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Abstract

Cyclodextrin-based aggregates have been widely investigated with microscopies such as STM, AFM, SEM, TEM, and fluorescent microscopy
to obtain the direct morphology and structure of samples. In the present review, we discuss various types of cyclodextrin aggregates, that is, native
and modified cyclodextrins, inclusion complexes and their aggregates of cyclodextrins, cyclodextrin rotaxanes and polyrotaxanes, cyclodextrin
nanotubes and their secondary assembly, and other high-order aggregates of cyclodextrins. Especially, we focus on the use of microscopy to
characterize above aggregates. The application of modern microscopy tools promotes the investigation on cyclodextrins.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Supramolecular chemistry, which is often defined as
“chemistry beyond the molecule”, is based on the molecular
recognition (host—guest chemistry) to a great extent. The
construction of supramolecular systems involves selective
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molecular combination between host and guest (Ariga and
Kunitake, 2006). Among all potential hosts, the cyclodextrins
seem to be the most important ones (Szejtli, 1998).

Cyclodextrins (CDs), which are produced from amylose
fraction of starch by glucosyltransferases, are a series of cyclic
oligomers consisting of six or more a-1,4-linked p-glucopyr-
anose units (Saenger et al., 1998). Of all the CDs, the most
abundant are o-, B-, and y-CDs with six, seven and eight
glucopyranoses, respectively. They have a rigid conical
molecular structure with a hydrophobic interior and a
hydrophilic exterior. The internal cavity can include a wide
range of guest molecules, ranging from polar compounds such
as alcohols, acids, amines, and small inorganic anions to apolar
compounds such as aliphatic and aromatic hydrocarbons, while
the hydrophilic exterior helps CDs to be solved in water (Hapiot
et al., 2006). The driving force of the formation of inclusion
complex comes from non-covalent interactions such as van der
Waals forces, electronic effects, hydrophobic interactions, and
steric factors (Rekharsky and Inoue, 1998). For CDs have been
widely used in the chemical, pharmaceutical or food industry,
and in the catalysis of mimic enzymes, the investigation on CDs
is of remarkable significance.

Cyclodextrin aggregates investigated range widely from the
aggregate of native CDs to high-order and complex ones. Here,
we divide the cyclodextrin aggregates into five types:
aggregates of native and modified CDs, inclusion complexes
and their aggregates of CDs, cyclodextrin rotaxanes and
polyrotaxanes, cyclodextrin nanotubes and their secondary
assembly, and other high-order aggregates such as nanosphere
and network aggregates. In this review, we will present a
description about the above cyclodextrin aggregates and then
focus on their characterization with available modern micro-
scopies such as STM, AFM, SEM, TEM and fluorescent
microscopy.

Recent progress in high-resolution STM imaging has
allowed the visualization of the arrangements, orientations,
and even inner structures of molecules in air, in ultrahigh
vacuum (UHYV), and in solution (Ohira et al., 2003). Using this
technology, self-organization of highly ordered molecular
adlayers and/or two-dimensional (2D) supramolecular aggre-
gations were investigated.

STM 1is a convenient and widely applied tool for the
detection of the microstructures of supramolecular aggregates.
Using STM, Li et al. have characterized an nanotube aggregates
of diphenylhexatriene (DPH) with 3-CD on highly orientated
pyrolytic graphite (HOPG) (Li and McGown, 1994). However,
it is rather difficult to interpret STM images of organic samples.
In contrast, AFM is a relatively novel technique with which
three-dimensional (3D) images can be obtained on the surface
of insulating and conducting materials from nanometer to
micrometer scale. Thus, AFM imaging of organic specimens is
easier to perform as it does not require the specimen to be
electron- or ion-conductive (Botella et al., 1996). AFM allows
imaging under hydrated conditions without pre-treatment of the
samples, however, the tip geometry and probe force usually
lead to over-estimated lateral sizes of organic sample features
and non-contact mode imaging has a maximum resolution of

around 2nm (Botella et al., 1996). AFM has been used
successfully to image inclusion complexes and nanotubes,
which will be discussed in detail in the following sections.

TEM and SEM imaging has no source—sample contacts and
allows much higher resolution, however, it is usually carried out
in high vacuum and requires pre-treatment of samples. The
difference between TEM and SEM is that the surface topology
can be obtained from SEM while more inner structure is given
by TEM.

Fluorescent microscopy in the near-infrared between 950
and 1600 nm has been developed as a novel method of imaging
and studying singlewalled carbon nanotubes (SWNTSs) in a
variety of environments. Also, it offers an important tool for the
observation and characterization of cyclodextrin nanotubes
(Wu et al., 2006c).

The above tools have been widely applied in obtaining the
detailed information of structure, especially in the case that the
single crystal for X-ray diffraction is difficult to prepare.

2. Aggregates of native and modified cyclodextrins
2.1. Aggregates of native cyclodextrins

2.1.1. The structure in crystal

There are two types of crystal structures for native CDs (a-,
B-, and y-CDs) as well as their inclusion complexes: cages and
channels (Saenger et al., 1998). In cage-type complexes, the
cavity of one cyclodextrin molecule is blocked off on both sides
by adjacent CDs, thus making the guest molecules not contact
with each other by isolated cavities. The cage-type structures
have two different categories, i.e., herringbone and brick-type.
In the former fashion, CDs are arranged crosswise (Fig. 1a); in
the latter, CDs are stacked in layers like bricks in a wall
(Fig. 1b). In crystal structures belonging to the channel type,
cyclodextrin molecules are packed linearly on top of each other
with “infinite” channels including guest molecules (Fig. 1c).
The channels are straight only when a crystallographic
symmetry axis coincides with the channel axis (Saenger
et al., 1998). It is difficult to answer the question what are the
conditions for formation of channel- or cage-type crystal
structures except for a-CD with some extent of certainty.
Typically, when a-, 3-, and y-CDs are crystallized as hydrate,
the molecules are packed crosswise in herringbone fashion.

2.1.2. The structure in aqueous solution

Although CDs have been found for more than 100 years, the
investigation on the self-aggregation of CDs in water is still
rather limited by standard techniques of analysis (Azaroual-
Bellanger and Perly, 1994; Bonini et al., 2006; Coleman and
Nicolis, 1992; Gaitano and Brown, 1997; Gonzalez-Gaitano
et al., 2002; Loftsson et al., 2004; Polarz et al., 2001; Szente
et al., 1998). In general, native CDs can form aggregates in
water with the size of about 200-300 nm, which depends on the
CDs considerably (Bonini et al., 2006; Coleman and Nicolis,
1992; Gaitano and Brown, 1997; Gonzalez-Gaitano et al., 2002;
Loftsson et al., 2004; Polarz et al., 2001; Wu et al., 2006b). For
both - and y-CDs in aqueous solutions (25 g L"), Coleman
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Fig. 1. Schematic description of (a) herringbone, (b) brick-type, and (c) channel crystal structures formed by cyclodextrin inclusion complexes. Reprinted from

(Saenger et al., 1998).

and Nicolis (1992) found that the size of aggregates are about
200 nm. Gonzalez-Gaitano et al. reported that the aggregates
could not pass through the 0.1 wm filter and that the filtrates
were stable with time and no aggregates were formed again
(Gaitano and Brown, 1997; Gonzalez-Gaitano et al., 2002). In
the aqueous solution of B-CD, Coleman and Nicolis (1992)
found that the aggregates with an average diameter of about
200 nm were dissociated and the solubility was sharply
increased at the pH value higher than 12.5. They proposed a
rod-like structure for the aggregates consisting of two chains of
hydrated B-CD molecules. The above results suggested that the
abnormally low solubility of B-CD in water could be ascribed
to the presence of aggregates and their interaction with the
surrounding water structure. However, using ’H NMR,
Azaroual-Bellanger and Perly (1994) detected only the (-
CD monomer even in the closely saturated solution and on the
time-scale of NMR. On the other hand, Gonzalez-Gaitano et al.
(2002) discovered the formation of aggregates in the aqueous of
B-CD, accompanied by non-associated monomers. The
aggregates formed again with a fast aggregation kinetics even
after filtering through 0.1 or 0.02 wm. The addition of urea or
very high pH values induced the dissolution of the aggregates.

Using CDs assemblies as templates to produce mesoporous
silica, Polarz et al. (2001) found wormlike structure and thus
suggested that the cyclodextrin aggregate was expressed
through a bicontinuous ‘“‘worm-type” pore system with a
diameter of about 1.5nm (Fig. 2, left). Combining a
semiempirical CNDO method, they believed that the cyclodex-
trin complexes preferred to line up in ideally parallel or
staggered parallel arrangement with quadrupolar character
(Fig. 2, right). Becheri et al. investigated the formation process
of polypseudorotaxanes based on CDs and polymer like
polyethylene-glycol (PEG) or polypropylene-glycol (PPG) and
suggested that a preassembled, wormlike aggregate made up of
several aligned CDs existed in aqueous solution (Becheri et al.,
2003). The existence of cyclodextrin aggregates in water has
also been found by Loftsson et al. (2004). According to their
investigation, the aggregates, having non-inclusion complexa-
tion or micellelike structures, were able to solubilize lipophilic
drugs. Through Cryo-TEM and light scattering experiments,
Bonini et al. (2006) confirmed that 3-CD monomers surely
aggregated into polymorphism in different shape (Fig. 3) in
water at room temperature, depending on the concentration of

[B-CD: polydisperse nearly spherical objects with diameters of
about 100 nm were present at lower concentrations, whereas
micrometer planar aggregates were predominant at higher
concentrations. They indicated that the critical aggregation
concentration of 3-CD self-aggregation in water was between 2
and 3 mM, with a minimum hydrodynamic radius of about
90 nm. These particles were in equilibrium with larger objects
at higher solute concentrations. Cryo-TEM images showed that
disks and sheets coexisted and that upon sonication the large
bidimensional sheets turned into entangled long fibers and
folded lamellae. Static light scattering experiments were
performed to evaluate the fractal nature of the particles
(Bonini et al., 2006).

From the DLS results of our work (Fig. 4a), two kinds of size
distribution in the aqueous solutions of CDs existed: one with
mean hydrodynamic radius less than 1 nm and the other larger
than 60 nm. The small size corresponded to the monomeric
cyclodextrin and the large one to the self-aggregated
cyclodextrin (Wu et al., 2006b). Furthermore, it was found
that the monomeric forms of «a-, B-, and y-CDs were
predominated in their aqueous solutions and that an equilibrium
between the monomeric and aggregated forms of cyclodextrin
existed. It should be pointed out here that we observed bimodal
distribution for a-, B-, and y-CDs when the samples were
treated with 0.2-pm filter, while Gonzalez-Gaitano et al. just
observed aggregated forms of - and y-CD with 0.2-pm filter
and the monomeric form was detected with 0.1-pm filter. For
a-CD, however, both monomeric and aggregated forms were
detected even with 0.2-pm filter (Wu et al., 2006b). The self-
aggregation of 3-CD has also been studied by TEM, and large
spherical aggregates of 3-CD with diameter of 20-130 nm were
observed (Fig. 4b). Similar spherical aggregates were observed
for y-CD in our previous work (Fig. 4c and d) (Wu et al.,
2006b,c).

The driving force for the self-assembly of cyclodextrin
molecules can be ascribed to hydrogen bonding considerably
(Gaitano and Brown, 1997; Gonzalez-Gaitano et al., 2002;
Polarz et al., 2001; Saenger et al., 1998; Szente et al., 1998).
Some technical possibilities can be employed to reduce or
remove the aggregates: (a) chemical modification of the
hydroxyl groups on cyclodextrin molecules, (b) application of
hydrogen-bond-disrupting agents such as urea, (c) increasing
the pH of solutions to above pH 12 for the ionization of the
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Fig. 2. Left: TEM image of a-CD-silica. Right: (a) MM2-calculated structure of a cyclodextrin inclusion complex and its electrostatic potential distribution from an
ab initio Hartree—Fock calculation. (b) Calculated energy surfaces as a function of the inter-ring distance for the schematically shown ideally parallel (red), staggered
(blue), and perpendicular (yellow) approach. (c) Schematic representation of the aggregate structure of a-CD, as revealed by silica nanocasting, dynamic light
scattering, and SAXS in solution. Bright: hydrophilic domains; dark: hydrophobic domains. E = energy; A(r)q = deviance from equilibrium distance. Reprinted from

Polarz et al. (2001).

hydroxyl groups of CDs, (d) high temperatures (Coleman and
Nicolis, 1992; Gonzalez-Gaitano et al., 2002; Szente et al.,
1998).

2.2. Aggregates of modified cyclodextrins

Cyclodextrins are chemically stable and can be modified in
complete or regioselective manner leading to analogues with
increased solubility and interesting complexing properties.
They can undergo various reactions which may involve
cleavage of OH, CO, CH or CC bonds. To simply substituted
CDs such as 2,6-dimethyl-3-CD, the presence of the OH (3)
hydroxyl groups may allow dimmerisation of the molecule
(Coleman and Nicolis, 1992). The similar phenomena happens
to hydroxypropylated (HP) a-, B-, and y-CDs (1,6-hydro-
xypropyl groups per cyclodextrin) (Polarz et al., 2001). For the
trimethyl derivative (-CD, however, no aggregation via
hydrogen bonding is possible and only the monomeric structure
has been detected (Coleman and Nicolis, 1992). Gonzalez-
Gaitano et al. (2002) also found that partially substituted CDs
such as methyl- and hydroxypropyl-B-CD (RAMEB and HP-3-
CD, 12 mM) do not display significant aggregation. However,

Olaf et al. reported on a strong enhancement in the viscosity of
solutions of HP--CD with molecular substitution of 0.45 and
0.6, at concentrations beyond 50% and this phenomenon could
be ascribed to the self-aggregation of HP-B-CD (Olaf and
Muller-Goymann, 1993). McAlpine and Garcia-Garibay
(1998) found that 3-O-(2-methylnaphthyl)-B-cyclodextrin
formed dimmers at concentrations higher than 10°* M, while
in its dilute solutions only existed monomers.

Biigler et al. (1999) have synthesized two B-CD-calix[4]-
arenes, one of which was found to form vesicles both with and
without guest species, the other formed fibers, which changed
into vesicles upon the addition of guest. The aggregates were
visualized by TEM using both the freeze fracture technique and
the uranyl staining method (see Fig. 5). Liu et al. (2003a) have
compared the self-assembly behaviors of linear polymeric
supramolecules formed by mono[6-O-(4-formyl-phenyl)-p3-
CD] in both solution and the solid state to reveal the general rule
of the formation of dimmer (see Fig. 6). A hydrophobic
cyclodextrin—porphyrin conjugate showed a marked tendency
to dimerize in aqueous conditions via the formation of
intermolecular porphyrin—cyclodextrin in inclusion complexes
and/or through electrostatic interactions (Carofiglio et al.,
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Fig. 3. Left: Cryo-TEM micrograph of a 3 mM B-CD/water solution vitrified from 25 °C, showing polyhedral aggregates in mutual contact to form a branched
structure. (Inset) Globular particles shown from the same sample. The black arrow denotes an ice crystal deposited on the sample surface after vitrification. Right:
Cryo-TEM micrograph of a 6 mM B-CD/water solution. The black arrow points at small globular particle attached to the sheet surface, whereas the white arrow
indicates a discoidal aggregate. Reprinted from Bonini et al. (2006).
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Fig. 4. (a) DLS results of the aqueous solutions of a-CD (solid line), B-CD (dash line), and y-CD (dot line) treated with 0.2-pm filter; (b) TEM images of aggregated
10 mM B-CD; (c, d) TEM images of aggregated 10 mM vy-CD. Reprinted from Wu et al. (2006b,c).
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Fig. 5. Micrographs made by transmission electron microscopy. Each bar represents 200 nm. Concentrations were each 0.4 mg/mL in doubly distilled water. (A) B-
CD-calix[4]arene 1 (freeze fracture), (B) B-CD-calix[4]arene 2 (uranyl staining), (C) B-CD-calix[4]arene 2 + 1 mmol/L 1-adamantanol (freeze fracture). Reprinted

from Biigler et al. (1999).

Fig. 6. STM image of supramolecular assembly of mono[6-O-(4-formyl-phe-
nyl)-B-CD]. Reprinted from Liu et al. (2003a).

2000). A methylated cyclodextrin conjugating with a choles-
terol derivative self-assembled into monodisperse spherical
micelles with an average aggregation number of 24 (Auzely-
Velty et al., 2000).

Modified amphiphilic CDs have been synthesized to design
systems of drug molecules. The self-organization of various
ionic and non-ionic amphiphilic CDs into stable monolayers
and multilayers at the air-water interface and also in Langmuir—
Blodgett films was investigated (Greenhall et al., 1995;
Hamelin et al., 1999; Nakahara et al., 1996; Parazak et al.,
1996; Tchoreloff et al., 1995). Thermotropic liquid crystals of
CDs were also described (Ling et al., 1993). Darcy et al.
reported on substituted cyclodextrin bilayer vesicles (Ravoo
and Darcy, 2000). The heptakis[6-deoxy-6- alkylthio-2,3-oligo
(ethylene glycol)]-B-CDs were synthesized in three step from
B-CD. Through TEM, spherical vesicles with diameters of 50-
300 nm were observed using uranyl acetate as a negative
staining agent (Fig. 7, left). Later, they further investigated on
the bilayer vesicles as host membranes that recognized guest
molecules (Falvey et al., 2005). Also, they found that a B-CD
substituted by amino and carboxymethyl groups on the primary
and secondary side respectively, self-assembled in water into
supramolecular tapes which were 50-300 nanometers wide and
up to 20 wm long (Ravoo et al., 2001). Cyclodextrin vesicles
could also be formed by amphiphilic 3-CDs with alkylthio

Fig.7. Left: Electron micrographs of vesicles of sample. Vesicles obtained after 2 h sonication at 50 °C. The scale bars represent 500 nm. Reprinted from Ravoo and
Darcy (2000). Right: Electron micrographs of w-galactosyl 3-CD in water (0.1 mg mL™"). Negative staining with UO,Ac. Scale bars = 2 um. Reprinted from

Mazzaglia et al. (2004).
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Fig. 8. Electron microscopy of nanoparticles of heptakis[6-deoxy-6-hexylthio-
2-oligo (ethylene glycol)]-B-CD. Reprinted from Mazzaglia et al. (2002).

chains at the primary-hydroxyl side and galactosylthio-oligo-
(ethylene glycol) units at the secondary-hydroxyl side
(Mazzaglia et al., 2004) (Fig. 7, right).

Mazzaglia et al. synthesized three substituted CDs, i.e.,
heptakis[6-deoxy-6- alkylthio-2-oligo (ethylene glycol)]-f3-
CDs, one of which formed thermodynamically metastable
nanoparticles with an average size of 50-150 nm (Fig. 8) and
the other two formed stable micellar solutions in water
(Lombardo et al., 2004; Mazzaglia et al., 2002). Wouessidjewe
et al. have synthesized amphiphilic cyclodextrins which can
self-aggregate into the nanoparticles (Choisnard et al., 2005,
2006; Geze et al., 2002, 2004). Recently, they synthesized
hexanoate and decanoate beta-cyclodextrin esters. Through
cryo-TEM, the former appeared as uniformly dense nano-
spheres, whereas the latter exhibited a multilamellar onion-
like organization (Choisnard et al., 2006). Kakuchi et al. have
reported on the synthesis of end-functionalized polystyrenes
(PSt) with 3-CD, which was stably suspended in a good solvent
for PSt by forming aggregates with 3-CD as a core. The
average aggregation numbers ranged from 42 to 125 (Kakuchi
et al., 2003b). Also, they modified 3-CD into a seven-
functional initiator for 2,2,6,6-tetramethylpiperidinyloxy-
(TEMPO-) mediated living radical polymerization, and
obtained the seven-arm star PSt with a B-CD core which
showed aggregation in a good solvent for PSt (Kakuchi et al.,
2003a).

Mahalingam et al. have synthesized (-CD-functionalized
silica nanoparticles with the relatively narrow particle size
distribution (Fig. 9). Moreover, they showed the assembly of 3-
CD-functionalized silica nanoparticles on -CD molecular
printboards on silicon oxide through multivalent host—guest
interactions employing the G5 adamantyl-terminated poly
(propylene imine) dendrimer as a supramolecular glue (Fig. 10)
(Mahalingam et al., 2004). Péroche et al. synthesized new
amphiphilic CDs substituted at primary face by seven
perfluorohexylpropanethiol, seven perfluorooctylpropanethiol
chains or an average of four perfluorooctylpropanethiol chains.
These molecules could self-assemble into nanospheres in
aqueous media but alkylated analogue formed aggregates with
sizes in the range from 60 to 350 nm (see Fig. 11) (Péroche

30

counts
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34 42 50 58 66 74
Particle diameter (nm)

Fig. 9. TEM image (top) and histogram (bottom) showing the size distribution
of B-CD-functionalized silica nanoparticles. Reprinted from Mahalingam et al.
(2004).

et al.,, 2005). Six 2:1 cyclodextrin:[60]fullerene conjugates
involving different types of linkers have been synthesized for
search of a simple internal complexation of C60 in CDs. In
water, these 2:1 cyclodextrin [60]fullerene monoadduct
conjugates self-assembled into spherical micelles with no
evidence to confirm the presence of a 2:1 inclusion complex,
while in toluene they showed no sign of aggregation (Quaranta
et al., 2006). SEM and AFM have been applied to the imagery
of solid lipid nanoparticles formulated from an amphiphilic
cyclodextrin, i.e., 2,3-di-o-alkanoyl-B-CD, (3-CD21C6 (see
Fig. 12) (Dubes et al., 2003).

3. Inclusion complexes and their aggregates of
cyclodextrins

3.1. Inclusion complexes of cyclodextrins

The relatively hydrophobic cavity of CDs can accommodate
various kinds of guest molecules to form inclusion complexes.
The 1:1, 1:2 and 2:1 (guest:host) inclusion complexes are the
most common types. Complexes in a stoichiometry of 2:2
(Avakyan et al., 1999; Clark et al., 2001; Dyck et al., 2003;
Hamai, 1996; Hamai and Hatamiya, 1996; Nakamura et al.,
1995; Sau et al., 2004; Wenz, 1994; Yang et al., 1997) can be
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Fig. 10. AFM height images (z scale: a, b: 250 nm; ¢, d: 300 nm) obtained after the deposition (2 min at pH 9.2) of -cyclodextrin- (a, b, d) and glucosamine-
functionalized silica nanoparticles (c) on B-cyclodextrin printboards on silicon substrates with (a, ¢) and without (b) the preceding deposition of G5 adamantyl-
terminated poly(propylene imine) dendrimers from solution or (d) the microcontact printing of the G5 dendrimers in 2-pwm wide lines; image sizes are
10 pm X 10 pm and 50 wm x 50 pm for (a—c) and (d), respectively. Reprinted from Mahalingam et al. (2004).

also formed. Interestingly, ternary complexes of 1:1:1, 1:1:2,
and 1:2:2 (guest A:guest B:host) have been reported (Du et al.,
1996; Hamai, 1990, 1991, 2000; Kano et al., 1982; Selva et al.,
1998; Shen et al., 1997). However, the 1:3 inclusion complexes
are rarely reported. So far, the solid 1:3 inclusion complex
between cholesterol and (-CD has been synthesized
(Claudy et al., 1991). Several substituted 3H-indoles, i.e.,
iodotrimethyl 2-(p-hexylaminophenyl)- 3,3-dimethyl-5-car-
boethoxy-3H-indole ammonium, and iodo-methyldioctadecyl
2-(p-  hexylaminophenyl)-3,3-dimethyl-5-carboethoxy-3H-
indole ammonium formed 1:3 inclusion complexes with
B-CD (Shen et al., 1998, 1999). Three homologues of iodo-
methyl dihexadecyl 2-( p-oligoethyloxyethylene amino phe-
nyl)-3,3-dimethyl-5-ethoxycarbonyl-3H-indole =~ ammonium
were synthesized and two of which were found to form the
1:3 rotaxane-like inclusion complexes with 3-CD (Chen et al.,
2005). Very recently, Mytides et al. (2006) reported on a 1:3
inclusion complex consisting of hydroxypropyl-B-CD and
2,2":6',2"-terpyridine. In addition, bovine serum albumin were
found to form 1:3 or 1:4 inclusion complexes with some
substituted mono- and bis-B-CDs (Gao et al., 2006). Func-
tional-terminated dendrimer could form the well-defined 1:4,
1:8, 1:16, and 1:32 inclusion complexes with B-CD (Castro
et al., 1997; Michels et al., 2000).

3.2. Aggregates of the inclusion complexes of cyclodextrins

Inclusion complexes of CDs are able to form larger
aggregates in aqueous solutions, which can solubilize
themselves or lipophilic water-insoluble drugs through non-
inclusion complexation or micelle-like structures (Loftsson
et al., 2004). Randomly methylated and hydroxypropyl 3-CDs
show formation of higher-order complexes or complex
aggregates with triclosan and triclocarban form (Duan et al.,
2005). Light scattering and NMR experiments provide
evidence for the formation of large aggregates, like micelles,
from B-carotene complexes with - and y-CDs in water (Mele
et al., 1998). As shown in Fig. 13, the aggregates of inclusion
complex were also found by AFM (Botella et al., 1996). In solid
state, inclusion complexes of CDs may exhibit three types of
crystal (see Section 2.1). To our knowledge, there is no general
rule to judge which type of crystal an inclusion complex will be.

4. Cyclodextrin rotaxanes and polyrotaxanes

Rotaxane is a kind of molecular species consisting of linear
components (so-called axis) threaded into cyclic components
(so-called rings), where the dissociation of the ring from the
axis is hindered by bulky groups (so-called stoppers) at both
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Fig. 11. Cryo-TEM images of nanospheres made from (a) B-CD(CgF;7)4, (b) B-CD(C¢F,3);, embedded in vitreous ice. Reprinted from Péroche et al. (2005).

ends of the axis (Wenz et al., 2006). If a rotaxane has more than
two rings, it is called polyrotaxane. Pseudorotaxane is referred
to a rotaxane without stoppers and so is pseudopolyrotaxane.

There are three different approaches for the synthesis of
rotaxanes, two of which are currently available for cyclodextrin
rotaxanes as shown in Fig. 14 (left). The first one is so-called
“threading” approach, in which bulky substituents are attached
to both ends of the included axis molecule, then the stoppers are
coupled to the threaded axis through so-called “‘rotaxanation
reaction””. The second one is called “slippage” in which
cyclodextrin rings are threaded over a dumbbell, which mostly
leads to pseudorotaxanes. A third hypothetical method, called
“clipping” approach, is a ring closure of an acyclic
maltooligosaccharide around a dumbbell.

A linear cyclodextrin pseudopolyrotaxane is obtained
through either threading many cyclodextrin rings onto a
polymer chain or polymerizing monomeric axial cyclodextrin

inclusion complexes. However, pseudopolyrotaxanes are not
kinetically stable, because the cyclodextrin beads can thread off
the polymer chain. Polyrotaxanes are synthesized by the
attachment of stoppers to pseudopolyrotaxanes at the chain end,
within the chain, or along the chain (Fig. 14, right) (Wenz et al.,
2006). The stoppers should be not only large enough to block
cyclodextrin rings, but also hydrophilic enough to avoid
aggregation or precipitation of the polyrotaxanes. The
syntheses and properties of rotaxanes and pseudorotaxanes
published over the last several years are summarized by Wenz
et al. (2006) and by Harada (2001). Work prior to 1998,
including work on cyclodextrin catenanes, has been summar-
ized by Nepogodiev and Stoddart (1998).

Much characterization work has been carried out to
confirm the characteristic of the rotaxane formed by
polymeric glycols and CDs; however, confirmatory structural
information is still lacking except for the single crystal X-ray
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Fig. 12. Left: SEM images of the B-CD21C6 derived solid lipid nanoparticles, scale bar: (a) 1 wm, (b) 0.5 wm and (c) 0.2 wm. Right: Non-contact mode AFM images
of the 3-CD21C6 derived solid lipid nanoparticles at scan ranges of: (a) 50 wm, (b) 25 pm and (c) 5 wm. Reprinted from Dubes et al. (2003).

structure of PEG-a-CD (Udachin et al., 2000). Herein, we are rather stiff and often rod-like due to the hydrogen bonds
mainly focus on the use of microscopy for characterizing this between threaded CDs.

type of cyclodextrin aggregate. Using microscopic methods A “molecular abacus” based on polyrotaxane, consisting of
such as TEM, AFM, and STM, (pseudo)polyrotaxane chains a-CD rings and PEG chain, was prepared, which was a
of the channel type can be directly visualized because they  milestone in the development of molecular devices. Through
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Fig. 13. 215 nm X 215 nm raw data AFM image (tapping mode) of retinal-3-
CD complex deposited on a silicon (1 0 0) wafer. The bar indicates 100 nm.
Reprinted from Botella et al. (1996).

STM, single a-CD rings threading on the PEG chain were
detected and manipulated reversibly with the probe of STM
because the a-CDs were non-covalently bound to PEG (see
Fig. 15) (Shigekawa et al., 2000).

Two novel bis(pseudopolyrotaxane)s composed of metallo-
bridged bis(cyclodextrin)s possessing the ligated copper(Il)
center and polymer chains were synthesized by Liu et al. (2002c).
The nanostructured supramolecular aggregates were character-
ized with STM and TEM. When samples for TEM were
prepared, one drop of the solution of bis(pseudopolyrotaxane)s
was placed onto a carbon-coated copper grid, and then chromium
was shaded to thicken the drop and make the images clearer. The
disadvantage of this preparation of samples is that the width of
the assembly could not be calculated from TEM images.
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Fig. 15. STM picture of a single a-CD-PEO polyrotaxane; single o-CD and the
whole polyrotaxane are visible. Reprinted from Shigekawa et al. (2000).

A polymeric rotaxane constructed from the inclusion
complex of B-CD and 4,4’-dipyridine by coordination with
nickel(Il) ions was synthesized (Liu et al., 2003c). When
preparing samples for TEM, unlike above method, a
palladium—iridium alloy was applied to thicken the drop and
make the images clearer. A rod-like molecular assembly with a
length of approximately 450 nm was observed from the TEM
micrograph (see Fig. 16). Using STM, a regular arrangement of
chains of supramolecules on a graphite substrate was found.
Single 3-CD unit (a bright dot in STM image) was also clearly
shown.
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Fig. 14. Left: Three different approaches to the construction of rotaxanes: (a) “clipping’’; (b) “‘threading”; (c) ““slippage”. Reprinted from Nepogodiev and Stoddart
(1998). Right: Possible pathway for the synthesis of polyrotaxanes. E = end group. Reprinted from Wenz et al. (2006).
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Fig. 16. TEM image of polymeric rotaxane. Reprinted from Liu et al. (2003c).

In another case, one 3-CD unit was also detected with STM
by Liu et al. They constructed a nanometer-sized cyclodextrin—
porphyrin—fullerene aggregate with an interlocked bis-(poly-
rotaxanes) structure from cyclodextrin—porphyrin conjugate
and C60, which exhibited significant chiral and electrochemical
properties and would be applied in many fields of chemistry and
biology (Liu et al., 2005a). STM images give a fine structure of
the aggregate, and it can be seen that the linear structure shown
in TEM image (see Fig. 17, left) is actually an ordered double-
lined array (total width 3.5 nm measured by STM) composed of
many bright dots. One bright dot corresponds to one 3-CD unit
(see Fig. 17, right).

A series of conjugated polyrotaxane with 3-CDs as rings
through Suzuki coupling as the polymerization reaction was
developed successfully with a high threaded poly(para-
phenylene) (PPP), PF (polyfluorene), and PDV (poly(diphe-
nylene-vinylene)) (Cacialli et al., 2002). To obtain more direct
evidence of the different aggregation behaviors, Tapping Mode
Scanning Force Microscopy (TM-SFM) of ultra-thin films,

spin-coated on muscovite mica substrates was employed.
Fig. 18a shows the 3-CD-PPP polyrotaxanes with individual
molecular rods which are distinguished from one another.
Fig. 18b displays an isolated anisotropic nanostructure of [3-
CD-PPP spin-coated on mica from a dilute solution (Cacialli
et al., 2002). Other (pseudo)polyrotaxane chains can also be
directly visualized by microscopic methods such as SEM (Liu
et al., 2002a; Ogoshi and Chujo, 2003), TEM (Cheng et al.,
2005; Liu et al., 2002a), AFM (Loethen et al., 2006; Shinohara
etal., 2006; van den Boogaard et al., 2004), and STM (Liu et al.,
2003b, 2002a, 2004a,c; Yoshida et al., 1999).

5. Cyclodextrin nanotubes and their secondary
assembly

5.1. Cyclodextrin nanotubes

According to the interaction fashion between two adjacent
CDs, cyclodextrin nanotubes include two types: cyclodextrin
molecular tubes in which two adjacent CDs are associated by
covalent bond and common cyclodextrin nanotubes in which
two adjacent CDs are associated by non-covalent bond such as
hydrogen bond. Based on the polyrotaxanes, cyclodextrin
molecular tube consisting of about fifteen multiply bridged o-
CD units was first synthesized from threaded cyclodextrins
(Harada et al., 1993). A novel bis(molecular tube)s, consisting
of organoselenium-bridged 3-CD and platinum(IV) ion, was
also fabricated via the pseudorotaxane with poly(propylene
glycol) (Y. Liu et al., 2001). The molecular tube has been
applied to improving the refolding yields of several enzymes
(Yazdanparast et al., 2006), and can selectively include guests
to form inclusion complexes (Ikeda et al., 2001, 2000;
Kalashnikov et al., 2004; Samitsu et al., 2004).

Through potential-controlled adsorption technology, Ohira
et al. constructed nanotube structures of «-, B-, and y-CDs
without using a threaded polymer, onto Au(l 1 1) surfaces in
sodium perchlorate solution (Ohira et al., 2003). The typical
STM images shows the adsorption behaviors including the
formation of nanotube structures of CDs depends on the electrode
potential (see Fig. 19). Furthermore, details of the adsorption
behaviors of a-, 3-, and y-CDs on Au(1 1 1) were described with
the observation of dynamic processes, such as self-ordering,
order-to-disorder, and order-to-desorption.

Fig. 17. Left: TEM images of the aggregates. Right: STM image of bis-(polyrotaxane) structure on HOPG surface (tunneling current 1.0 nA). Reprinted from Liu

et al. (2005a).
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Fig. 18. Surface morphology of spin-coated polyrotaxanes and reference polymer. Tapping mode SFM images of 3-CD-PPP (a, b),and unthreaded PPP (c) films spin-
coated from a Millipore water solution on a mica substrate. The average degree of polymerization is N = 10 (a and ¢) and N ~ 20-30 (b), leading to average contour
lengths along the extended rod-like chains of about 17 nm and 30-50 nm. They estimate a corrected rod width of ~1.6 nm and height of 0.4 4+ 0.1 nm. The self-
assembled monolayers shown in (c) exhibit holes with constant depths. The vertical scale is 4 nm (a), 3 nm (b), and 10 nm (c). Reprinted from Cacialli et al. (2002).

Cyclodextrin nanotubes can also be induced by organic 2,5-diphenyl 1,3,4-oxadiazole (PPD), 2-phenyl-5-(4-diphenyl)
molecules. Agbaria and Gill discovered that 2,5-diphenylox- 1,3,4-oxadiazole (PBD), 2,5-(4,4'-diphenyl) 1,3,4-oxazole
azole (PPO) molecule could lead to the formation of a coaxial (BBOD) can also form nanotubes with y-CD (Agbaria and
array of y-CD beads in aqueous solutions (Agbaria and Gill, Gill, 1994). Li et al. reported on the formation of rigid
1988). Later, they found some other oxazole molecules, such as molecular nanotube aggregates of 3-CD and y-CD through

Substrate-adsorbate interactions

» stronger

<+——reversible —» <+——reversible —»

desorption ordered phase disordered phase

o — y—CyD—>|

<—ﬁ—CyD—>| |<—>| Open curcui't potential

a-CyD
-0.6 -0.4 0.2 0
E/Vvs.SCE

Fig. 19. Electrode potential diagram for three states: (a) “desorption” state, (b) “ordered state”, and (c) “disordered state”, with corresponding schematic
illustrations and typical STM images. (a) Tunneling current, /;: 2.4 nA; tip potential, E: +0.14 V; and the electrode potential, E;: —0.60 V. (b) I;: 2.4 nA, E;: +0.14 V,
and Eg: —0.45V. (c) I;: 1.6 nA, E;: —0.13 V, and E: +0.10 V. Each AISO potential range for the nanotubes formation of a-, 8-, and y-CD is marked by the arrow.
Reprinted from Ohira et al. (2003).
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Fig. 20. DPH-B-CD nanotube aggregates imaged by STM. One drop of the solution was deposited on a highly ordered pyrolytic graphite (HOPG) substrate and dried
at least 2 h. A Nanoscope II scanning tunneling microscope (Digital Instruments) with head type A and a Pt-Ir wire tip was used in the constant height mode with a set
point of 0.25 nA and a basis of 197.75 mV. The image was filtered to remove some noise. (A) Three DPH-3-CD nanotubes, two together and one individual (rods 1, 2,
and 3, from left to right). (B—D) The cross-sections along rods 1, 2, and 3, respectively, and their length. The other images may be free CD molecules or clusters.

Reprinted from Li and McGown (1994).

linkage by the rodlike molecules of all-trans-1,6-diphenyl-
1,3,5-hexatriene (DPH). Furthermore, the visualized images of
nanotubes were obtained with STM (see Fig. 20) (Li and
McGown, 1994). After that, the investigation on cyclodextrin
nanotubes induced by organic molecules has been received
increasing interest in recent years. Pistolis et al. gave a detailed
study on the size effect of the homologues of the o,w-
diphenylpolyebes series, with two, three and four double bonds,
on the formation of nanotubes with y-CD (Pistolis and
Malliaris, 1996, 1998). Also, Roy et al. found y-CD formed
large linear nanotube aggregates under the existence of
coumarin 153 in which more than 53 y-CD units were present
(Roy et al., 2005). Wen et al. (2004) reported on the nanotube
formation in solution between B-CD and cinchonine.

Our research group is interested in the studies concerning the
formation of cyclodextrin nanotubes induced by organic
molecules and aims to find out what kinds of organic molecules
can benefit the formation of cyclodextrin nanotube. So far, we
have found some molecules such as 2-phenyl-5-(4-diphenylyl)
1,3,4-oxadiazole (PBD) (Wu et al., 2006c; Zhang et al., 2002),
butyl-PBD (Zhang et al., 2002), 2,2’-biquinoline (BQ) (Zhang
et al., 2003), 1,1’-(methylenedi-1,4-phenylene) bismaleimide
(MDP-BMI) (Zhang et al., 2003), 4,4’-bis(2-benzoxazolyl)
stilbene (BOS) (Wu et al., 2006a), N,N'-dipenylbenzidine
(DPB) (Wu et al., 2006b), and 2,2'-p-phenylenebis (5-
phenyloxazole) (POPOP) (Cheng et al., 2006) could form
nanotubes with CDs. When the pH value of the system of
cyclodextrin nanotube rose above 12, the nanotubes were
disassembled owing to ionization of the hydroxyl groups on
CDs (Wu et al., 2006b). It was also found that the presence of
0.5M urea or 10% (v/v) DMF would make nanotubes
decompose (Wu et al., 2006c). At high temperature, the
similar phenomenon would happen (Wu et al., 2006b).
According to the above results, we summarized the following
elementary rule for the formation of nanotubes induced by

organic molecules: (1) the hydrophobic interaction between
CDs and organic molecules; (2) hydrogen bonding between the
adjacent CDs; (3) organic molecules with appropriate size and
good rigidity; (4) thermodynamic stability (higher temperature
would make nanotubes break down); (5) B- and y-CDs but not
a-CD are able to form nanotubes in the presence of organic
molecules (Wu, 2006).

5.2. The secondary assembly of cyclodextrin nanotubes

Using fluorescence microscopy we found the rods with the
length of 2.0-5.0 pm in the system of PBD and (3-CD as shown
in Fig. 21, where the rods are bright relative to the background
(Wu et al., 2006¢). These rods were also observed with TEM as
shown in Fig. 22a. A high-resolution TEM micrograph shows

Fig. 21. Fluorescence image of the micrometer-sized rodlike structure of PBD—
B-CD nanotube aggregates. [PBD] =1 x 1073 M, [B-CD] = 10 mM. Reprinted
from Wu et al. (2006c).
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Fig. 22. TEM (a) and high-resolution TEM (b) micrographs of the micrometer-sized rodlike structure of PBD-3-CD nanotube; high-resolution TEM micrographs of
the section (c) and the surface (d) of the rod. [PBD] =1 x 107> M, [B-CD] = 10 mM. Reprinted from Wu et al. (2006c).

that the rod as a whole is actually assembled by thousands of
smaller nanotubes in a stack way layer by layer (see Fig. 22b).
Fig. 22¢ provides important information about the dimensions
of the rods, that is, the section of the rod is approximately
oblong and the thickness of the rod is about 40 nm. Fig. 22b and
¢ shows that the nanotubes can assemble in three dimensions,
two of which seem to be favored over the third, as when bricks
are used to construct a wall, resulting in micrometer-sized rods
with variable width and length, but constant thickness. The
similar phenomenon was also found to the DPB-y-CD system
(Wu et al., 2006b). Comparing to PBD-a-CD system, DLS
result of PBD-B3-CD system shows appearance of a new peak
with mean hydrodynamic radius around 11 nm which
corresponds to the size of nanotube other than monomeric
and self-aggregated CDs. The system in which the secondary
assembly of PBD-3-CD nanotube happened was filtrated and
the density measurement of the filtrate indicated that only 60%
of CDs were remained in the filtration. Thus, we proposed a
novel mechanism of secondary assembly of cyclodextrin
nanotube: the solid nanotubes, as the crystal core, induced
hollow CDs to grow and aggregate around themselves.

Furthermore, the addition of urea and DMF resulted in
disassembly of cyclodextrin nanotube and the secondary
assembly. At high temperature or high pH value the similar
phenomena also happened. However, cyclodextrin nanotube
can stably exist in the aqueous solution of 0.5 M NaCl (Wu
et al., 2006¢c). Combining other experimental results, we
proposed that the most important driven force of the formation
of cyclodextrin nanotubes and their secondary assembly is the
hydrogen bonding between CDs (Wu et al., 2006c).

6. Other high-order aggregates of cyclodextrins

Besides the above mentioned aggregates of cyclodextrin,
other high-order aggregates of cyclodextrin, such as nanometer
structural wire-shaped aggregates (Liu et al., 2002b, 2004b),
nanospheres (Hou et al., 2005), polymeric micelles (Wang and
Jiang, 2006), network aggregates (J. Liu et al., 2001; Liu et al.,
2005b,c), starpolymers (Okumura et al., 2000), bundle shape
(Liu et al., 2006), self-assembled multilayer (Crespo-Biel et al.,
2005), and cyclic daisy chains (Hoshino et al., 2000) were also
reported.
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Fig. 23. SEM images (a—c) of sample synthesized from 3-CD, oleic acid and oleylamine, TEM image (d) of sample synthesized from only 3-CD, and TEM image (e)
of sample synthesized from oleic acid and oleylamine. Reprinted from Hou et al. (2005).

Hou et al. (2005) reported on a size-controlled 3D magnetic
nanosphere, using [B-CD as surfactants, oleic acid and
oleylamine as cosurfactants for the assembly of magnetite
nanoparticles. Fig. 23 shows SEM and TEM images of the
samples stabilized with different amounts of 3-CD. Fig. 23ais a
SEM image of assembled magnetite prepared at higher
temperatures, which has a regular spherical structure with
the average size of 2 wm. The enlarged SEM images (Fig. 23b

and c) show that the spheres consist of many nanoparticles. In
above preparation process, if 3-CD but not oleic acid and
oleylamine existed, semispherical morphology were obtained
(Fig. 23d). If oleic acid and oleylamine but not B-CD existed,
isolated particles with an average size of 11 nm were
synthesized (Fig. 23e). The above results suggest that the
assembly and size of magnetite particles are dependent on
the amount of 3-CD (Hou et al., 2005).
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Fig. 24. Top: TEM (a) image of cross-linked micelles M3 and AFM (b) and TEM (c and d) images of the corresponding hollow spheres. Down: An illustration of
PGMA-CD/PtBA-ADA micelles and their characters. Reprinted from Wang and Jiang (2006).

Fig. 25. TEM images of (A) y-CD-capped gold nanoparticles and (B) C60-induced aggregate. Reprinted from J. Liu et al. (2001).
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Wang et al. reported on polymeric micelles, using the
inclusion complexation between [3-CD and adamantyl group as
a driving force (Wang and Jiang, 2006). Via shell cross-linking
and core removal of the micelles, hollow spheres composed of
B-CD-containing polymers were obtained. These hollow
spheres possessed multiscale holes, i.e., the large central one
at a size of submicrometers and many small 3-CD cavities at
0.7 nm. As shown in the AFM and TEM images (Fig. 24), the
morphology of the cross-linked micelles does not change in
shape and size while dramatic changes took place when the
micellar core was removed: discrete and collapsed hollow
spheres in a size range of about 500—1000 nm were formed.

Y. He et al./Micron 39 (2008) 495-516

Large network aggregates were formed from water-soluble
gold nanoparticles capped with thiolated y-CD hosts in the
presence of C60 fullerene molecules. This aggregation
phenomenon was driven by the formation of inclusion
complexes between two CDs attached to different nanoparticles
and one molecule of C60 (J. Liu et al., 2001). As can be seen
from the TEM images in Fig. 25 the addition of C60 makes the
v-CD-capped gold nanoparticles (3.2 nm) to transform into
large network aggregates (300 nm).

Another netlike supramolecular aggregates were synthesized
through the linkage of gold nanoparticles with cyclodextrin-
based polypseudorotaxanes (Liu et al., 2005b,c). TEM images
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Fig. 26. TM-AFM height (top left, z range 20.0 nm; center left, z range 10.0 nm) and phase (top right, z range 50.0; center right, z range 80.0) images (x 1.2 wm?) in
air of one bilayer (top) and four bilayers (center) on a cyclodextrin self-assembled monolayer after layer-by-layer assembly (0.01 mM in hydrophobic moieties in a
1 mM cyclodextrin pH 2 solution, and cyclodextrin Au nanoparticles, 5.8 uM in water). Bottom: Multilayer thickness as a function of the number of bilayers

measured with AFM scratching experiments (Crespo-Biel et al., 2005).
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were employed to characterize the sole gold nanoparticles and
the further aggregates with polypseudorotaxanes.

A novel kind of self-assembled organic/inorganic multi-
layers based on multivalent supramolecular interactions
between guest-functionalized dendrimers and host-modified
gold nanoparticles has been reported by Crespo-Biel et al.
(Crespo-Biel et al., 2005). AFM was used for a direct
determination of the thickness of the multilayer thin film
(Fig. 26). The AFM tip was used to create a scratch down to the
gold, and the thickness was determined by scanning across the
scratch with the AFM tip. The AFM images show well-defined
multilayer formation, an accurate thickness control, and the
need of specific host—guest interactions.

7. Conclusions

Cyclodextrins can form different aggregates under different
condition. In this review, we have discussed the aggregates of
native CDs and modified CDs, inclusion complexes and their
aggregates of CDs, cyclodextrin rotaxanes and polyrotaxanes,
cyclodextrin nanotubes and their secondary assembly, and other
high-order aggregates of CDs. Microscopy, as one of the most
important tools to characterize above assembly, has been used
widely. It affords a convenient approach to characterize various
types of aggregates with size from less than 1 nm to about
several micrometers. Not only the large cyclodextrin aggre-
gates but also single cyclodextrin such as a- and 3-CDs can be
visualized with microscopy tools such as STM. Furthermore,
using microscopy instruments such as AFM, single cyclodex-
trin can be easily manipulated. With the development of
microscopy, cyclodextrin aggregates will be investigated more
and more widely.
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