophilic
central cavity. In aqueous solutions CDs are able to solubilize lipophilic drugs by taking up some lipophilic
moiety of the drug molecule into the central cavity, i.e. through formation of hydrophilic inclusion com-
plexes. Recently it has been observed that that other types of CD complexes, such as non-inclusion
complexes, are also participating in the CD solubilization of poorly soluble drugs. However, in aque-
ous solutions CDs are also able self-assemble to form nanosized aggregates that can contribute to their
solubilizing properties. At low CD concentrations (at about 1%, w/v) the fraction of CD molecules forming
aggregates is insignificant but the aggregation increases rapidly with increasing CD concentration. Also,
formation of CD complexes can increase the tendency of CDs to form aggregates and can lead to formation
of micellar-type CD aggregates capable to solubilize poorly soluble compounds that do not readily form
inclusion complexes. In this article formation of CD aggregates and CD nanoparticles is reviewed with

emphasis on the physicochemical properties of self-assembled CDs and CD complexes.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

In its most simple form pure drug nanoparticles are being used
to increase apparent aqueous solubility and oral availability of
poorly soluble drugs but more sophisticated nanoparticles can be
applied to target drug delivery to specific cells or tissues, or as
vehicles for gene delivery, after parenteral administration (Davis
and Brewster, 2004). Nanoparticulate drug delivery systems can
improve drug bioavailability, reduce drug immunogenicity, modify
drug metabolism, reduce drug toxicity, and increase biological half-
life of drugs after systemic administration (De Jong and Borm, 2008;
Sanvicens and Marco, 2008). In aqueous solutions carbohydrates
and oligosaccharides self-associate to form aggregates (Patel et al.,
2007). Cyclodextrins (CDs) are oligosaccharides that are used as
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enabling excipients in numerous marketed drug formulations. CDs
are known to form nanosized aggregates in aqueous solutions and
thus have the potential to develop in to sophisticated drug deliv-
ery systems. In this article the currently available literature on CD
aggregates and CD nanoparticles is being reviewed with empha-
sis on the physicochemical properties of self-assembled CDs and
CD complexes. Recently Trichard, Duchéne and Bochot reviewed
dispersed systems, such as self-assembled polymeric CD nanopar-
ticles and amphiphilic CD nanoparticles, which are not covered in
this short review (Trichard et al., 2006).

Classification of particulate drug delivery systems is primarily
based on their particle diameter (Fig. 1). Microparticles usually refer
to particles with diameter between 0.1 and 100 wm and nanopar-
ticles to particles with diameter between 1 and 100 nm although
in drug delivery nanoparticles can have diameter up to 1000 nm
(Kreuter, 1994). Particulate drug delivery systems are also classified
according to their characteristics and composition. For exam-
ple, liposomes, microemulsions, dendrimers, carbon nanotubes
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Fig. 1. The size distribution of nanoparticles, microparticles, microemulsions and
liposomes in relation to various naturally occurring phenomena.

and nanoparticles are different classes or types of nanoparticu-
late delivery systems (Sanvicens and Marco, 2008). Liposomes are
phospholipid vesicles with diameter between 50 and 100 nm with
bilayer membrane structure similar to that of biological mem-
branes while microemulsions have micellar droplets with diameter
between 5 and 140nm. Dendrimers are repeatedly branched
molecules (diameter <15 nm) characterized by their central core,
an internal region and numerous terminal groups. But carbon nan-
otubes are members of the fullerene structure family consisting
of graphite sheets rolled up into cylinders with length less than
100 nm. Nanoparticles can be divided into nanospheres (e.g. drug
in macromolecular matrix) and nanocapsules (e.g. macromolecu-
lar coated drug particles). The macromolecules can be natural, such
as albumin, chitosan, gelatin and starch, or synthetic like polylac-
tic acid. Still another class of particulate drug delivery systems
is the self-assembled particulates that cover not only previously
mentioned liposomes and microemulsions, but also non-surfactant
self-assemblies like oligosaccharide nanoparticles, including CD

aggregates. However, naturally occurring nanosize particles such
as viruses and incidental colloidal particles are commonly excluded
from the term ‘nanoparticle’. Also, nanoparticle drug delivery sys-
tems should consist of at least two components, one of which
is a therapeutically active ingredient (De Jong and Borm, 2008).
Many nanoparticulate systems consist of particles or droplets with
diameter less than 1/4 of the wavelength of the visible light (i.e.
380-750nm) and thus dilute aqueous solutions containing such
systems appear to be clear solutions to the naked eye. In con-
trast, microparticulate systems frequently scatter light and appear
turbid. Self-assembled CD aggregates frequently have diameter of
about 100 nm (Fig. 1).

2. Cyclodextrins and their chemistry

When starch is degraded by cyclomaltodextrin glucanotrans-
ferase (EC 2.4.1.19) one of several turns of the amylose helix is
hydrolyzed and the ends joint together to form cyclic oligosac-
charide called cyclodextrin (CD). The glucose units are linked by
a-1,4-bonds and the chair formation of the glucopyranose units
shapes the CD molecule into a cone with secondary hydroxyl
groups extending from the wider edge and the primary groups
from the narrow edge (Table 1) (Saenger et al., 1998). In aque-
ous solutions these hydroxyl groups form hydrogen bonds with
water making CDs soluble in water. Another feature of the CD struc-
ture is the somewhat lipophilic central cavity enabling them to
form guest/host type of inclusion complexes. The lipophilicity of
their central cavity is comparable to an aqueous ethanolic solution
(Fromming and Szejtli, 1994). Most abundant natural CDs con-
sist of six (aCD), seven (3CD) or eight (yCD) glucopyranose units.
Although the natural CDs and their complexes are hydrophilic, their
aqueous solubility is rather limited, especially that of BCD. This is
thought to be due to relatively strong binding of CD molecules in
the crystal state (i.e. relatively high crystal lattice energy) (Loftsson
and Brewster, 1996), and intramolecular hydrogen bond within
the CD molecule, preventing their hydrogen bond formation with
surrounding water molecules (Coleman et al., 1992). Random sub-
stitution of the hydroxyl groups, even by hydrophobic moieties

Table 1
Physicochemical properties of the natural aCD, BCD and yCD.
do
di secondary OH-groups

/
h / «— a1,4linked glucopyranose units

primary OH-groups

Property

a-Cyclodextrin 3-Cyclodextrin v-Cyclodextrin

Molecular weight of anhydrous compound (dalton):
Number of glucopyranose units:

Number of water molecules present in the stable hydrates of the CD lattices (Sabadini et al., 2006):

Total number:
Inside the cavity:

Approximate dimensions (nm) (Dodziuk, 2006):
Height (H):
Inner diameter (di):
Outer diameter (do):

Solubility in water at 25 °C (mg/ml) (Sabadini et al., 2006):
Ki:1 (population mean + standard deviation, 25 °C) (Connors, 1995, 1997):

973 1135 1297

6 7 8

6.4 9.6 14.2

2 6 8.8

0.78 0.78 0.78

0.50 0.62 0.80

1.46 1.54 1.75
129.54+0.7 18.4+0.2 249.2+0.2
130+8 490+8 350+9
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Fig. 2. a-1,4-linked D-glucopyranose units in cyclodextrins (n=1 aCD; n=2 3CD;
n=3 yCD), showing the primary hydroxyl group in position C(6) and the two sec-
ondary ones in positions C(2) and C(3).

like methoxy functions, will convert the crystalline solids into
amorphous mixture of CD isomers resulting in dramatic improve-
ments in their aqueous solubility. CD derivatives of pharmaceutical
interest include the hydroxypropyl derivatives of BCD and yCD
(i.e. HPBCD and HPyCD), the randomly methylated-3CD (RMBCD),
sulfobutylether-BCD (SBERCD), and the so-called branched CDs
such as glucosyl-BCD (Loftsson and Brewster, 1996; Brewster and
Loftsson, 2007).

Analysis of the crystal structure has shown that the cyclic struc-
ture of the CD-molecule is stabilized by intramolecular hydrogen
bonds between the secondary OH-groups in position C(2) and
C(3) of adjacent glucopyranose units (Bas and Rysanek, 1987). The
secondary OH-groups assume defined orientations but the pri-
mary OH-groups are quite flexible and able to rotate in about the
C(5)-C(6) bond (Fig. 2). Number of water molecules present in the
stable hydrates of the CD lattices ranges from 6.4 for aCD to 14.2
for yCD (Table 1).

No covalent bonds are formed or broken during formation of
guest/host inclusion complexes in aqueous solutions and guest
molecules are in rapid equilibrium with free molecules in the
solution. The driving forces for the complex formation include
release of enthalpy-rich water molecules from the cavity (i.e. water
molecules that cannot have a full complement of hydrogen bonds),
van der Waals interactions, hydrophobic interactions, hydrogen
bonds, electrostatic interactions, release of conformational and
steric strain as well as charge-transfer interactions (Loftsson and
Brewster, 1996; Liu and Guo, 2002). Physicochemical properties
of free guest molecules are different from the complexes where
the molecules are bound to the host (i.e. the CD) molecules. Like-
wise, the physicochemical properties of free host molecules are
different from those in the complex. Any methodology that can
be used to observe changes in additive physicochemical proper-
ties can, in theory, be utilized to determine the stoichiometry of
the complexes formed and the numerical values of their stability
constants (Hirayama and Uekama, 1987; Brewster and Loftsson,
1999; Hirose, 2001). These include changes in solubility, shifts in
UV/vis absorbance, changes in chemical reactivity, as well as in flu-
orescence, NMR, drug retention (e.g. in liquid chromatography),

Ap

Substrate solublity

ﬁ

Ligand concentration

Fig. 3. Phase-solubility profiles and classification of complexes according to Higuchi
and Connors (1965). Sy is the intrinsic solubility of the substrate (i.e. the drug) in the
aqueous complexation media, i.e. the solubility when no ligand (i.e. CD) is present.

pK, values and potentiometric measurements, changes in chem-
ical stability and effects on guest permeability through artificial
membranes. Furthermore, since complexation will influence the
physicochemical properties of the aqueous complexation media,
methods that monitor these media changes can be applied to study
the complexation. For example, changes in osmotic pressure, deter-
minations of freezing point depression, vapor pressure lowering,
viscosity measurements and calorimetric titrations. However, only
few of these methods can be applied to obtain structural informa-
tion on the guest/host complexes.

The Higuchi-Connor classification of the complexes is based on
their phase-solubility diagrams, i.e. how the apparent solubility of a
solute molecule (e.g. drug molecule) changes with increasing con-
centration of dissolved ligand (e.g. CD) due to enhanced aqueous
solubility of the complex formed (Fig. 3) (Higuchi and Connors,
1965). In aqueous solutions A-type phase-solubility profiles are
obtained when the solubility of the solute increases with increasing
ligand concentration through formation of water-soluble com-
plexes. When the complex is first order with respect to solute and
first or higher order with respect to ligand then A -type phase-
solubility profile is obtained. If the complex is first order with
respect to the solute but second or higher order with respect to
ligand then Ap-type phase-solubility profile is obtained. Ay-type
phase-solubility profiles can be difficult to interpret but the nega-
tive deviation from linearity may be associated with ligand-induced
changes in the dielectric constant of the aqueous complexation
media, changes in complex solubility or aggregation of the lig-
and molecules. B-type phase-solubility profiles indicate formation
of complexes with limited solubility in the aqueous complex-
ation media. In general, the water-soluble CD derivatives form
A-type phase-solubility profiles while the less soluble natural CDs
frequently form B-type profiles. The phase-solubility profiles do
not verify formation of inclusion complexes. They only describe
how increasing CD concentration influences drug solubility. To
distinguish between inclusion and other types of complexes exper-
imental results from phase-solubility studies have to be supported
by other experimental results from, for example, UV/vis, fluores-
cence and/or NMR studies (Loftsson et al., 2002a, 2004). The most
common type of drug/CD complexes is the 1:1 drug/CD complex
(D/CD) where one drug molecule (D) forms a complex with one CD
molecule (CD):

Ki:1
D+CD=D/CD (M

Under such conditions an Ap-type phase-solubility diagram,
with slope less than unity, would be observed and the stability con-
stant (K;.1) of the complex can be calculated from the slope and
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intrinsic solubility (Sg) of the drug in the aqueous complexation
media (i.e. drug solubility when no CD is present):

slope

Kia = So(1 = slope)

(2)

The value of Kj.1 is most often between 50 and 2000 M~ with a
mean value of 129,490 and 355 M~ for aCD, BCD and yCD, respec-
tively (Connors, 1995, 1997; Stella and Rajewski, 1997; Rao and
Stella, 2003). For 1:1 drug/CD complexes the complexation effi-
ciency (CE) can be calculated from the slope of the phase-solubility
diagram (Loftsson et al., 2005):

[D/CD]
E="TeoT

CE is only a function of the slope and is not based on any par-
ticular substrate/ligand interaction. Thus, when selecting CD or
complexation conditions during formulation work it can frequently
be more convenient to compare the CEs than Kj.; value.

CDs are also able to form non-inclusion complexes where, for
example, the hydroxyl groups on the outer surface of the CD
molecule form hydrogen bonds with the drug of interest. It has
been shown that aCD forms both inclusion and non-inclusion
complexes with dicarboxylic acids and that the two types of
complexes coexist in aqueous solutions (Gabelica et al., 2002). Like-
wise acridine/dimethyl-BCD 2:1 complex is formed when a 1:1
acridine/dimethyl-BCD inclusion complex forms a non-inclusion
complex with a second acridine molecule (Correia et al., 2002) and
some 1:2 and 2:2 drug/CD complexes have been shown to con-
sist of a mixture of inclusion and non-inclusion complexes. This
could explain why the values of the equilibrium constants (i.e.
the K values) for the complex formation are sometimes concen-
tration dependent and why their numerical values are frequently
dependant on the method applied (Loftsson et al., 2002a, 2004).
However, in dilute solutions inclusion-type guest/host CD com-
plexes are probably more common than non-inclusion complexes.
In aqueous solutions CDs are not only able to form inclusion and
non-inclusion complexes, but also to form hydrogen bonds with
neighboring CD molecules.

slope

= S0 - Ki:1 ZW

(3)

Table 2
Some analytical methods that can be used to detect formation of CD aggregates.
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3. Self-aggregation of cyclodextrins

It has been known for some time that in aqueous solutions CD
molecules have the tendency to self-associate to form aggregates,
but the interest has gained momentum with recent advance-
ments in analytical technologies (Table 2). To the best of our
knowledge Miyajima and co-workers were first to suggest, based
on their experimental results that CDs self-associate in aqueous
solutions (Miyajima et al., 1983a, 1986). The activity coefficients,
as well as viscosity and density dependencies on aCD and yCD
concentrations, allowed the authors to warily assume that forma-
tion of CD dimers could possibly be the reason of the observed
deviations from ideality. For the next decade physicochemical,
pharmacokinetic and toxicological properties of CDs were inten-
sively investigated. During development of CDs as pharmaceutical
excipients and drug carriers many of their undesirable physico-
chemical properties were revealed and investigated, such as their
limited aqueous solubility (Coleman et al., 1992) and spontaneous
opalescence of aqueous CD solutions (Szente et al., 1998). The
necessity to defy these ‘undesirable’ CD features arose and series
of thoroughly planned studies were carried out by different teams
using a wide variety of methods, assuming self-aggregation as the
most probable explanation. Abundant data were obtained with
light scattering (LS) methods, both dynamic and static, as they yield
precious information on aggregate size and extent of aggregation
process in a solution. Fig. 4 summarizes the results of these LS
measurements conducted by different research groups (Coleman
et al., 1992; Gonzalez-Gaitano et al., 2002; Bonini et al., 2006; Wu
et al., 2006a). The general observation is that the aggregates of the
parent aCD, BCD and yCD tend to grow with increasing CD con-
centration. The largest aggregates are observed for $CD, which can
be up to several micrometers in diameter. The anomalously low
solubility of BCD is explained by the intensity of aggregate forma-
tion, which becomes notable at 3CD concentrations above 3 mM
(Bonini et al., 2006) and which is reversely proportional to hydra-
tion extent. It should be remembered that hydrogen bonds play
important role in both processes, i.e. solubilization and aggregate
formation. This explanation of low solubility of 3CD is furthermore

Technique

Description

Advantages

Disadvantages

Examples

NMR (nuclear magnetic resonance)

LS (light scattering)

TEM (transmission electron microscopy)

AFM (atomic force microscopy)

Osmolality

Investigation of the
electronic environment of
an atom and its interaction
with adjacent atoms

Determination of the
hydrodynamic radius (Ry,)
of a particle by the light
scattered from it

Direct imagining of a
sample by an electron
beam

Mechanical scanning of
particle surfaces

Determination of changes
in the freezing point
depression or vapor
pressure lowering due to
formation of particles

Very sensitive to changes
in the molecular
environment (e.g. forming
of inclusion complexes)

Direct observation of the
particle size

Image of the particles
showing their sizes and
shapes

Direct observation of the
particle size and shape

Indirect observation of
particle formation

Results can be difficult to
interpret, especially when
numerous atomic
interactions are being
investigated

Only Ry, is obtained not the
particle size and shape,
difficult to find acceptable
laser intensity that
produces reliable results
Concentrated solutions
produce signal noise;
filtration or centrifugation
of these solutions changes
their composition
Samples have to be solid
and coated with gold or
carbon

Cantilever must be able to
scan the sample without
scratching, particles must
be fixed for scanning

No information about the
particle shapes and sizes

Azaroual-Bellanger and Perly (1994)

Gonzalez-Gaitano et al. (2002)

Bonini et al. (2006)

Bonini et al. (2006)

Sakamoto et al. (2009)

Dagade et al. (2004)
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Fig. 4. An average size of native CD aggregates (n is the number of molecules) versus CD concentration observed by light scattering taken from literature (Coleman et al.,

1992; Gonzalez-Gaitano et al., 2002; Bonini et al., 2006; Wu et al., 2006a).

supported by several observations. For example, the substituted
BCDs show significantly increased solubility with decreased or
even abolished tendency of self-aggregation as in case of 2-methyl-
and 3-methyl-BCD (Coleman et al., 1992). Both RMBCD and HPBCD
show negligible aggregation at 12 mM while aggregate diameter
does not exceed 70 molecules (Gonzalez-Gaitano et al., 2002). Also,
when the pH of aqueous CD solutionsis increased to 12 or above, the
OH groups of the CD molecule become ionized resulting in dissoci-
ation of the CD aggregates. Finally, chaotropic additives that break
hydrogen bonds, such as urea or sodium chloride, cause notable
depression of the self-association (Hausler and Muller-Goymann,
1993; Szente et al., 1998). These evidences clearly indicate that OH-
groups of native CDs (Fig. 2) participate in self-aggregation rather
than solvation. Since hydrogen bonds are known to be both sat-
urable and direction dependent it is evident that intermolecular
hydrogen binding of 3CD molecules limits or prevents hydrogen
bond formation with water that leads to solubility depression. The
same explanation is valid for peculiarity of aqueous yCD solutions,
which are well-known to become spontaneously turbid at yCD con-
centrations of 8 mM (1%, w/v)or above (Szente etal., 1998). Arecent
publication illustrates well the relationship between yCD aggrega-
tion and physicochemical properties such as diffusion coefficient,
viscosity, activity coefficient and hydrodynamic radius (Ribeiro et
al,, 2008). It should be emphasized that formation of large aggre-
gates does not necessarily indicate extensive aggregate formation.
In pure aqueous CD solutions the fraction of molecules participat-
ing in aggregate formation is often very low. For example, the mass
contribution of the aCD-aggregates in aqueous 12 mM aCD solu-
tion does not exceed 0.8% (Gonzalez-Gaitano et al., 2002), that of
3CD only 0.0011% in 10mM in BCD solution (Wu et al., 2006b),

Table 3
Self-assembly of the natural aCD, BCD and yCD.

and that of yCD only 0.02% in 12 mM vyCD solution (Szente et al.,
1998).

Another interesting feature of CD aggregates is their shape,
which can be studied by a variety of microscopy techniques. This
aspect was recently thoroughly reviewed (He et al., 2008). Along
with spherical particles which can be observed in aqueous 3CD
and yCD solutions (Wu et al., 2006a,b) a wide spectrum of ‘exotic’
forms can be found. Especially wide variety of BCD aggregates have
been reported by Bonini et al. (2006) using Cryo-TEM technique. In
addition to spherical structures they found disks and large sheets
consisting of welded fibers. Perhaps, the most natural arrangement
of CDs in aggregates are long fibers (or rod, worm-like struc-
tures), that are organized similar to the channel type of CD crystal
structure, i.e. stacks of molecules oriented in all possible ways:
head-to-head, head-to-tail and tail-to-tail (Saenger et al., 1998). In
addition, due to dynamic properties of a liquid solution medium
and non-covalent binding abilities of CDs, such fibers can form
higher-order congregations as mentioned previously (Table 3).

Alternatively self-aggregation can be studied by monitoring
the colligative properties of CD solutions. This is based on the
fact that formation oligomeric structures inevitably affect physic-
ochemical properties such as vapor pressure, osmotic pressure,
freezing point and boiling point. A classical way of studying solute
aggregation is measurement solution’s osmolality, either by moni-
toring changes in its vapor pressure or the freeze-point depression
using pure solvent as a reference. The formation of aggregates
decreases the number of particles in comparison to ideal solution,
where the number of particles is equal to the number of non-
electrolyte molecules, and aggregation is manifested as negative
deviation of solution osmolality from its expected value. By mon-

Aggregate shapes Aggregate diameter at

given concentration

Analytical method

Weight fraction of CD References

forming aggregates

0.8% in 12 mM Coleman et al. (1992);
Polarz et al. (2001) and
Gonzalez-Gaitano et al.
(2002)

0.0011% in 10 mM Coleman et al. (1992);
Azaroual-Bellanger and
Perly (1994);
Gonzalez-Gaitano et al.
(2002); Bonini et al.
(2006); Wu et al. (2006b)
and Rossi et al. (2007)

aCD Spherical coils (elongated 68 £20nm (12 mM) DLS
nanostructures)
194+ 10nm (10 mM) DLS
BCD Spherical disks, sheets, 6nm (3 mM) TEM
welded fibers, rod or
worm-like structures
90 nm (3 mM) DLS
174438 nm (12 mM) DLS
No aggregates NMR
vyCD Spherical 112 £37nm (12 mM) DLS

Szente et al. (1998);
Gonzalez-Gaitano et al.
(2002); Wu et al. (2006a)
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itoring changes in osmolality as a function of CD concentration it
is possible to estimate both the osmotic and activity coefficients
of dissolved CD and determine its deviation from ideal CD solu-
tion. The method applied to obtain concentration dependencies of
physicochemical properties, and the way the results are treated
and interpreted, can be problematic. For example, Patel’s team
considered the negative concentration dependence of CD’s appar-
ent molar volume (¢y) and positive concentration dependence
of CD’s activity coefficients (y,) as descriptors of solute-solute
interaction, whereas Miyajima made the same conclusions based
on opposite behavior of the noted magnitudes (Miyajima et al.,
1983a; Dagade et al., 2004). The reason of such discrepancies can
be due to differences in assumptions and simplifications applied.
Different models often emphasize particular aspects of the method
applied while underestimating or ignoring other aspects, or apply
models that only relate to certain types of molecules such as
the Robinson-Stokes model of solute-solvent equilibria for linear
carbohydrates (Stokes and Robinson, 1966). Thermodynamic quan-
tities do reflect overall changes in the solution such as reordering of
solution structures and changes in hydration phenomena. Thus, all
detailed conclusions regarding aggregate formation based on these
thermodynamic studies have to be supported by other independent
methods. However, Patel’s team successfully applied different solu-
tion theories based on rigorous statistical mechanical notion like
McMillan-Mayer and Kirkwood-Buff (Dagade et al., 2004; Terdale
et al., 2006) to analyze solute-solute and solute-solvent inter-
actions in aCD and BCD aqueous solutions. They assumed that
both CD and water molecules were rigid spheres. Their results
agreed with light scattering and microscopy studies and showed
that solute—solute attractive interactions are considerably stronger
than solute-solvent ones, which was attributed to hydrophobic
interactions between BCD molecules. The presence of hydropho-
bic interactions between two or more aCD molecules in water has
been suggested based on partial molar excess entropy increase with
increase in temperature. This suggestion is further supported with
the results of the noted theories application (Terdale et al., 2006).
While several different research groups, applying various
experimental techniques, have shown that the parent CDs form
nanosized aggregates in aqueous solutions, the situation is not as
clear when it comes to the CD derivatives that can presently be
found in marketed products. Some of these derivatives, such as the
methylated or 2-hydroxypropylated CDs, demonstrate decreased
ability to form aggregates compared to their parent CDs. This
decreased ability can be explained in context of their hydro-
gen binding ability since replacement of the hydrogen atom in
native CDs’ hydroxyls by non-polar hydrocarbon groups leads
to loss of their proton donating properties. In addition, ran-
dom substitution of the OH-groups transforms the native CDs
to a mixture of isomeric derivatives. Statistically, for example,
there are about 130,000 possible heptakis(2-0O-(hydroxypropyl)-
B-cyclodextrin derivatives, and given that introduction of the
2-hydroxypropyl moiety also introduces an optically active cen-
ter, the number of total isomers (i.e. geometrical and optical) is
even much greater (Loftsson and Brewster, 1996). Furthermore,
CD derivatives of pharmaceutical interest, such as HPBCD, SBE3CD
and HPyCD, are mixtures of CD molecules with different degrees of
substitution (i.e. different molecular weights). This fact decreases
their ability to self-assemble to form crystalline aggregates. On the
other hand, derivatives such as HPBCD contain additional centers of
hydrogen bond formation (i.e. ether bridges), though less efficient
than the hydroxyls, in comparison to native CD. The derivatiza-
tion changes the physicochemical properties of the CDs resulting
in, for example, considerable increase in their aqueous solubility.
Hausler and Muller-Goymann applied several different methods
(viscosimetry, polarized light microscopy, DSC, TEM, tensiometry)
to study HPRCD behavior in aqueous solution. Anomalous increase

of viscosity observed beyond 50% (w/w), as well as surface tension
change at 0.5% (w/w), can be interpreted as either a consequence
of strong hydration (accompanied with water structure reorder-
ing) or aggregation. The authors incline to the last variant, which
was supported by TEM images showing 15-25nm sized parti-
cles in 50% solution (Hausler and Muller-Goymann, 1993). Later,
Gonzalez-Gaitano et al. (2002) used dynamic light scattering to
show that HPBCD has weak tendency to self-assemble to form
aggregates yielding particles with hydrodynamic radius of 62 nm
in aqueous 1.5% (w/w) solution. Thus, in spite of the presence of
numerous hydrogen binding centers in HPBCD molecules, its aggre-
gation ability is less pronounced than that of its parent analogue.
Possibly the 2-hydroxypropyl moieties are sterically less favor-
able for solute-solute hydrogen bonding. It has been shown that
the surface activity of amphiphilic CDs are directly proportional
to their hydrophilicity, i.e. the more hydrophobic the derivative is
the less thermodynamically stable nanoparticles are being formed
(Mazzaglia et al., 2002). In addition, hydrophobic interactions of
the substituents, rather than inclusion of hydrophobic chains, are
thought to be the driving force for aggregation of hydrophobi-
cally modified CDs such as hydroxypropyl-phenylglycidyl-3-CD
(Witte and Hoffmann, 1996). Thus, cohesion forces involving self-
aggregation of the CD derivatives can be expected to be weaker than
those of the native CDs and that the aggregates will collapse easily
under unfavorable conditions like temperature increase, inten-
sive shaking and sonication. For example, colligative properties of
both HPBCD and HPyCD in solutions showed only small deviations
from ideality at 37 °C, which was related to repulsion between CD
molecules (Zannou et al., 2001). The reason of discrepant observa-
tions made by the various research groups can be due to instability
of self-aggregates of the substituted CDs. Special attention must
be paid to both the methods applied and the experimental condi-
tions when experimental results from different sources are being
compared.

Experimental data obtained by studying aqueous solutions of
simple carbohydrates and oligosaccharides, such as of p-glucose,
maltose and maltotriose, were used in an effort to elucidate
the nature of interactions of CD molecules in aqueous solution
(Miyajima et al., 1983b). The viscosity and apparent molar volume
measurements showed that for oligosaccharides the solute-solute
interactions appear and tend to intensify with increasing temper-
ature, while for monomeric D-glucose these effects are practically
absent. Similar conclusions were made when osmotic properties
of glucose and sucrose solutions were investigated (Stigter, 1959).
Monosaccharides are flexible and thus readily hydrated via hydro-
gen bonds. Formation a-1,4 ether bridges (e.g. formation of maltose
and maltotriose) decrease the number of hydrogen binding sites
and limits rotational freedom of molecular moieties. This decrease
in hydrogen binding, together with increase of structural incompat-
ibilities of the oligomers with water, leads to hydration depression
and creates prerequisites for self-aggregation. In case of CDs the
geometric factors are even more profound. Furthermore, not only
CDs are believed to be able to form aggregates, but also their
guest/host complexes.

4. Aggregation of cyclodextrin complexes

Complexation changes the physicochemical properties of CDs,
including their ability to form aggregates. Formation of inclusion
complex with lipophilic guest molecules can convert a CD molecule
from a simple oligosaccharide to a surfactant-like molecule capa-
ble to form micellar-type aggregates. Also, poorly soluble guests
can participate in formation of guest/CD co-aggregates where the
molecules are kept together through non-inclusion complex forma-
tions. This makes the aggregation of CD complexes more diverse
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Table 4
Overview on aggregates of CD complexes.
CD Guest molecule Complex type Observing method Reference
BCD Trans-B-carotene Micelle-like LS/NMR Mele et al. (1998)
vCD Trans-(-carotene Micelle-like LS/NMR Mele et al. (1998)
Hydrocortisone Permeation Jansook et al. (2010)
HPBCD Non-steroidal drugs + Na-salts Micelle-like Magnusdottir et al. (2002)
Hydrocortisone Micelle-like Permeation Loftsson et al. (2002a)
Cholesterol Micelle-like Loftsson et al. (2002b)
Diflunisal Micelle-like Loftsson et al. (2002b)
HPyCD Hydrocortisone Permeation Jansook et al. (2010)
Parent CDs Surfactant Micelle-like Job plots Liptaj et al. (1995)
Hydrophobic CDs Surface-active guest Micelle-like Auzely-Velty et al. (2001)
CDs Fatty acids Micelle-like Microscopy Skiba et al. (1996) and Bochot et al. (2007)

leading new dimensions and designs of drug delivery systems
(Table 4).

The aggregation of CD complexes can be driven by guests,
especially by those guests that tend to self-aggregate themselves.
In particular, native CDs demonstrate more pronounced aggre-
gation when they coexist in solution with hydrophobic guests
such as trans-@-carotene. Light scattering measurements have
shown that even at low concentrations (less than 0.1%, w/v) both
BCD and yCD form relatively large aggregates when trans-3-
carotene was present (Mele et al., 1998). Additional NMR studies
yielded chemical shifts pattern indicating presence of other interac-
tion mechanisms along with inclusion complexation. The authors
suggested a micelle-like structure of aggregates with hydropho-
bic guest in the core and hydrophilic palisade of host CDs. In
another study aggregation governed by surface-active guest was
observed by Liptaj et al. (1995) that, on the basis of asymmetrical
Job’s plots, indicated formation of pre-micellization surfactant/3CD
complexes. Due to different physicochemical properties of the
formed complex the mechanism of aggregate formation can be
completely different from the one of self-aggregation of native CDs
and their derivatives in pure aqueous solutions. Still another type
of CD aggregation is micellization of hydrophobically modified CDs,
where the micelle core is formed by hydrophobic moieties of CD
itself. Such aggregate formations can be influenced by guest nature.
For example, a surface-active guest can both form inclusion com-
plex and participate in mixed micelle formation (Auzely-Velty et
al,, 2001). This type of complex association can offer new possibili-
ties in drug delivery since the shape of aggregates formed preserves
their ability to form inclusion complexes with hydrophobic drugs.

Other evidence of complex aggregation does exist. For exam-
ple, during phase-solubility studies of sodium salts of some
non-steroidal drugs in aqueous HPBCD solution a diagram with
slope greater than unity was obtained indicating that 2:1 or 3:1
(drug/HPBCD) complexes were being formed, while Job’s plots
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based on both UV and NMR measurements indicated that the sto-
ichiometry of the drug/HPBCD complexes were 1:1 (Magnusdottir
et al.,, 2002). The micelle formation was contemplated due to
drug ionization, but the aqueous complexation media were found
to be free of surfactant-like properties. Further analysis of solu-
tions containing two or more different drugs led to the conclusion
that non-inclusion interactions participated in the drug/HPRCD
complex formation. This non-inclusion phenomenon of complex
formation indicates that a drug molecule can serve as an aggre-
gation promoter. Other studies involving drug permeation from
aqueous solutions containing increasing concentration of drug/CD
complexes through semipermeable cellophane membranes with
molecular weight cut off (MWCO) from 500 to 100,000 showed
that 1:1 hydrocortisone/HP3CD complexes give negative deviation
from Fick’s first law (Fig. 5) which states that the flux will increase
proportional to increasing drug concentration in the donor phase
(Loftsson et al., 2002b). TEM studies of hydrocortisone/HPyCD and
hydrocortisone/yCD complex solutions confirmed that complexes
of both native CDs and their derivatives form nanosized aggre-
gates (Jansook et al., 2010). Fig. 6 shows hydrocortisone/HPyCD
and hydrocortisone/yCD complex aggregates. The diameter of the
homogeneous aggregates formed in aqueous hydrocortisone/yCD
solutions was approximately 20 nm while the aggregates formed
in hydrocortisone/HPyCD solutions were polydisperse with diam-
eter ranging from 10 to 80 nm. Nanoparticles of this size contain
large number of CD and hydrocortisone molecules that combined
exceed the MWCO of the membranes giving rise to the previously
mentioned negative deviation from Fick’s first law during drug per-
meation studies (Fig. 5) (Loftsson et al., 2004). Our permeation
studies have indicated that at HPyCD concentration of about 1%
(w/v) or lower the relative mass contribution of these aggregates
is less than 0.01% but it gradually increases with increasing HPyCD
concentration until at about 5-10% (w/v) when all increase in dis-
solved drug/cyclodextrin complexes is in the form of cyclodextrin
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Fig. 5. A.-type phase-solubility profile of hydrocortisone in aqueous HPBCD solution (A) and hydrocortisone flux-HPBCD concentration profiles (B) through 100,000 (¢)

50,000 () and 15,000 (O) MWCO membranes (unpublished data).
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Fig. 6. Transmission electron microscopic (TEM) images of saturated solution of hydrocortisone in 10% (w/v) cyclodextrin solutions: aggregated hydrocortisone/yCD

complexes (A); hydrocortisone/HPyCD complexes (B) (unpublished data).
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Fig. 7. Ap-type phase-solubility diagram of cholesterol in aqueous SBECD solution
(based on Loftsson et al., 2002a).

aggregates (Jansook et al.,2010). Similar results have been obtained
for other CDs, e.g. HPBCD and SBERCD, and other drugs (unpub-
lished results). Formation complex aggregates can also explain
why phase-solubility diagrams of cholesterol in aqueous cyclodex-
trin solutions show positive deviation from linearity (i.e. are of Ap
type) (Fig. 7) (Loftsson et al., 2002a) and why cholesterol saturated
HPRBCD solutions are able to dissolve 30% more amphotericin B

Table 5
Methods that can be applied to enhance CD solubilization of drugs.

than comparable pure aqueous HP3CD solutions. Similarly alprazo-
lam has about 50% higher solubility in diflunisal saturated HPBCD
solutions than in pure aqueous HPCD solutions (Loftsson et al.,
2002a). Such observations indicate that the cholesterol/HPBCD and
diflunisal/HPBCD complexes are forming micelle-like structures
that are able to solve poorly soluble drugs by micellar fashion. Such
micelle-like structures are also formed in aqueous solutions by fatty
acid/CD complexes but these have diameters close to 1 mm (Skiba
et al.,, 1996; Bochot et al., 2007).

5. The effect of aggregate formation on CD solubilization

Certain pharmaceutical excipients are known to enhance CD
solubilization of drugs. The examples given in Table 5 suggest
formation of complex aggregates and non-inclusion interactions
between these aggregates and other excipients present in the
complexation media. Molecular modeling studies have suggested
that malic acid acts as go-between econazole/aCD inclusion com-
plex aggregates reinforcing nanostructures via specific (hydrogen
bond and salt bridging) interactions with both components (Faucci
et al., 2000). Similarly significant improvement of the complexa-
tion efficiency is observed when small amount of water-soluble
polymers is present in the aqueous complexation media (Loftsson
et al., 1994, 20023, 2003). This observation is analogous to the
effects these same polymers have on the solubilizing effects of
micelles (Brackman and Engberts, 1993). Thus, it is likely that the

Effect Consequences

References

The acid/base ternary complexes

Certain organic hydroxy acids and certain organic bases
are able to enhance the complexation efficiency by

Tinwalla et al. (1993); Selva et al. (1998); Fenyvesi et al.
(1999); Redenti et al. (2000) and Mura et al. (2003)

formation of ternary drug/CD/acid or base complexes

Polymer complexes

Water-soluble polymers form a ternary complex with

Loftsson and Masson (2004)

drug/CD complexes increasing the observed stability
constant of the drug/CD complex. This observed increase
in the value of the constant increases the complexation

efficiency
lon pairing

Ion pairing of positively charged compounds with

Zia et al. (2001)

negatively charged CDs enhances the complexation

efficiency
Combination of two or more methods

Frequently the complexation efficiency can be enhanced
even further my combining two or more of the above

Granero et al. (2003); Loftsson et al. (2003) and Loftsson
and Masson (2004)

mentioned methods. For example solubilization of CD
aggregates by adding both polymers and cations or anions

to the aqueous complexation medium
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polymers change and perhaps stabilize the drug/CD complex aggre-
gates through formation of CD-polymer hydrogen bonds (Ribeiro
et al., 2003). In addition, the polymers are known to increase
aqueous solubility of BCD and drug/BCD complexes (Loftsson and
Frioriksdéttir, 1998).

6. Conclusions and future directions

In aqueous solutions CDs self-assemble to form nanosized
aggregates. The aggregate formation is concentration dependent
increasing with increasing CD concentration. In the case of the
natural aCD, BCD and yCD the fraction of CD molecules forming
aggregates is in most cases less than 1%, and frequently less than
0.1%, in pure aqueous 1% (w/v) CD solutions while the hydrophilic
CD derivatives, e.g. the hydroxypropylated and sulfobutylether
derivatives, appear to have even less tendency to self-assemble to
form aggregates at these low concentrations. Then the fraction of
CD molecules forming aggregates gradually increases with increas-
ing CD concentration. Formation of guest/host inclusion complexes
can increase significantly the tendency of CD molecules to form
aggregates. Some CD complexes have surfactant-type structure
that lends CD molecules the ability to form micellar-type aggre-
gates that as such possess additional solubilizing properties. The
aggregate phenomenon has to be considered during investiga-
tion of CD containing solutions. This is especially critical during
drug formulation studies where concentrations of both drug and
CD are relatively high. Following are few points that need to be
considered:

e Aggregate formation is enhanced when relatively lipophilic
drug molecules form inclusion complexes with hydrophilic CD
molecules. It is thought that such complexes have a tendency to
form micellar-type aggregates.

Inclusion complexes predominate in relatively dilute aqueous
CD solutions. Thus, characterization of drug/CD inclusion com-
plexes should be performed in dilute solutions. However, studies
of dilute aqueous CD solutions, e.g. by NMR or UV, cannot be
used to explain phenomenon observed in more concentrated CD
solutions without further validation.

e The presence and stoichiometry of CD inclusion complexes
cannot be determined by phase-solubility studies. A Higuchi’s
AL-type phase-solubility diagram does not necessarily indicate
formation of 1:1 drug/CD complexes and Ap-type diagram does
not necessarily indicate formation of 1:2 drug/CD complexes.
Phase-solubility studies are carried out in aqueous drug satu-
rated, and sometimes CD saturated, solutions under conditions
that promote aggregate formation.

Frequently inclusion complexes as well as various types and
sizes of aggregates are simultaneously present in aqueous
complexation media. Furthermore, the aggregate formation is
concentration dependent. Thus, apparent stability constants of
drug/CD complexes can be both method and concentration
dependent.

Excipients that stabilize and/or solubilize nanoparticles, such as
water-soluble polymers, low-molecular weight organic acids and
surfactants, can improve the solubilizing effect of CD.

Since pharmaceutical excipients can influence the aggregate for-
mation the amount of CD needed to produce certain effect, e.g.
drug solubilization or stabilization, should be determined by in a
complexation media that closely resembles the final drug formu-
lation.

Formation of CD aggregates is a revisable process and will, in
general, not affect quantitative drug determination by HPLC or
influence drug bioavailability from CD containing formulations.
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