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PREFACE

Discovered toward the end of the nineteenth century,

cyclodextrins have attracted the interest of scientists and

industries in a variety of sectors. The main reason for this

growing interest is the unique structure of the natural cyclo-

dextrins, which enables inclusion of guest molecules in their

apolar cavity and masking of the physicochemical properties

of the included molecule. The included molecules, mostly

hydrophobic, enter a cyclodextrin cavity totally or partially,

depending on the size and configuration of themolecule. This

book is limited to applications of natural and chemically

modified cyclodextrins in the pharmaceutical, biomedical,

and cosmetic fields. However, cyclodextrins find use in

textile, food, agricultural, and environmental technologies,

owing to their unique inclusion complex--forming capability.

The relatively low cost of cyclodextrins, being enzymatic

degradation products of starch, contributes to their large-

scale production as pharmaceutical and cosmetic excipients

and resulted recently in the use of a cyclodextrin derivative as

an active ingredient in a pharmaceutical product.

Although they were discovered more than a century ago,

these “100-year-old spinsters,” as Prof. Dominique Duchene

had called them at the 1998 CRS Workshop on Cyclodex-

trins, have been characterized by an ever-increasing number

of publications and patents in the literature, which suggests

that cyclodextrins continue to offer new horizons to scien-

tists, with a wide range of possible modifications for adding

novel properties to the natural cyclodextrins.

When one reviews the literature on cyclodextrins, the

major characteristic of these ying-yang molecules seems to

be their solubility enhancement and stability improvement

effects on hydrophobic and/or labile active therapeutic or

cosmetic ingredients. This effect causes a significant bio-

availability enhancement of drug molecules with reduced

efficacy due to lower drug absorption and plasma profiles as a

result of their low solubility and stability problems, arising

from hydrolysis, pH, and photodegradation.

Cyclodextrins produced on a large scale as industrial

excipients are used primarily for their solubilizing effect,

incorporated in the formulation of analgesic or anesthetic

drugs with expected rapid onset. On the other hand, new

groups of cyclodextrins are introduced in the pharmaceu-

tical and biomedical fields every day. These exhibit a wide

range of properties, including self-assembly, polymeriza-

tion/condensation, gene delivery, swelling and gelling

properties, encapsulation of perfumes and ingredients,

and nano- and microencapsulation, which allows cyclo-

dextrins to be actively researched as promising excipients

in the nanomedicine, drug delivery, cosmetics, and bio-

medical fields.

This book consists of two main sections. Part I focuses on

the general physicochemical properties of cyclodextrins,

such as complexation, as well as drug solubilization and

stabilization, which made them come into use in the first

place, followed by specific chapters dedicated to various

routes of administration, such as oral,mucosal, and skin. This

part also covers the most recent findings on the toxicological

overview and safety profiles of cyclodextrin derivatives and

the regulatory status of cyclodextrins as excipients in the

pharmaceutical industry, including the views and applica-

tions of regulatory authorities in different parts of the world

and corresponding to different markets. The effects of cy-

clodextrins on the drug release properties of polymeric

systems of different types are also discussed in this section,

with examples from current literature.

Part II consists of novel and specialized applications of

cyclodextrins based on the diversity of modified cyclodex-

trins. A major group of novel cyclodextrin derivatives are

amphiphilic cyclodextrins with different surface charges.
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Anionic, nonionic, and cationic amphiphilic cyclodextrins

have been reported by research groups, and the self-assembly

properties of these new cyclodextrin derivatives give them

the capability to form nanoparticles spontaneously in

addition to complex-forming properties. Applications of

cyclodextrin polymers in gene delivery, peptide and protein

delivery, biotechnological applications of cyclodextrins, and

novel targeted cyclodextrins destined to carry their load to

tumor cells or specific sites such as the colon in complex or

conjugated form are also reviewed extensively in this part.

Cyclodextrins and their incorporation into polymeric nano-

particles forming new drug delivery systems, cyclodextrin

hydrogels, cellular interactions of cyclodextrins, and their

relevance in the pharmaceutical and medical fields are

discussed as well as the development and marketing story

of sugammadex, a pharmaceutical product containing a

cyclodextrin derivative as an active molecule. The emer-

gence of cyclodextrins as active molecules rather than smart

excipients in therapeutic or cosmetic products seems to be

the next step in the discovery and development of cyclo-

dextrin technology.

The goal of this book is to introduce readers of academic

or industrial backgrounds to the diverse properties of cyclo-

dextrins, different natural and modified cyclodextrins, and

their applications and trends in cyclodextrin research which

may be applicable to a variety of industries, such as the

pharmaceutical, cosmetic, textile, environmental, and food

industries.
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Complex formation

G + CD GCD
[GCD]

[CD] (M-1)[G]Kass =

guest + host inclusion complex

+

CH3
CH3

Chapter 2, Figure 3. Complex formation with CDs.

Release of “high-energy” water Dipole-dipole interactions
Hydrogen bonds

van der Walls interactionsHydrophobic interactions
Solvent effects

CH3

+

CH3

Chapter 2, Figure 4. Driving forces for complex formation.



Chapter 5, Figure 3. Mechanism proposed for morphological changes in red blood cells induced by

methylated CDs.
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Chapter 12, Figure 5. PEI/c-CD polypseudorotaxane inducing DNA condensation.

Chapter 12, Figure 6. (a) Chemical structure of biocleavable polyrotaxane; (b) polyplex formation,

terminal cleavage-triggered decondensation of DNA.

Chapter 12, Figure 7. Structure of a cationic polyrotaxane.



Chapter 12, Figure 11. Structure of CD polymers (Cdnw).
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Chapter 12, Figure 14. Sunflower-shaped polyplex formation.

Chapter 13, Figure 1. Three snapshots of the MD simulation performed for 2 ns at 310K on the 1 : 2

b-estradiol/CD-PEG-FA assembly in water: (A) t¼ 0; (B): t¼ 1 ns; (C): t¼ 2 ns. For clarity,

b-estradiol is shown in a ball-and-stick representation; CD-PEG-FA is shown in a stick representation.



Chapter 13, Figure 3. Confocal images obtained by incubation of KB cells with rhodamine-B-

loaded CD�PEG�FA.

Chapter 13, Figure 8. In vivo functional bioluminescence imaging of mice before injection and

1 day after injection of targeted and nontargeted siRNA nanoparticles.



Chapter 13, Figure 12. Effect of “mobile” motion of the cyclic compounds in polyrotaxanes

on receptor binding in a multivalent manner: (A) ligand–polyrotaxane conjugate and receptor sites;

(B) ligand-immobilized-polymer and receptor sites.
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nanosponges (black line).



100

80

60

40

20

0
0 100 200 300

Temperature (ºC)
Universal V3.9A TA instruments

D
er

iv
. w

ei
gh

t (
%

/º
C

)

w
ei

gh
t (

%
)

400 500 600
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Chapter 17, Figure 2. Thermogravimetric analysis of b-CD-based carbonate nanosponges.

Nitrogen flow. Ramp rate 10�C/min.

Chapter 17, Figure 5. Discoloration of a methyl red solution using b-CD-based carbonate
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Chapter 17, Figure 28. Human squamous cells carcinoma treated with fluorescent b-CD-based
carbonate nanosponges. Confocal Microscope Zeiss Axiovert 100M.
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Chapter 18, Figure 3. PS entrapment in colloidal nanoassemblies: (A) hydrophylic PS in the outer

casing of micelles; (B) hydrophobic PS in the core of micelles.



Chapter 18, Figure 6. PS delivery by CD nanoassemblies, HEP-2 intracellular delivery and

generation of singlet oxygen.



Chapter 18, Figure 10. (A) Absoption spectra of a multilayer SC16NH2–TPPS Langmuir–Sch€afer
film (solid line) and TPPS in water solution (dashed-dotted line). The inset shows a typical image

(width¼ 1mm) of the SC16NH2–TPPS photoactive nanoassemblies transferred onto hydrophobized

silicon. (B) Potential arrangement of the SC16NH2–TPPSmultilayer. The inset shows a representative

decay kinetic of 1O2(
1Dg) monitored at 1270 nm.



Chapter 18, Figure 12. (A) Fluorescence microscopy analysis of HeLa cells treated with

TPPS–SC6NH2 nanoassemblies (TPPS 1mM) at 1:10 molar ratio (merging of cell visualized with

a rhodamine filter and DAPI filter). (B) Cell death percenteage in HeLa through trypan blue assay.



Chapter 18, Figure 13. Cationic porphyrin bearing a long hydrophobic chain (TDPyP) delivery

entrapped in cationic amphiphilic CD (SC6NH2). TDPyP–SC6NH2 can be delivered to both gram-

positive and gram-negative bacterial cells (MRSA and E. Coli, respectively) by photosensitising their

inactivation.



Chapter 18, Figure 14. Supramolecular hybrid nanoassemblies of Au/SC6NH2 delivery for Pt:

(A) typical FEG–SEM image of Au/SC6NH2 system; (B) Optical microscope images of immobilized

HeLa cells treated with Au/SC6NH2; (C) UV/Vis extinction spectra of (B) at the point marked.
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PART I

CYCLODEXTRINS: HISTORY, PROPERTIES,
APPLICATIONS, AND CURRENT STATUS



1
CYCLODEXTRINS AND THEIR INCLUSION COMPLEXES

DOMINIQUE DUCHÊNE

UMR CNRS 8612, Physico-Chimie–Pharmacotechnie–Biopharmacie, Universit�e Paris–Sud, Châtenay, Malabry, France

1. INTRODUCTION

Cyclodextrins (CDs) are molecules of natural origin discov-

ered in 1891 by Villiers. Studied by Schardinger at the

beginning of the twentieth century, they became the topic

of prominent scientific interest only in the late 1970s, early

1980s [1]. The main value of these oligosaccharides resides

in their ring structure and their consequent ability to include

guest molecules inside their internal cavity. This is at the

origin of many applications: modification of the physico-

chemical properties of the included molecule (i.e., physical

state, stability, solubility, and bioavailability), preparation of

conjugates, and linking to various polymers. This results

in the use of CDs in many industries, such as agro-food,

cosmetology, pharmacy, and chemistry. Presently, the annual

average number of articles, book chapters, lectures, and

scientific contributions is between 1500 and 2000.

Presented briefly in this chapter are themain cyclodextrins

available on the market, and their major characteristics,

focusing on their ability to yield inclusion complexes. Also

described is the manner in which complexes can be obtained

and studied.

2. MAIN CDs AND THEIR ABILITY TO INCLUDE

GUEST MOLECULES

2.1. Main CDs

2.1.1. Natural CDs CDs result from starch degradation

by cycloglycosyl transferase amylases (CGTases) produced

by various bacilli, among them Bacillus macerans and B.

circulans [2]. Depending on the exact reaction conditions,

three main CDs can be obtained: a-, b-, and c-cyclodextrin,
comprising six, seven, or eight a(1,4)-linked D(þ )-gluco-

pyranose units, respectively [3]. CDs are ring molecules, but

due to the lack of free rotation at the level of bonds between

glucopyranose units, they are not cylindrical but, rather,

toroidal or cone shaped [4]. The primary hydroxyl groups

are located on the narrow side; the secondary groups, on the

wider side (Fig. 1).

Due to steric factors and tensions in the ring, CDs with

fewer than six glucopyranose units cannot exist. On the other

hand, although cyclodextrins with 9, 10, 11, 12, or 13

glucopyranose units (d-, e-, f-, g-, or q-CD, respectively)
have been described, only d-CD has been well character-

ized [4]. The largest CDs, those with a helicoidal conforma-

tion, are rapidly reduced to smaller products.

The aqueous solubility of CDs is much lower than that of

similar acyclic saccharides. This is the consequence of strong

binding of CD molecules inside the crystal lattice. Further-

more, for b-CD, with its odd number of glucopyranose units,

intramolecular hydrogen bonds appear between hydroxyl

groups, preventing hydrogen bond formation with surround-

ing water molecules and resulting in poor water solubility [4]

(Table 1).

The central cavity of CDs, which is composed of glucose

residues, is hydrophobicwhen the external part is hydrophilic

because of the presence of hydroxyl groups. In aqueous

solution, water molecules inside the CD cavity can easily

be replaced by apolar molecules or apolar parts ofmolecules,

leading (reversibly) to an inclusion host–guest complex [5]

which can be isolated.

When comparedwith its freemolecular state, the included

guest molecule has (apparent) new physicochemical

Cyclodextrins in Pharmaceutics, Cosmetics, and Biomedicine: Current and Future Industrial Applications, First Edition. Edited by Erem Bilensoy.
� 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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properties, among which is higher apparent water solubility.

This increase in water solubility depends on the CD water

solubility, but this parameter is limited compared with linear

oligosaccharides. This is one reason that highly water-

soluble CD derivatives have been synthesized.

2.1.2. CDDerivatives CDs’ low aqueous solubility results

from hydrogen bonds between hydroxyl groups. Any sub-

stitution on the hydroxyl groups, even by hydrophobic

moieties, leads to a dramatic increase in water solubility [4].

The different CD derivatives still have the ability to include

molecules inside their cavity, but with a different affinity

than that of the parent CD. Among the water-soluble CD

derivativesmost often employed are three classes ofmodified

CDs: methylated, hydroxypropylated (both neutral), and

sulfobutylated (negatively charged).

Theoretically, methylation of CDs can occur on either two

or three hydroxyl groups per glucopyranose unit. In the first

case [dimethyl-cyclodextrins (DM-CDs)] the methylation

takes place on all the primary hydroxyl groups (position

C6) and all the secondary hydroxyl groups in position C2, the

secondary hydroxyl groups in position C3 remaining free. In

the second case [trimethyl-cyclodextrins (TM-CDs)] all the

hydroxyl groups are substituted, including those in C3.

Most often, and in the case of b-CD, it is a randomly

substituted CD that is used with an average substitution

degree (number of substitutions per glucopyranose unit) of

1.8 (e.g., RAMEB, which is an amorphous product). There

also exists a very slightly substituted b-CD: Crysmeb, with a

substitution degree of 0.5.

Hydroxypropylation occurs in a purely random manner

on the primary or secondary hydroxyl groups, leading to an

amorphous mixture. Most often, in the case of b-CD, it is
2-hydroxypropyl-b-cyclodextrin (HP-b-CD) that is used;

this means that it is a 2-hydroxylpropyl moiety that is linked.

Because of different producers, the substitution degree has to

be mentioned.

There is only one sulfobutylated CD, the b-derivative,
with 6.8 substituents per CD (SBE7m-b-CD). It has about

seven negative charges per CD, which are counterbalanced

with sodium ions. Usually, a charged group reduces the CD

complexation ability, but in the case of SBE7m-b-CD, it
shows high binding properties, due to the significant sepa-

ration from the CD cavity of the charged sulfonate

moieties [5].

2.2. Formation of Inclusion Compounds

2.2.1. Principle The CD central cavity, composed of glu-

cose residues, is lipophilic and in aqueous solutions can

reversibly entrap suitably sized molecules (or parts of mo-

lecules) to form an inclusion complex [4]. Formation of an

inclusion complex is the result of equilibrium between the

free guest and CD molecules and the supramolecules of

inclusion:

free CDþ free guest $ CD=guestðinclusion complexÞ

Formation and dissociation of an inclusion complex is gov-

erned by a constant K, which may have different names:

affinity constant (affinity of the guest molecule for the CD

cavity), stability constant (stability of the inclusion complex

in a nondissociated form), association constant, or binding

constant. The higher the K value, the more stable the

inclusion, and the less dissociation that occurs. The value

of K depends on, among other factors, the size of the CD

cavity and that of the guest molecule (or part of the mole-

cule). It also depends on the more-or-less good fitting of

the guestmolecule inside theCD cavity. As a general rule, the

complex is strong when there is size complementarity be-

tween the guest and the CD cavity [6]. Depending on their

respective size, the guest moleculewill enter the CD cavity at

the narrow side (primary hydroxyl groups) or at thewide side

(secondary hydroxyl groups) (Fig. 2).

2.2.2. Driving Force The driving force for complex for-

mation has been attributed to many factors, among them the

extrusion of water from the cavity; hydrophobic, hydrogen

bonding, and electrostatic interactions; induction forces;

and London dispersion forces [7]. To better understand the

inclusion mechanism, it is important to consider the ther-

modynamic parameters: the standard free-energy change

Figure 1. Schematic representation of a-CD.

Table 1. Main Natural CDs and Their Characteristics

Cyclodextrin a b c

Glucopyranose units 6 7 8

Molecular weight (Da) 972 1135 1297

Central cavity diameter

(ext./int., A
�
)

5.3/4.7 6.5/6.0 8.3/7.5

Water solubility

(at 25�C, g/100mL)

14.5 1.85 23.2
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(DG), the standard enthalpy change (DH), and the standard

entropy change (DS). Hydrophobic interactions are entropy
driven (slightly positive DH and large positive DS). Van der

Waals forces are characterized by negative DH and negative

DS. Compensation (increasing enthalpy related to less neg-

ative entropy) is often correlated with water acting as the

driving force. In this case, being unable to satisfy their

hydrogen-bonding potentials, the enthalpy-rich water mole-

cules from the cyclodextrin cavity are released from the

cavity and replaced by guest molecules less polar than water,

with a simultaneous decrease in the system energy [4].

2.2.3. Different Types of Complexes When speaking of

inclusion complexes, it is clear that an apolar molecule, or at

least an apolar part of amolecule, is inside the CD cavity. But

other complexes can be formed which are not inclusion

complexes but in which the guest molecule is linked at the

external part of the cyclodextrin [8]. Furthermore, depending

on the respective size of the guest and host molecules, one

guest molecule can interact with one or two (or more) CD

(complexes 1 : 1 and 1 : 2) [9], or one or two guest molecules

can interact with one CD (complexes 1 : 1 and 2 : 1). For

example, Gabelica et al. [6] demonstrated that a-CD forms

both inclusion and noninclusion complexes with dicarbox-

ylic acids. The 1 : 1 acid/a-CD complex is mostly (but not

totally) an inclusion complex, and the 2 : 1 complex results

from the additional formation of a noninclusion complex by

interaction of the acid with the 1 : 1 complex.

Loftsson et al. [10, 11] have shown that drug–CD

complexes (such as CDs themselves) can self-associate to

form aggregates or micelles in aqueous solutions, and that

these aggregates can solubilize drugs inside their structures

through noninclusion complexation. Furthermore, the less

the CDs self-aggregate, the more likely it is that they are

involved in interactions with guests [12].

Because of their conformation and size, some guest

molecules can be included in one or two CDs (Fig. 3), and

depending on the CD size, it is a different part of the guest

molecule that can be included (Fig. 4) [13]. Molecules with

aliphatic chains fit better into the small a-CD cavity, whereas

molecules containing phenyl groups fit better into the larger

cavity of either b- or c-CD [6]. Finally, in solution, multiple

inclusion equilibria can coexist (Fig. 5) [14].

2.2.4. Influence of CDCharacteristics The nature of CDs

has a tremendous influence on their complexation ability.

Obviously, the size of a CD is important: It has to be large

enough to allow guest entrance but not so large as to be

unable to create guest–CD interactions by maintaining

the guest molecule inside the cavity, thus preventing a too

easy dissociation of the inclusion (low stability constant).

The CD derivative substitutions also play a prominent role.

In fact, they can either hinder the entrance of the guest or

contribute to increasing guest–CD interactions, such as

hydrogen bonds between the hydroxyl groups of hydro-

xylpropyl-CDs and the guest.

In the case of charged SBE7m-b-CD, it is known that

placing a charged group on or around aCDusually reduces its

complexation ability. This is the consequence of a change in

NO O

NO O

NO O

NO O

Figure 3. Example of type 1 : 1 (left) and 1 : 2 (right) inclusion

complexes. (From [13], with permission.)

NO O

αCD βCD(or γCD)

N OO

Figure 4. Influence of the CD size on the inclusion complex

structure. (From [13], with permission.)

Figure 2. Influence of the guest and CD cavity size on the inclusion

mechanism.
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the CD cavity hydrophobicity and/or a change in the inclu-

sion complexation geometry [15]. However, due to signifi-

cant separation of the charged substrate moiety from the CD

and the possible interaction of some substrates with portions

of the butyl moiety, SBE7m-b-CD often shows better binding

than that of neutral CDs [5].

2.2.5. Influence of the Reaction Medium An inclusion

complex between a guest and a CD can be obtained when

both entities are in a molecular state. Thus, the complexation

efficiency depends on the guest intrinsic solubility (S0) and

the complex affinity constant (K):

complexation efficiency ¼ KS0

An increase in the complexation efficiency can be obtained

by an increase in either the guest intrinsic solubility or the

complex affinity constant, or by a simultaneous increase in

both parameters [16]. In fact, the problem relies most on the

guest solubility, the CD solubility most often being much

higher than that of the guest. Any substance capable of

increasing the guest solubility could be considered to be

favorable to the inclusion. But that is not always true.

Organic solvents such as ethanol can increase the guest’s

water solubility. However, it competes with the guest for

space in the CD cavity, and most often the results are not

those expected [17]. In the case of low-water-soluble basic

guests, a better method consists of using acids as solubilizers.

The enhancement in complexation ability results from both

an increase in water solubility of the guest [17] and an

increase in the affinity constant due to noncovalent multi-

component (or ion pair) association between the CD, the

basic drug, and the acid [18–20]. If ionization of the guest

increases its solubility, it can decrease the stability constant,

but the increase in solubility remains predominant. Water-

soluble polymers can increase the complexation efficiency

by an increase in the stability constant [21].

3. PREPARATION OF INCLUSION COMPLEXES

The method used to prepare an inclusion complex between a

CD and a guest compound has a significant influence on the

final product: yield, solubility, and stability of the complex.

Most often the nature of the CD to choose depends on the

future role of the inclusion. For example, in pharmacy the CD

chosen depends on the drug administration route, the fact that

the CD is registered in one (or more) of the main pharma-

copeia, and the price of the CD. The preparation method has

to be adapted to the production level (i.e., industry or

laboratory scale) and the objective (i.e., increase in solubility,

in stability, etc). Finally, the necessity to add a third or a

fourth component for better product solubility has to be

considered.

3.1. Preparation Methods

Many methods have been described for the preparation of

inclusion complexes. It should, however, be kept in mind

that except when the inclusion precipitates spontaneously

from the preparation medium, the product obtained is a

mixture of three compounds: inclusion complex, emptyCD,

and free guest. The proportion of inclusion compound is

related to the affinity constant of the inclusion complex

obtained.

To avoid this drawback, many years ago it was proposed

that inclusion compounds be prepared by spontaneous pre-

cipitation of the complex from a solution or dispersion of

N
H

H

CH3

COOCH2CH2NH3COOC

H3C

NO2

CH3

CH2

N
H

H

CH3

COOCH2CH2NH3COOC

H3C

NO2

CH3

CH2

N
H

H

CH3

COOCH2CH2NH3COOC

H3C

NO2

CH3

CH2

+

Figure 5. Example of coexistence of multiple inclusion equilibria in solution. (From [14], with

permission of Elsevier.)
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the guest ingredient dispersed in an aqueous CD solution.

The final product had to be washed by organic solvent to

eliminate the excess of nonincluded guest. Of course, there

are many disadvantages to this technique. To obtain an

acceptable yield, it is usually necessary to use a cosolvent

of the guest, such as an organic solvent, which unfortunately

competes with the guest for inclusion in the CD; and in any

case, the yield is very low and the method rather long. Also,

and significantly, to be able to precipitate, the complex (and

the parent CD) must have low solubility, so the method is

restricted to b-CD. The only advantage is that the product

obtained is the inclusion only, not a mixture. In fact, it has no

industrial use.

Very often, the characteristics of the inclusion complex

are comparedwith those of a physicalmixture prepared using

the same proportions of guest compound and CD. The

hydrophilic character of CDs, comparable to that of sacchar-

ides, leads to an increase in the guest compound’s solubility.

Furthermore, one cannot exclude the progressive formation

of an inclusion complex during a dissolution study. Anyhow,

a physical mixture is just a blend and not an inclusion

compound.

The co-grindingmethod [22], in which a physical mixture

is submitted to ball-milling in a high-energy vibrational

micromill, is interesting because it leads to an almost amor-

phous product that presents a high level of solubility with fast

dissolution. Very similar results have been reported for many

products co-ground with cellulose derivatives. In these cases

the explanation was the polymer’s role in facilitating amor-

phization. A similar explanation seems to be logical for co-

grinding with CDs.

3.1.1. Co-Evaporation Co-evaporation consists of mixing

the guest ingredient in water with the CD (generally, in

equimolar amounts) and other components when necessary.

The mixing time can be some hours. The solvent can be

removed, at a temperature compatiblewith the stability of the

products, in hot air [22] or a vacuum oven [23], or better, to

accelerate the process, by evaporation under vacuum in a

rotary evaporator [24–26]. The product obtained is more or

less crystalline, depending on the nature of the constituents

and the exact drying method employed.

3.1.2. Spray-Drying and Freeze-Drying Spray-dry-

ing [24, 27, 28] and freeze-drying [24, 25, 27–29] methods

are derivatives of the co-evaporation method. To have

solutions of good quality adapted to the drying process,

they are stirred previously for one or two days or even

sonicated. As shown by x-ray diffractograms, the products

undergo amorphization during the drying process. Further-

more, the spray-dried product has the appearance of small

spheres [24, 27], whereas the freeze-dried product is more

amorphous but still has a few crystalline particles [24, 25,

27]. Because of the amorphization, dissolution of both

products is very rapid, freeze-drying leading to the fastest

dissolution [27].

3.1.3. Kneading Although many processes have been

named kneading method, the use of kneading seems to be

restricted to the preparation of CD inclusions. Briefly, the

guest compound is kneaded together with CD and a small

proportion of water or an aqueous solution of ethanol [22,

24, 29], acid [25], or base [27] is progressively added to

obtain a slurry. The product may be set aside to equilibrate

for 24 or 48 h [24, 27]; or it is kneaded to complete

evaporation [22] or dried at 40�C [25] or under vacuum [29].

Amorphization results from the kneading process, but it is

still possible to observe some crystals of the original CD and

guest compound, as confirmed by x-ray diffractometry and

differential scanning calorimetry [24, 27]. Generally, dis-

solution is better than that of the corresponding physical

mixture but slower than that obtained by spray-drying or

freeze-drying [27]. However, the results depend on the

complex composition: the nature of the CD, the guest

compound, and the additives.

3.1.4. Sealed-Heating In the sealed-heating method, CD,

guest compound, and additional products, at the desired

molar ratio, are placed in a glass container with a very small

amount of water. The container is then sealed and kept for 10

to 60min, or more often 3 h, in an oven at a temperature of 75

to 90�C [22, 26, 30]. Despite the fact that the complex

obtained retains some crystallinity [22, 26], its dissolution

can be increased dramatically [22].

3.1.5. Supercritical Carbon Dioxide Supercritical fluids

are fluids used at temperatures and pressures above their

critical value. They are good solvents for nonvolatile and

thermolabile compounds. They have gaslike viscosities

and diffusivities that promote mass transfer. Their density

is similar to that of liquid solvents [31]. In supercritical

fluids the diffusivity of dissolved entities is higher than in

liquid solvents [32]. This characteristic is favorable to

inclusion formation. Carbon dioxide has been widely used

since it is safe, inexpensive, nonflammable, and usable in

relatively mild processing (supercritical point: 73.8 bar,

31.1�C) [33].
Various types of equipment have been described for the

preparation of inclusion complexes. In one type, a physical

mixture of guest compound and CD is submitted to super-

critical carbon dioxide in a static mode under the required

pressure. Following depressurization at the end of the pro-

cess, the product can be ground and homogenized [31, 34,

35]. Another type of equipment utilizes two main units: one

for extraction and one for complex formation. The extraction

cell consists of a high-pressure sight gauge packed with

alternate layers of glass wool and guest compound. The

complex formation unit is loaded with CD. The supercritical
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solution of guest compound passes through the CD, and the

complex formation cell is isolated and left in static mode.

Depressurization is complete within 10min [36]. The pro-

ducts obtained are less crystalline than the corresponding

physical mixtures [22, 26], the intensity of crystallinity

depending on the exact preparation conditions (e.g., temper-

ature, pressure). Dissolution is faster than that of the physical

mixture [22, 35], and the bioavailability (liver and kidney

tissues) is very good [35].

3.1.6. Microwave Treatment Microwave treatmentmakes

it possible to obtain rapidly high temperatures inside irradi-

ated products. Applied to the preparation of inclusions, it

reduces the reaction time significantly [9]. For the prepara-

tion of complex, a mixture of guest compound and CDwith a

minimum amount of solvent is subjected to microwave

treatment, most often for 90 s at 60�C (150W) [9, 37–39].

It also seems possible to subject the physical mixture itself to

microwave treatment (500 or 750W for 5 to 10min) [30].

The products obtained using this technique show a practi-

cally unchanged solid state and are very stable under ambient

conditions. Microwave seems more efficient than kneading

and co-grinding with respect to dissolution [30].

3.1.7. Choosing a Preparation Method The physico-

chemical and dissolution properties of inclusion compounds

are influenced not only by the constituents—guest com-

pound, CD, ternary or even quaternary systems (organic

solvent, acid, base, polymer)—but also by the preparation

method. The co-grinding and kneading techniques require

only a short operating time and are both potentially indus-

trializable. They could be of great interest for obtaining a

limited increase in solubility and dissolution without the

necessity of true inclusion [40]. Sealed heating achieves

only small amounts of product and is not industrializable.

Spray-drying is more expensive, and freeze-drying is both

expensive and time consuming, although it seems to be

efficient for obtaining true inclusion and amorphization,

leading to a rather fast-dissolving product [40]. The use of

supercritical carbon dioxide is still experimental. The mi-

crowave technique is extremely fast and leads to true

inclusions when carried out on products in the presence of

liquid [38]. When it is carried out on dried products the

unchanged solid state suggests an absence of true inclu-

sion [30]. The absence of true inclusion or a low proportion of

true inclusion in the product obtained means that the guest

molecule is not protected from the surrounding medium and

that its stability will not be improved. However, its solubility

can be increased enough for the objective looked at.

3.2. Additives

Various additives can be added either to increase the yield by

increasing the affinity constant or to improve the solubility of

the inclusion complex. As noted earlier, these additives are

water-soluble polymers, and acids, or bases used to form

ternary or quaternary systems.

3.2.1. Water-Soluble Polymers The role of water-soluble

polymers in the formation and/or solubility of inclusion

complexes is multiple and probably depends on both the

guest compound and the CD itself. It appears that the role

of polymers is not only additive but also synergistic to that of

CDs [41, 42]. Polymers can improve the water solubility of

the guest compound, a factor favorable to inclusion in CD.

The thermodynamic role of poly(vinylpyrrolidone) (PVP)

has been demonstrated. The addition of PVP to the com-

plexation medium of a series of drugs by HP-b-CD results

in an increased negative enthalpy change (DH�), together
with an increased negative entropy change (DS�). Thus, the
complexation is enhanced (the affinity constant K is

increased) upon addition of PVP [41].

When comparing polymers, it has been shown that

poly(ethylene glycol) (PEG) has little or no effect on the

dissolution of guest/CD complex [42, 43]. This is due to the

linearity of the polymer, which can form an inclusion with

the CD itself, thus competing with the guest drug. On the

other hand, “bulky” polymers such as PVP and hydroxypro-

pyl methylcellulose (HPMC) can form hydrogen bonds with

hydroxyl groups of CDs and, more especially, HP-b-CD,
leading to a noninclusion complex in which guest molecules

can be included in the form of a ternary complex [43]. Avery

interesting example is that of the inclusion of nabumetone in

b-CD, in which the drug is wrapped at both ends by a b-CD
molecule, the PVP polymer acting as a bridge between the

two b-CD molecules [44].

Numerous polymers have been investigated for their

ability to increase the affinity constant and solubility of

guest/CD inclusion complexes. The most frequently studied

have been PEG [42, 43], ploy(vinyl alcohol) (PVA) [45],

PVP [41–44, 46–49], HPMC [42, 43, 46], carboxymethyl-

cellulose (CMC) [46], and NaCMC [42, 49]. Unfortunately

for future users of CDs and polymers, there is no general

conclusion. Depending on the nature of the guest and the CD,

the best products are PVP, HPMC, and NaCMC.

The exact preparation method may have some influence

on the result. For example, heating the preparation medium

(guest, CD, and polymer in aqueous solution) to 120 to 140�C
for 20 to 40min has been claimed to increase the affinity

constant and the complexation efficiency of HP-b-CD [16].

Similar results have been obtained by heating at 70�C under

sonication for 1 h [21, 43]. The mechanism of this phenom-

enon, called polymer activation, is not known. Some con-

tradictory results have been published describing the absence

of the effects of such treatment [42].

3.2.2. Acids and Bases In the case of acidic or basic

ionizable guest compounds, it seems appropriate to adjust
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the pH to obtain the higher solubility of the guest, allowing

easier inclusion formation and leading to better complexa-

tion efficiency [16]. This can be obtained by the addition of a

base [23, 50], an acid [50], or by the use of phosphate

buffers [43, 49]. Volatile bases (ammonia) or acids (acetic

acid) can be removed from the complex during the

drying process. A general increase in the guest compound’s

apparent solubility is obtained [16, 43, 49, 50]. In any case,

the relative increment in solubility with respect to the guest

alone obtained by cyclodextrin complexation at the optimal

pH can be rather low because of a concomitant reduction in

the stability of the complex formed with the ionized

guest [49].

In dissolution experiments, precipitation of the guest

compound can occur because of a thermodynamically un-

stable oversaturation of the solution [50]. The high-energy

guest/CD complex obtained could lead to enhanced drug

delivery through biological membranes and, consequently,

enhanced drug bioavailability compared to conventional

guest/CD complexes [50]. Tartaric acid has been proved to

increase the water solubility and oral bioavailability

of vinpocetine when included in either b-CD or SBE-

b-CD [51].

Avery interesting study has been carried out on the role of

maleic, fumaric, and tartaric acids on the inclusion ability of

miconazole in b-CD and HP-b-CD [52]. For the ternary

complexes obtained, depending on their conformation and/or

their structures, the acids can either stabilize or destabilize

the complex. In b-CD, maleic acid presents the best confor-

mation for forming a ternary complex. The inclusion

yield with this acid is higher than with fumaric. Tartaric acid

(L or D) does not affect the inclusion yield; in fact, it has

affinity for the CD cavity and can extract miconazole. With

HP-b-CD, L-tartaric acid stabilizes the complex, increases

the interaction and complexation energies, and promotes

miconazole inclusion. L-Tartaric acid does not interact

with the imidazole ring of miconazole as maleic and fumaric

acid do.

3.2.3. Other Additives The role of various additives,

known as solubilizing agents, on the solubility of guest/

CD inclusion complex has been investigated.

Anionic organic salts such as sodium acetate and sodium

benzoate increase the aqueous solubility of hydrocortisone/

b-CD complex [8]. Normally, sodium salicylate forms in-

clusion complexes with b-CD and should compete with

hydrocortisone, resulting in reduced complexation and CD

solubilization of hydrocortisone. The favorable effect of

sodium salicylate cannot be explained by simple inclusion

formation. In the case of sodium acetate, the enhanced

solubilization is partially due to increased b-CD and hydro-

cortisone/b-CD complex solubility. The acetate ions solubi-

lize the hydrocortisone/b-CD microaggregates formed in

aqueous solution [8].

For its part, the cationic organic salt benzalkonium chlo-

ride has only a limited effect on the hydrocortisone/b-CD
complex solubility, possibly because of competing effects

between benzalkonium and hydrocortisone for space in the

CD cavity [8].

The role of phospholipids (egg phosphatidyl choline and

phosphatidylglycerol) on ketoprofen/b-CD and ketoprofen/

M-b-CD solubility has also been investigated [30, 39]. The

ternary systems obtained have higher solubility, especially

ketoprofen/phosphatidylcholine/b-CD. The synergistic ef-

fect between cyclodextrins and phospholipids in enhancing

drug dissolution is attributed to a combination of the sur-

factant properties of phospholipids and the wetting and

solubilizing power of CDs and/or the possible formation of

a multicomponent complex [39].

3.2.4. Quaternary Systems Considering the dissolution

enhancements obtained with ternary systems in which are

present the guest compound, the CD, and an additive such as

polymer, acid, or anionic organic salts, it was logical to

investigate the effect of several additives used in quaternary

systems. For example, the association sodium acetate–

HPMC in the preparation of a quaternary complex of

hydrocortisone/b-CD appears to have a better solubilizing

effect than that of one or the other additive used alone [8].

Similar results were obtained with the association tartaric

acid–PVP added to vinpocetine/SBE-b-CD [51].

4. PHYSICAL STUDIES OF INCLUSION

COMPLEXES

When preparing an inclusion complex, the objectives can be

of different types:modification of the physical state (liquid or

gas transformed into solid), masking of an unpleasant odor

or taste, enhancement of solubility, enhancement of stability,

and so on. It is not enough to control these effects; it is

necessary to know exactly what complex has been obtained.

Different physical studies can be carried out in order to check

the existence of a true complex, evaluate its stoichiometry,

calculate its stability constant, and discover its structure.

Different types of studies can be carried out.

4.1. Characterization of the Complex

The objective is to know if there is a complex or just amixture

of guest, CD, and guest compound.

4.1.1. Scanning Electron Microscopy Very often, study

of an inclusion complex begins by observing it using scan-

ning electron microscopy (SEM). For the observation, sam-

ples are fixed on a brass stub and made electrically conduc-

tive by coating with a thin layer of copper [27], gold [23, 24,

40], or gold–palladium alloy [53]. For a good comparison,

samples should be observed at the same magnification. It is,
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however, difficult to conclude as to the formation of an

inclusion because of the morphological change that occurs

between the physical mixture and the product obtained. The

preparation process generally has a great influence on the

characteristics of the product. For example, spray-drying

very often leads to small spheroids; co-evaporation or knead-

ing, to large fragments; and freeze-drying, to thin andmore or

less crystalline particles [24, 25].

4.1.2. Ultraviolet Spectroscopy Because it is a very simple

method, the ultraviolet (UV) absorbance spectrum of

complexes has been used to study inclusion complexes [23,

29, 54]. Cyclodextrins do not show any significant UV

absorbance, so the increase in absorbance observed in a

guest/CD solution results from perturbation of the chromo-

phore electrons of the guest by its inclusion in the CD [29].

4.1.3. Circular Dichroism Being symmetrical molecules,

CDs have no dichroic activity, but they can modify that of

guest molecules by perturbation of the microenvironment

polarity resulting from the inclusion [54, 55].

4.1.4. Differential Scanning Calorimetry Differential

scanning calorimetry (DSC) analysis is very often carried

out on raw materials and products resulting from the

complex preparation process [22, 24–27, 29, 30, 40, 53,

55]. In fact, when guest molecules are included in the CD

cavity, their melting, boiling, and sublimation points usu-

ally shift to a different temperature or disappear within the

temperature range at which the CD is decomposed [53].

Generally, the samples are heated in a sealed pan from 25

to 250�C, 300�C, or even 450�C at a rate of 5 or 10�C/min,

under nitrogen or air. An empty sealed pan is taken as a

reference. CDs, in particular b-CD, contain water molecules

inside their cavity. This water is released at the beginning of

the temperature increase. In a sealed pan, the presence of

vapor can perturb the observation of further thermal acci-

dents, especially if the scanning rate is too fast. To prevent

this drawback, some authors prefer to work with pierced

pans [22, 30].

In a classical experiment, the melting peak of the guest

will disappear or decrease (or shift) by its inclusion in a CD,

depending on the proportion or true inclusion and free guest

in the product under investigation. However, the disappear-

ance of or decrease in the guest melting peak can result from

its amorphization by the preparation process, in particular

freeze-drying. Thus, the results have to be interpreted with

great care.

4.1.5. Infrared Spectroscopy Infrared (IR) analysis can

give interesting information on the products obtained by

association of a guest to aCDand is frequently employed [22,

24–27, 29, 30, 40, 53], either as classical IR spectroscopy or

as Fourier-transformed infrared spectrometry (FTIR). IR

analysis is carried out on the powders included in a KBr

disk [29, 53]. FTIR analysis can be performed either on

powder samples dispersed inNujol [22, 26, 30, 40] or directly

on the powder samples themselves [24, 27], which technique

prevents any transformation of the products. At present the

FTIR method is the one most commonly employed. A

classical FTIR analysis is performed by application of 16

scans at a resolution of 4 cm�1 over the range 4500–4000 to

600–400 cm�1.

The physical mixture leads to a superposition of the two

spectra (i.e., guest, CD) without any change. Normally, in a

simple inclusion complexation no new bands should appear,

which would be indicative of new chemical bonds in the

product obtained corresponding to another type of interac-

tion [27]. On the other hand, inclusion complexation leads to

significant changes in the characteristic bands of the guest

molecule. For example, the strong reduction or complete

disappearance of the characteristic bands is indicative of

strong guest–CD interactions and possibly inclusion com-

plexation [24, 53]. A shift of a carbonyl stretching band to

higher frequencies with concomitant broadening and de-

crease in intensity can be attributed to the dissociation of

intermolecular hydrogen bonds associated with crystalline

molecules and can be observed for complexes obtained by

freeze-drying [29].

4.1.6. X-ray Diffractometry Powder x-ray diffractometry

(XRD) is used to measure the crystallinity of a product.

Even if a change (lost) of crystallinity does not prove the

inclusion, it is very frequently employed in the study of

inclusion complexes [22, 24–27, 29, 30, 40, 53]. Most often

the analysis is carried out with Cu [22, 26, 29, 30, 53] or

Co [24, 25, 27, 40] Ka radiation with a voltage of 40 to

45 kVand a current of 35 to 40mA over the 2q range 2–5�C
to 38–70�C.

In an XRD pattern the intensity of diffraction peaks is

indicative of the crystalline character of the product. A

hollow pattern is characteristic of amorphous products [27].

The relative degree of crystallinity can be calculated as the

ratio of the peak height of the sample under investigation to

that of the same angle for the reference with the highest

intensity [24, 25, 27].

The different cyclodextrins do not exhibit the same crys-

tallinity: b-CD and DM-b-CD are rather crystalline, whereas

M-b-CD (Crysmeb), SBE-b-CD, and HP-b-CD exhibit an

amorphous character.

Diffractograms of physical mixtures result from a com-

bination of the diffractograms of the components analyzed

separately. When a CD has an amorphous character, a

decrease in peak intensity can be observed [27].

When studying a prepared inclusion complex, a decrease

in crystallinity, shifts in and the disappearance of peaks, the

appearance of new diffraction peaks, or a completely diffuse

pattern might be related to possible guest amorphization
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and/or complexation [26]. A strong reduction in or the

complete disappearance of the guest characteristic peaks can

be indicative of strong guest–CD interactions and the pos-

sible inclusion complexation of the guest [24] or its molec-

ular dispersion in the CDs [53]. Very often the amorphization

observed for the inclusion complex is largely dependent on

the preparation method. For example, and depending on the

products, co-evaporation and sealed heating lead to rather

crystalline profiles [26], whereas kneading or supercritical

fluids have a variable effect [26]. Most often, freeze-drying

leads to some amorphization [25, 53].

4.1.7. Electrospray Mass Photometry Electrospray (or

electrospray ionization) mass spectrophotometry (ES-MS)

is a very powerful method of studying inclusion com-

plexes [5, 54, 56–58]. It is a soft method of ionization for

nonvolatile and thermolabile molecules which can hardly

induce fragmentation [54]. It can provide evidence of

complexation and stoichiometry on the basis of the molec-

ular weights of all vaporized species [56–58]. However,

there are still ambiguities in the spectra obtained for su-

pramolecular assemblies: Do the species present in themass

spectra correspond to those present in solution, or do they

result from processes that occur under high-vacuum

conditions? [58].

4.1.8. Proton Nuclear Magnetic Resonance Proton nu-

clear magnetic resonance (1HNMR) spectroscopy is proba-

bly the technique that can give the most accurate information

about inclusion formation [48, 53, 55, 56, 58, 59]. It can be

used to prove the inclusion existence, and to determine its

stoichiometry, affinity constant, and structure. Samples are

dissolved in D2O [48, 58], D2O/CD3OD [53, 55], or

CD3OOD/D2O [56] and the experiment is performed at

300, 400, 500, or 600MHz. Of course, the product that is

investigated is a solution and not the solid complex. Insertion

of a guest molecule into a CD cavity results in the modifi-

cation of 1H NMR frequencies. Major changes in the chem-

ical shift values of the CD protons—more specifically, H3

and H5 located inside the cavity, or H6 on the cavity rim—

indicate the formation of an inclusion complex [14, 48, 53,

59]. Guest protons interacting with the CD can be evidenced,

and noninclusion complexes can be characterized.

4.2. Stoichiometry and Constant of the Complex

As already mentioned, guest/CD complexes can involve one

or more guest molecules for one or more CDs and are

characterized by their stability constant. Ifm guestmolecules

(G) associate with n CD molecules (CD),

mGþ nCD $ Gm �CDn

Km:n is the stability constant of the guest–CD complex [60].

4.2.1. Higuchi Phase Solubility Diagram The phase sol-

ubility analysis described by Higuchi and Connors [61] is a

very classical investigation carried out to better define the

complex type [10, 62]. To obtain the corresponding diagram

(Fig. 6), a fixed amount of guest compound is added to a

series of CD solutions of increasing concentration with a

constant volume. It is necessary to use an excess of guest

compound in order to maintain the highest possible thermo-

dynamic activity. These solutions are agitated for several

hours (or days) up to equilibrium. After filtration the dis-

solved guest concentration is measured by an appropriate

method. The value obtained corresponds to the guest really

dissolved (the intrinsic solubility) plus the guest dissolved in

inclusion form; it is the guest apparent solubility [62]. Two

types of complexes can be obtained: A (a soluble inclusion

complex is formed) and B (an inclusion complex with

definite solubility is formed) [63].

In type A, the apparent solubility of the guest increases as

a function of CD concentration. Three possible profiles exist:

AL, AP, and AN. AL corresponds to a linear increase in

solubility with an increase in CD concentration. AP corre-

sponds to a positive deviation from linearity (the CD is more

effective at high concentrations), and AN corresponds to a

negative deviation (the CD is less effective) [62]. In the AL

case and assuming that the complex is of 1 : 1 type, the

stability constant of the complex can be calculated from the

slope of the isotherm [63]:

K ¼ slope

S0ð1�slopeÞ
In theAPcase, indicative ofhigher-order inclusion complexes,

the K value can be calculated using the iteration method. It is

difficult to analyze the diagram quantitatively because this

system is associated with factors such as solute–solvent or

solute–solute interactions [63]. In type B there is formation of

complexes with limited water solubility, which are tradition-

ally observedwithb-CD.Twodifferent possible profiles exist:
BS and BI. BS corresponds first to the formation of a soluble

Figure 6. Higuchi phase solubility diagram.
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complex, which increases the total solubility of the guest, but

at a particular point of this solubilization process, maximum

solubility is achieved, corresponding to the guest intrinsic

solubility plus the guest solubilized in inclusion complex

form. Additional CD generates additional complex that pre-

cipitates, but as long as solid guest remains, dissolution and

complexation can occur, maintaining a plateau. When the

entire solid guest has been consumed, further addition of CD

results in the formation of additional insoluble complex, and

the final solubility observed in the system is that of the

complex itself [62]. BI is similar toBS except that the complex

is so insoluble that it does not increase the guest apparent

solubility. The stability constant of BS complexes can be

calculated from the slopeof the ascendingpart of the isotherm,

using the same equation as for AL complexes [63].

4.2.2. Permeation When using artificial membranes per-

meable to the guest but impermeable to the larger CD, the

permeation profile of the guest in the presence of CDs in

the donor phase is related not only to its permeation rate but

also to the complex stability constant [64, 65]. The relation-

ship between the guest permeation rate and the stability

constant of the complex is given by

GA½ � ¼ ½G0�f1�expð�AtÞg
2þK½CDf �

where A¼ k(2 þ K[CDf])/(1 þ K[CDf]), with [GA] being

the guest concentration in the acceptor phase, [G0] the

concentration in the donor phase at time 0, [CDf] the con-

centration of the free CD in the donor phase, k the guest

permeation rate constant, K the complex stability constant,

and t the time. Therefore, K and k can be calculated by

analyzing the guest concentration data in the acceptor phase

as a function of time using a nonlinear least-squares

method [64, 65]. This method has been employed in the

determination of the stability constant of hydrocortisone/

HP-b-CD, a 1 : 1 AL-type complex [11] and to that of

flurbiprofen/M-b-CDandflurbiprofen/HP-b-CD [65]. It can-

not be used for complexes with b-CD because its poor water

solubility does not allow having a high enough CD concen-

tration in the donor phase [65].

4.2.3. Nuclear Magnetic Resonance The association

constant can be derived from NMR data using the Benesi–-

Hildebrand method [66]. This is a graphical approach based

on the observation of any parameter A (provided that it is

affected by the interaction process considered) for one of the

entities in the presence of a large but variable excess of the

other entity, B. Chemical shift differences for a given proton

can be used as variables [59, 67]. The equilibrium constant

can be written

Kð½A�t�½C�Þ½B�t ¼ ½C�

[C] is related to the chemical shift difference between the free

molecule and the complex by

½C� ¼ DPobs½A�tDd�1
c

where Ddc is the chemical shift difference. This leads to

Ddobs ¼ K½B�tDdcð1þK½B�tÞ�1

The Benesi–Hildebrand graphical method allows to rewrite

this equation in the form

ðDdobsÞ�1 ¼ ðKDdcÞ�1ð½B�tÞ�1 þðDdcÞ�1

Plots of (Dobs)
�1 against ([B]t)

�1 are linear. The slope,

abscissa, and ordinate intercepts are (KDdc)
�1, �K, and

(Ddc)
�1, respectively [67].

A 1 : 1 stoichiometry is assumed in the theoretical basis.

This method has a number of limitations: the entities

should be soluble enough, there is a lack of sensitivity for

low concentrations, and the effect of viscosity in the pres-

ence of a large excess of one of the entitiesmust be accessed.

The accuracy of the method drops rapidly as K

increases [59].

Other methods have been described for obtaining the

stability constant from NMR data. For example, the diffu-

sion-ordered spectroscopy (DOSY) technique can be

used [68]. The association constant K for a complex of n-

molecule host (CD, H) and m-molecule guest (G),

nCDþmG $ C½HnGm�

could be reduced to

K ¼ ½C�
½H�n½G�m ¼ ½C�

ð½H�0�n½C�Þnð½G�0�m½C�Þm

where [G]0 and [H]0 are the total concentration of the guest

and host, and [G], [H], and [C] are the equilibrium concen-

trations of the free host (H), free guest (G), and the complex

(guest/CD, C). If the mole fraction xb of the bound entities is
known, K is

K ¼ xb
ð1�xbÞð½H�0�xb½G�0Þ

The diffusion coefficient observed (Dobs) in the NMR

experiment (fast exchange conditions) is the weighted aver-

age of the diffusion coefficient of bound (Dbound) and free

(Dfree) guest:

Dobs ¼ xDbound þð1�xÞDfree
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and the fraction of bound guest is

xb ¼
Dfree�Dobs

Dfree�Dbound

Accurate determination of the association constant implies

that the stoichiometry is known unambiguously [68].

The association constant can also be obtained by using a

nonlinear least-squares procedure, resorting to the Leven-

berg–Maquardt algorithm on the differences observed in the

chemical shifts due to the presence ofCD [69]. Thevalues are

calculated using the protons of the guest that lead to largest

chemical shift variations in the presence of increased cyclo-

dextrin concentrations [27].

NMR studies are also a tool for determination of the

complex stoichiometry. The method is that proposed many

years ago by Job [70]. It deals with fast exchange systems and

can be applied to any technique provided that a given

experimental parameter is different in the free and bound

states [59]. This parameter is determined for a series of

samples prepared by mixing, to constant total volumes,

equimolar solutions of the two interacting entities, the total

concentration being kept constant. The ratio between the

concentrations of the two entities A and B is

r ¼ ½A�
½A� þ ½B�

this parameter varying from 0 (pure B) to 1 (pure A).

A parameter P being observed as a function of r, its

measured value Pobs is given by

Pobs½At� ¼ Pc½C� þPf ½A�

where Pc and Pf are the values of the parameter P observed in

the complexed and free forms of A, [At] and [A] being the

total and free concentrations of A. Plotting DPobs[At] as a

function of r gives a bell-shaped curve exhibiting a maximum

for r¼ 1/1 þ n, allowing direct determination of n. DPobs

being equal to Pobs�Pf, the general shape of the curve

depends only on the difference between the value of the

parameter observed in the free and complexed states, and

not on K. When all plots show a maximum at r¼ 0.5, it

indicates that the complex formed has a 1 : 1 stoichiometry; a

1 : 2 complex should provide a nonsymmetrical plot with a

maximum at r¼ 0.33, a 2 : 1 complex corresponding to r

¼ 0.66 [59]. This method is very often used for the determi-

nation of the complex stoichiometry [14, 48, 71–74]. Inter-

estingly, thismethod also allows to evidence the simultaneous

presence of two complexes of different stoichiometry. This is

the case for b-CD/triclosan, for which the maximum of the

curve is not at 0.5 (for 1 : 1 complex) or at 0.66 (for 2 : 1

complex) but at 0.6, indicating that complexes of both stoi-

chiometries are present in solution simultaneously [75].

4.2.4. Ultraviolet Spectroscopy UV spectroscopy can be

used similarly to NMR for determination of either the

complex stiochiometry or its association constant [76, 77].

In this case, it is the absorbance difference that is used. It was

demonstrated that the relative error of theBenesi–Hildebrand

method in measuring the association constant is often poorly

reliable except for the K values<1000�1 [78, 79]. When the

complexation is strong, a nonlinear regression estimation of

binding constants is chosen [76].

4.2.5. Fluorescence Spectrometry Guest fluorescence

variation can be the parameter used to calculate the complex

stoichiometry [80] and the complex constant [37, 80] by the

methods as described earlier.

4.2.6. Affinity Capillary Electrophoresis Affinity capil-

lary electrophoresis (ACE) can be used to determine the

binding constant of an inclusion complex [65, 81]. When a

charged solute (guest) is included in a CD cavity, the

inclusion complex has a charge identical to that of the free

solute but an increased molecular mass. Since the mass-to-

charge ratio of the complex is greater than that of the free

solute, the mobility of the solute–cyclodextrin (G-CD) com-

plex is lower than that of the free solute. The electrophoretic

mobility of a compound G (mep) is a function of the propor-

tion of the time that this compound is free and the proportion

of the time that it is complexed:

mep ¼
½G�

½G� þ ½G-CD�
� �

m0 þ
½G-CD�

½G� þ ½G-CD�
� �

mc

where m0 is the electrophoretic mobility of the free guest, mc
the electrophoretic mobility of the G-CD complex, and [G]

and [G-CD] the concentrations of the free guest and the

inclusion complex, respectively. Given that

½G-CD� ¼ K½G�½CD�

then

mep ¼
m0 þ mcK½CD�
1þK½CD�

where [CD] represents the concentration of CD in the buffer

solution. The electrophoretic mobility of the guest, measured

from an electropherogram, is

mapp ¼ mep þ meo

and

mapp ¼
Ll

VtM
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where mapp is the apparent mobility of the guest, L and l the

total and effective length of the capillary, respectively, V the

apparent voltage, and tM the migration time of the guest.

Furthermore, meo is the mobility of the electrophoretic

flow, calculated from the tM of a neutral compound (teo).

Experimentally, meo is determined using the tM of the peak

corresponding to water and the equation

meo ¼
Ll

Vteo

The determination of the K values is achieved by calculation

of mep of the guest in buffers containing increasing concen-

trations of CD. The data are analyzed by nonlinear regression

to assess the agreement with the theoretical model and

determine values for m0, mc, and K [81].

4.2.7. Isothermal Titration Calorimetry The formation of

an inclusion complex is associated with changes in thermo-

dynamic parameters [82]. Isothermal titration calorimetry, a

powerful and versatile method for the study of molecular

interactions [83], has been used to determine not only the

thermodynamic parameters of guest/CD complexation [84],

but also to calculate the affinity constant of complexes [85].

During an isothermal titration calorimetry (ITC) experiment,

the heat generated or absorbed during a binding reaction is

measured. For the experiment, a CD solution (titrant) is

added to a guest solution (titrate) over time using one or

more individual injections. The heat can be measured either

as a change in temperature or as the change in power

necessary to maintain the sample and the reference cell at

the same temperature. The energy is converted into a binding

enthalpy. Calculation of the enthalpy observed includes not

only the heat of binding but also any additional heat sources

associated with the reaction, including solvent effects, mo-

lecular reorganization and conformational changes, heats of

dilution, and mechanical artifacts. Thus, careful preparation

of solutions and measurement of appropriate background

heats are required to obtain thermodynamic parameters that

accurately reflect the event(s) of interest [83]. The titration

can be either continuous or sequential. The heat produced

during each injection is proportional to the amount of com-

plex formed. The change in heat during the experiment

allows evaluation of the stoichiometry of interaction, the

affinity constant K, and the enthalpy (DH) of the interaction,
fromwhich the entropy (DS) and the Gibbs free energy of the
progress (DG) can be derived [85].

4.3. Structure of the Complex

Most often the guest molecule is not totally included in the

CD cavity; the part inside is hindered from any surrounding

influence (i.e., humidity, oxidation, pH, etc.) when the part

outside can be subjected to all these phenomenon. For this

reason it is of prominent interest to know the exact structure

of the complex.

4.3.1. NMRandROESYStudies If classical NMR studies

enable evidence for the existence of an inclusion, it does not

give direct information on the inclusion structure. ROESY

(Rotating frame Overhauser Effect SpectroscopY) experi-

ments provide structural information and allow study of

the complex geometry in aqueous solutions. It is a two-

dimensional method in which a cross peak can be observed

between the protonswhen the internuclear distance is smaller

than about 3 to 4A
�
[59]. The intensities of the cross peaks

depend on the distance between the interacting nuclei, the

intensity decreasing with the distance [86]. This method is

now a reference for determination of an inclusion complex

structure [11, 14, 23, 74, 86].

Cross peaks are displayed between the inner CD protons

H3 and H5 and the interacting protons of the guest. For

example, in the case of taginin/b-Cd complex [77] it has been

shown that the internal H3 proton is correlated with the

protons of the lactone part and the unsaturated ketone cycle,

while the internal H5 proton is correlated with the protons of

the ester part, which could suggest that the taginin is inserted

deeply into the cavity by the largest rim, where secondary

hydroxyl groups are present, with the ester and lactone parts

oriented toward the primary hydroxyl groups of the CD.

4.3.2. Molecular Modeling Molecular modeling makes it

possible to obtain the possible geometric structures of the

inclusion complex with the docking energies. It constitutes a

powerful method to use to predict or explain the inclusion

mechanism and the complex structure [52, 65, 71, 77, 87, 88].

Molecular modeling enables geometrical representation of

the most probable complex structure (Fig. 7). They are based

on the search for a correlation between experimentally

determined equilibrium constants of the complexes and

some important theoretically evaluated parameters describ-

ing the inclusion process, such as the docking energy (gain of

potential energy as a consequence of the inclusion), the

host–guest contact surfaces (related to the hydrophobic

interactions), and the intermolecular interaction fields (re-

lated to the hydrophilicity and lipohilicity of the interacting

molecules) [87]. It must be emphasized that this method has

only a predictive value, which could be useful in preformula-

tion studies to select the best CD to use.

5. CONCLUSIONS

CDs are truly exceptional molecules. Not only have they an

unusual shape; they are ring molecules, but because of this

structure, they have unique properties. They can form

inclusion complexes with molecules of size and charge

adapted to their cavity. These inclusion complexes are real
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molecular encapsulation. Of course, depending on the CD

used, the guest compound chosen, and the reactionmedium,

the inclusion yield can vary and the complex obtained can

be a noninclusion complex. The preparation methods are

numerous and not necessarily all adapted to the main

purpose of the scientist preparing the inclusion. Similarly,

the methods used to study the complex are also numerous,

but they do not all have the same objective. The general

conclusion could be very simple: When preparing and

studying an inclusion complex, one must be clear as to his

or her objective so as to make the right choice between the

various tools proposed in the literature.
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ducts. In: Duchêne, D., Ed.,Cyclodextrins and Their Industrial

Uses. Editions de Sant�e, Paris, pp. 75–103.

3. Le Bas, G., Rysanek, N. (1987). Structural aspects of cyclo-
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1. INTRODUCTION

In this chapter we discuss and summarize some of the

interesting applications of cyclodextrins (CDs) in various

areas of drug delivery focusing on their well-known effects

on drug solubility and stability. CDs are hollow, truncated-

cone-shaped molecules made up of six or more glucose units

linked together covalently by oxygen atoms and held in shape

via hydrogen bonding between the secondary hydroxy

groups on adjacent units at the wider rim of the cavity. CDs

(also called cycloamyloses) make up a family of cyclic

oligosaccharides. They are composed of five or more a-D-
glucopyranoside units linked 1 to 4, as in amylose (a frag-

ment of starch). The five-membered macrocycle is not

natural. Recently, the largest well-characterized CD contains

thirty-two 1,4-anhydroglucopyranoside units, while as a

poorly characterized mixture, at least 150-membered cyclic

oligosaccharides are also known. Typical CDs contain a

number of glucose monomers, ranging from six to eight

units in a ring, creating a cone shape thus denoting:

. a-cyclodextrin: six-membered sugar ring molecule

. b-cyclodextrin: seven-membered sugar ring molecule

. c-cyclodextrin: eight-membered sugar ring molecule

These are shown in Figs. 1 and 2.

The characteristics of a-, b-, c-, and d-CDs are given

in Table 1. The physical characteristics of CDs are given in

Table 2. The CDs are manufactured by the enzymatic

degradation of starch using specialized bacteria. However,

Endo et al. [1] established an isolation and purification

method for several types of large-ring CDs and also obtained

a relatively large amount of d-CD (cyclomaltonose) with

nine glucose units [1–3]. The cavity size of a-CD is insuf-

ficient for many drugs, and c-CD is expensive. In general,

d-CD has a weaker complex-forming ability than that of

conventional CDs.

2. USES

Over the last few years CDs have found a wide range of

applications in the food, pharmaceutical, and chemical in-

dustries as well as in agriculture and environmental engi-

neering. CDs are used widely as host molecules in a number

of areas of chemistry where molecular recognition is re-

quired, such as material sciences, supramolecular chemistry,

molecular sensing, and artificial enzymes. Moreover, CDs

are of great utility in the field of medicinal chemistry as

solubilizing agents for lipophilic drugs [4–6], as photosta-

bilizers of light-sensitive drugs, [7,8], and as sustained-

release [4–6,9] and drug delivery systems [10–12] for various
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drugs. CDs and their derivatives play an important role in

formulation development due to their effect on solubility,

dissolution rate, chemical stability, and absorption of drugs.

Although CDs have been investigated widely during the last

two decades, their commercial application in pharmaceutical

formulations began only in recent years with drugs such as

piroxicam and nimesulide [13–16].After this, various studies

were done to investigate the possibility of improving the

solubility and dissolution rate of norfloxacin in the presence

of solubilizing agents such as ascorbic acid and citric acid,

which are incorporated into b-cyclodextrin complex (b-CD),
a-cyclodextrin, and c-cyclodextrin. Among them, b-CD has
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Table 1. Characteristics of a-, b-, g-, and d-CDs

Type of

CD

Cavity

Diameter (A
�
)

Molecular

Weight (Da)

Solubility

(g/100mL)

a-CD 4.7–5.3 972 14.5

b-CD 6.0–6.5 1135 1.85

c-CD 7.5–8.3 1297 23.2

d-CD 10.3–11.2 1459 8.19

Table 2. Physical Characteristics of CDs

Cyclodextrin

Characteristic a-CD b-CD c-CD

Cavity diameter (A
�
) 4.7–5.3 6.0–6.5 7.5–8.3

Height of torus (A
�
) 7.9 7.9 7.9

Diameter of periphery (A
�
) 14.6 15.4 17.5

Approximate volume of

cavity (A
�
)

174 262 472

Per mole of CD (mL) 104 157 256

Per gram of CD (mL) 0.1 0.14 0.20
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been used for a long time, as it has a bigger cavity size (7.5A
�
)

and is the least toxic of all the natural CDs [17].

Possible effects of complex formation between a guest

molecule and a-, b-, or c-CD include enhanced or reduced

aqueous solubility, bioavailability-enhanced or reduced sta-

bility against hydrolysis, oxidation, ultraviolet (UV)-light-

induced degradation, heat, and reduced volatility. Introduc-

tion of CDs into the pharmaceutical process can alter the

solubility and stability of included medicines so as to be

applied as drug carriers in some chemotherapies.

3. EFFECTS OF CDs ON IMPORTANT DRUG

PROPERTIES IN FORMULATION

3.1. Effect on Drug Solubility and Dissolution

CD complexation has been widely used to improve the

physicochemical properties of various drug molecules. CDs

are of considerable practical and theoretical interest because

of their ability, as host molecules, to form stable noncovalent

inclusion complexes with numerous inorganic and organic

guest molecules. In addition, CDs and their complexes form

water-soluble aggregates in aqueous solutions. These aggre-

gates are able to solubilize lipophillic water-insoluble drugs

through noninclusion complexation or micellelike struc-

tures [18]. Such a drug–ligand complex has a rigid structure

and a definite stoichiometry, usually 1 : 1 at low concentra-

tion. The formation of stable inclusion complexes in aqueous

solutions may be attributed, in part, to the fact that CDs

possess an apolar cavity with a well-defined geometry.

However, the development of chemically modified CDs with

favorablewater solubility and lower hemolytic properties has

circumvented this problem [19,20].

The hemolysis of erythrocytes by CDs has been attributed

to two possible effects [21]: (1) the inducement of an osmotic

hypotonic effect, and (2) the complexation of lipid compo-

nents such as cholesterol or phospholipids. However, the use

of CDs in pharmaceutical dosage forms is limited by their

relatively high cost and due to problems of formulation, all

principally related to the large amount necessary to obtain the

desired drug-solubilizing effect [15]. Out of various com-

mercially available CDs, methylated CDs with a relatively

low molar substitution appear to be the most powerful

solubilizers. Reduction in drug crystallinity on complexation

or solid dispersion with CDs also contributes to the CD

increased apparent drug solubility and dissolution

rate [22,23]. As a result of their ability to form in situ

inclusion complexes in a dissolution medium, CDs can

enhance drug dissolution evenwhen there is no complexation

in the solid state [24]. Sulfobutylated CD (SBE-b-CD) was
shown to be an excellent solubilizer for several drugs and

wasmore effective thanb-CD but not as effective as dimethyl

CDs such as DM-b-CD [25]. CDs can also act as release

enhancers; for example, b-CD enhanced the release rate of

poorly soluble naproxen and ketoprofen from inert acrylic

resins and hydrophilic swellable [high-viscosity hydroxy-

propyl methylcellulose (HPMC)] tableted matrices. b-CD
also enhanced the release of theophylline from a HPMC

matrix by increasing the apparent solubility and dissolution

rate of the drug [26,27]. With drugs such as digitoxin and

spiranolactone, d-CD showed a greater solubilizing effect

than that ofa-CD, but the effect of d-CDwas less than that of

b- and c-CDs. b-CD has been used widely in the early stages

of pharmaceutical applications because of its ready avail-

ability and cavity size suitable for the widest range of drugs.

But the low aqueous solubility and nephrotoxicity limited the

use of b-CD, especially in parenteral drug delivery [28].

Chemically modified CD derivatives have been prepared

with a view to extending the physicochemical properties

and inclusion capacity of parent CDs. Several amorphous,

noncrystallizable CD derivatives with enhanced aqueous

solubility, physical and microbiological stability, and re-

duced parenteral toxicity have been developed by chemical

modification of parenteral CDs [29,30].

To improve the solubility and stability of poorly soluble

dihydroartemisinin (DHA), hydroxypropyl-b-cyclodextrin
(HP-b-CD) inclusion complexes were prepared with recrys-

tallized DHA to study its thermal stability also. The equi-

librium solubility of DHAwas enhanced as a function of HP-

b-CD concentration. DHA/HP-b-CD complexes showed an

89-fold increase in solubility compared to DHA. Hydrogen

bonding was found between DHA and HP-b-CD, and it was
stronger in complexes prepared in water than in buffers.

DHA/HP-b-CD complexes prepared using commercial

(untreated) or recrystallized DHA showed a 40% increase

in thermal stability and a 29-fold decrease in hydrolysis rates

compared to DHA [31]. CD applications as solubilizing

agents are summarized in Table 3.

3.2. Effect on Drug Stability

CDs can improve the stability of several labile drugs against

dehydration, hydrolysis, oxidation, and photodecomposition

and thus increase the shelf life of drugs [15]. Electrostatic,

hydrophobic, and hydrogen-bonding interactions are the

principal forces determining the stability of biological

macromolecules. To improve the solubility and stability of

poorly soluble dihydroartemisinin (DHA), HP-b-CD inclu-

sion complexes were prepared with recrystallized DHA to

study its thermal stability also. This is shown in Figure 3. The

complexes were characterized by differential scanning ca-

lorimetery (DSC), Fourier transform infrared spectroscopy

(FTIR), x-ray diffraction patterns (XRD), and thermal sta-

bility, phase, and equilibrium solubility studies. Pure DHA

was crystalline in nature and remained crystalline after

recrystallization, but its unit cell dimensions changed as

exhibited byXRD.DHA/HP-b-CD complexes showed phase
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Table 3. Effect of CDs on the Solubility of Various Drugs

Drug

Type of

CD Useda Effect on Solubility Ref.

Irbesartan B The solubility and dissolution were improved. Among various methods,

co-evaporation was best for increasing the solubility and dissolution rate of the

drug.

[32]

Finasteride D Inclusion complexes improved the solubility. [33]

Propolis ethanolic

(PE) extracts

B Encapsulation in b-CD was reported to increase the solubility of PE constituents

in a manner related to their structure, while the amount of substance released

was dependent on both their chemical properties and their relative abundance.

[34]

Caffeine B The solubility of caffeine molecules was enhanced throughout the inclusion

interactions and prevented caffeine self-association.

[35]

Finasteride (FIN) P Equimolar FIN/HP-b-CD solid systems suggested that true binary and ternary

inclusion complexes were formed.

[33]

Cortisone acetate D The solubility of cortisone acetate increased from 0.039 g/L to 7.382 g/L.

HP-b-CD was far superior to dimethylformamide and ethanol.

[34]

Dihydroartemisinin D The solubility of dihydroartemisinin, a major metabolite of artemisinin and

its derivatives, including arteether, artemether, and artesunate, was improved

89-fold.

[31]

Benzophenone and

tamoxifen

X The highest benzophenone loadings were obtained by solubilizing it in p-b-CD,
and it showed solubility enhancement.

[36]

Glyburide Y In the presence of HB-b-CD, an almost 400-fold increase in glyburide aqueous

solubility was observed.

[37]

Glyburide P A significant improvement in the drug dissolution profile was achieved from

tablets containing drug–CD systems. 100% drug dissolution was never

reached. Better results were obtained with ternary systems. In particular,

poly(vinylpyrrolidone) (PVP) emerged as the most effective polymer, and

tablets with drug–PVP–hydroxypropyl-b-CD co-evaporated products showed

the best dissolution profiles, reaching 100% dissolved drug within 15min.

[38]

Itraconazole B The efficacy and bioavailability of these drugs have been limited by their

poor aqueous solubility and dissolution rate, which was improved by

complexation.

[39]

Econazole B The efficacy and bioavailability of these drugs have been limited by their

poor aqueous solubility and dissolution rate, which was improved by

complexation.

[39]

Fluconazole B The efficacy and bioavailability of these drugs have been limited by their poor

aqueous solubility and dissolution rate, which was improved by complexation.

[39]

Etoricoxib P Among all binary systems, a lyophilized product showed superior performance in

enhancing solubility and hence dissolution of etoricoxib.

[40]

Irbesartan B Phase solubility studies revealed an increase in solubility of the drug upon CD

addition, showing an A(L) type of graph with slope less than 1 indicating

formation of a 1 : 1 stoichiometry inclusion complex.

[32]

Coumestrol B To improve its solubility in water, CDs were used. [41]

Albendazole X The apparent solubility of albendazolewas enhanced, especially with poly-a-CD. [42]

Itraconazole

hydrochloride

B Aqueous solubility measurements showed that the solubility of the salt,

its 1 : 1, 1 : 2, and 1 : 3 (w/w) physical mixtures with b-CD, were 6, 99, 236, and
388 times greater than that of itraconazole. More than 94% of itraconazole was

dissolved out of the salt/b-CD 1 : 3 physical mixture after 60min.

[43]

Glutathione P and F Solid-state FTIR, thermal analysis (DSC), and x-ray diffraction studies suggested

that the nanoencapsulation process produced a marked decrease in the crys-

tallinity of GSH, and thus solubility.

[44]

Omeprazole B and F Permeation studies indicated an 1.1- to 1.7-fold increase in drug permeation in a

complexed form of b-CD and methyl-b-CD.
[45]

Flavonoid dioclein B The inclusion of dioclein in b-CD increased the water solubility

to 44% compared to free dioclein. The in vitro vasodilator effect of dioclein

was unchanged by its inclusion in b-CD, showing that the IC value does not

change the interaction between dioclein and its cellular targets.

[46]
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Table 3. (Continued )

Drug

Type of

CD Useda Effect on Solubility Ref.

Glyburide X A significant improvement of the drug dissolution profile was achieved in tablets

containing drug–CD systems, but 100% drug dissolution was never reached.

Drug/PVP/hydroxypropyl-b-CD co-evaporated products showed the best

dissolution profiles, showing 100% dissolved drug within only 15min.

[38]

Caffeic acid P The solubility was enhanced. [47]

Quercetin B Enhancement of the aqueous solubility of quercetin was 4.6- and 2.2-fold in the

presence of 15mM of b-CD using the spray-drying process and physical

mixture method, respectively.

[48]

Cortisone acetate P The water solubility of cortisone acetate increased from 0.039 to 7.382 g/L at

32�C. The solubilization effect of HP-b-CD was far superior to that of

dimethylformamide and ethanol.

[34]

Efavirenz (EFV) I and P The dissolution of EFV was substantially higher with HP-b-CD and RM-b-CD
inclusion complexes prepared by the freeze-drying method.

[49]

Pyrimethamine

(PYR)

A A linear increase of PYR solubility was verified as a function of a-CD
concentration.

[50]

Ibuprofen P Solubility enhancement was reported. [51]

Albendazole B Solubility enhancement was reported. [52]

Pb, Sr, Zn, and

perchloroethylene

E Cyclodextrins were capable of simultaneously enhancing the solubility. [53]

Hexachlorobenzene F Solubility-enhanced electrokinetics were reported. [54]

Formoterol P and Q An increase in the aqueous solubility of formoterol-complexed CDs led to

the generation of aerosols with a particle size compatible with pulmonary

deposition.

[55]

Nimesulide B, P, and Q b-CDs increased the aqueous solubility of nimesulide in the following order:

methyl-b-CD> b-CD> hydroxypropyl-b-CD. b-CD, hydroxypropyl-b-CD,
and methyl-b-CD were proposed as good solubilizing agents for nimesulide in

the presence and absence of hydroxypropyl methylcellulose to enhance its oral

bioavailability.

[56]

Itraconazole

dihydrochloride

B Aqueous solubility measurements showed that the solubility of the salt,

its 1 : 1, 1 : 2, and 1 : 3 (w/w) physical mixtures with b-CD, was 6, 99, 236, and
388 times greater than that of itraconazole. 94%of itraconazolewas dissolved

out of the salt/b-CD 1 : 3 physical mixture after 60min.

[43]

Fullerene B It was reported that the clustering effect of CD and PEG at the surface of the

dendrimer might be crucial for the solubilization of fullerene.

[57]

Hesperidin D Hesperidin demonstrated poor, pH-independent aqueous solubility. Solubility

improved dramatically in the presence of 2-hydroxypropyl-b-CD, and the

results supported 1 : 1 complex formation.

[58]

Model drug A, B, and C It was reported that solubility of native a-, b-, c-CDs in water rises with

temperature. The opposite is true for their methylated derivatives

(mCDs; per-dimethylated b-CD and per-trimethylated c-CD). Results of
the comparison indicated that (1) in solution, CDs and mCDs are in

monomeric form; (2) van der Waals and solute-excluded volumes which

can be related by introducing a shell of a thickness that correlates with the

solute’s structure and solute–water interactions, and (3) the SAXS curves

calculated under the assumption of a uniform distribution of electron density

in the solute molecules agree with experimental ones for CDs but not

for mCDs.

[59]

Lamotrigine B The solubility profile of lamotrigine with b-CD was classified as A(L) type,

indicating formation of a 1 : 1 stoichiometry inclusion complex with a stability

constant of 369.96� 2.26M�1. The interaction was evaluated by powder x-ray

diffractometry, Fourier transform infrared spectroscopy, and differential

scanning calorimetry, confirming that it was no longer present in the crystalline

state but was converted to an amorphous form.

[60]

(continued )
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Drug

Type of

CD Useda Effect on Solubility Ref.

Thalidomide

enantiomers

P Complexes were obtained by using hydroxypropyl-b-CD, and the solubility of

both thalidomide enantiomers was increased directly depending on the amount

of hydroxylpropyl-b-CD.

[61]

Sodium dicloxacillin A, B, C,

and P

Phase solubility diagrams obtained were A(L) or B(S) type, depending on the CD

used and the pH of the solution.

[62]

Bisphenol A (BPA) A, B, and C The results showed that b- and c-CDs gave the satisfactory solubilization ability
to BPA up to 7.2� 103mg/L and 9.0� 103mg/L, respectively.

[63]

Resveratrol P and I Both HP-b-CD and RM-b-CD enhanced the aqueous solubility of an intravenous

dose of resveratrol; rapid elimination of resveratrol was observed at all doses

tested regardless of the formulation types with nonlinear elimination.

[64]

Pseudo[1]rotaxane X Flexibility of the altro-a-CDcavity resulted in an induced fit [from (1)C(4) to (4)C

(1)] to the arm moiety, and introducing a bulky end group allowed the stability

of this pseudo[1]rotaxane to be enhanced.

[65]

Miconazole D and F The apparent stability constants [K(S)] calculated from the phase solubility

diagram were 145.69M�1 [K(1 : 1)] and 11.11M�1 [K(1 : 2)] for M-b-CD
and 126.94M�1 [K(1 : 1)] and 2.20M�1 [K(1 : 2)] for HP-b-CD.

[66]

Lamotrigine B Solubility enhancement was reported. [60]

Cellulose acetate

fibers

B Solubility enhancement was reported. [67]

Albendazole (ABZ) B Complexation of ABZ with b-cyclodextrin lead to the formation of an ABZ

solution with potent antiproliferative effects.

[68]

Progesterone P The increased aqueous solubility of P by complexation with HP-b-CD was the

main factor that increased the yield of 17-a-HP.
[69]

17-b-Estradiol B and P The complex was formed with E2, and its low aqueous solubility was improved.

However, the hydrophilic E2/b-CD and E2/HP-b-CD complexes do not

penetrate the membrane. Therefore, these CDs are able to suppress the

hormone activity of E2.

[70]

Lamivudine B Binary and ternary mixtures prepared with inclusion complexes of lamivudine in

b-CD and PVA lead to increase in solubility.

[71]

Ketoconazole (KET) P The highest levels of KET in aqueous humor (Cmax, 2.67 mg/mL) were obtained

after a 20-min application of KET–CD, 6.1 times greater than that corre-

sponding to the KET–SP at 30min. The KET concentrations in aqueous humor

for post-120- and 180-min instillations of KET–CD were 57.9 and 34.5 times

higher than that of KET–SP post-120min, respectively.

[67]

Di(8-hydroxyquino-

line)magnesium

B The thermal stability and solubility of di(8-hydroxyquinoline)magnesium were

improved when forming an inclusion complex.

[72]

Curcumin and

curcuminoides

P Hydroxypropyl-b-CD and propylene glycol alginate seemed to be the best choice

with respect to curcumin solubility and release from the vehicle.

[73]

Genistein, an

isoflavone

A, B, and C Noncovalent inclusion complex with both b- and c-CD was formed but did not

form a stable complex with a-CD. A significantly improved aqueous solubility

of genistein was reported.

[74]

Glycyrrhetic acid

(GTA)

P GTA/HP-b-CD inclusion complex was prepared by an ultrasonic-lyophilization

technique. Solubility was increased 54.6-fold using an optimized method.

[75]

4-Methylbenzylidene

camphor

A, B, C,

and I

Among the CDs studied, random methyl-b-CD (RM-b-CD) had the greatest

solubilizing activity.

[76]

Paclitaxel I, K, P,

and Q

Methylated b-CDs (randomly methylated and 2,6-dimethylated) showed the best

ability to solubilize paclitaxel compared to sulfobutylether- and hydroxy-

propyl-b-CD.

[77]

Curcumin and

curcuminoid

P, Q, and I0 Solubility and phase distribution studies showed that curcuminoids with side

groups on the phenyl moiety have higher affinity for HP-c-CD than for b-CDs.
[78]

Paclitaxel A, B, C,

and R

2,6-Dimethyl-b-CD was the most effective and its solubility was 2.3mM in a

0.1M 2,6-dimethyl-b-CD aqueous solution.

[79]

Progesterone B, C0, C, P,
J0, and U

Results showed that HP-b-CD and PM-b-CD were the most efficient among the

four CD derivatives and two natural CDs for the solubilization of progesterone.

[80]
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Type of
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The herbicide diclo-

fop-methyl (DM)

X The solubility of DMwas enhanced in the presence of b-CDs, the extent of which
was dependent on the modification of b-CDs.

[81]

Glimepiride B, P, and U The dissolution rate of glimepiride/HP-b-CD–5% PEG 4000 was high compared

to others.

[82]

Lycopene B, F, and P Solubility enhancement was reported. [83]

Prazosin B and P Phase solubility diagrams and the solubility of PRH could be enhanced by 27.6%

for b-CD and 226.4% for HP-b-CD, respectively.
[84]

Melarsoprol B, I, and P The solubility enhancement factor of melarsoprol (solubility in 250mM of

CD/solubility in water) was about 7.2� 103 with both b-CD derivatives.

[85]

Diazepam P, C0, U,
and A0

The increase in solubility displayed a concentration dependency for the four

CDs used. Diazepam’s solubility was enhanced linearly as a function of each

CD concentration. The highest improvements in solubility (dissolved con-

centration ca. 3.5mg/mL in 40% CD) were found by adding HP-b-CD or

SBE7-b-CD.

[86]

Benzocaine (BZC) B Threefold increase in BZC solubility could be reached upon complexation with

b-CD.
[87]

Irisquinone P Solubility of irisquinone was enhanced markedly by inclusion with HP-b-CD
when the host and guest stoichiometry was 2 : 1.

[88]

Azadirachtin B, P, G,

and K0
The water solubility of azadirachtin was obviously increased after the resulting

inclusion complex with CDs. Typically, b-CD, DM-b-CD,
TM-b-CD, and HP-b-CD were found to be able to solubilize azadirachtin to

high levels up to 2.7, 1.3, 3.5, and 1.6mg/mL.

[89]

Quercetin B, P, and U Solubility enhancements of quercetin obtained with the three b-CDs followed the
rank order: SBE-b-CD>HP-b-CD> b-CD.

[90]

13-cis-Retinoic acid A, B, and P The effect of complexation of 13-cis-RAwith a-CD and HP-b-CD on its phase

solubility was studied. HP-b-CD was found to be more effective in increasing

the aqueous solubility of 13-cis-RA compared to a-CD.

[91]

Propofol H0 Aqueous solubility enhancement was reported. [92]

Celecoxib B Solubility enhancement was reported. [93]

Artelinic acid and

artesunic acid

B These compounds exhibited poor solubility in aqueous solution. NMR results are

most consistent for artelinic acid and b-CD forming complexes in a ratio

of 2 : 1.

[94]

Dexamethasone and

digoxin

P Digoxin and dexamethasone are insoluble in water. The inclusion of hydroxy

acids in CD complexes in the necessarymolar proportions led to a considerable

increase in the solubility.

[95]

Pentachlorophenol B, E, P,

and Q

All CDs were found to form 1 : 1 inclusion complexes, which led to an increase in

the aqueous solubility.

[96]

Celecoxib B Celecoxib has a very lowwater solubility, formation of a complexwith b-CD both

in an aqueous medium and in solid state, led to solubility and dissolution rate

enhancement.

[97]

Triamterene B Improved the solubility and therefore dissolution and bioavailability. [98]

Gliquidone P The molecular encapsulation and amorphization of gliquidone enhanced the oral

bioavailability.

[99]

Ganciclovir P The aqueous solubility was enhanced. [100]

Natamycin B, C, and P The increase in solubility of natamycin with added b-CD was observed

to be linear. The water solubility of natamycin was increased 16-, 73-, and

152-fold with b-CD, c-CD, and HP b-CD, respectively.

[101]

Nifedipine B Nifedipine is practically insoluble in water and aqueous fluids. Complexation

of nifedipine with b-CD markedly enhanced the solubility and dissolution

rate.

[102]

Acitretin I and P The solubility of acitretin was improved dramatically by formation of complexes

and increased further by pH adjustment. Stability constants were much higher

for acitretin complexed with RM-b-CD than with HP-b-CD.

[103]

(continued )
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Vinpocetine (VP) B and U SBE-b-CD showed higher solubilizing efficacy toward VP than did the parent

b-CD, due to its greater solubility and complexing abilities.

[104]

Rofecoxib B Formation of solid inclusion complexes of rofecoxib and cyclodextrin at different

molar ratios exhibited a higher rate of solubilization and thus dissolution than

did the physical mixture and the pure drug.

[105]

2,4,6-Trichlorophenol B, P, and Q The enhancement solubility method revealed that the stability of the complexes

was dependent on the polarity of the compound and on the CD used.

Solubilization efficiencies toward TCP could be ranked in the following order:

methylated CD>HPCD> b-CD.

[106]

Fentanyl P, U, and A0 The solubility of fentanyl increased linearly as a function of the CD concentration

and with decreasing Ph.

[107]

Vinpocetine (VP) U The water-soluble polymers were shown to improve the complexation efficiency

of SBE-b-CD, and thus less SBE-b-CD was needed to prepare solid VP-SBE-

b-CD complexes in the presence of the polymers, butVP solubilization inwater

increased linearly with increasing SBE-b-CD concentration.

[108]

Ibuprofen (IBU) B Aphase solubility study of IBU in an aqueousb-CD solution in the presence of the

bile salt (sodium cholate) showed an increase in the solubility of IBU.

[109]

Insulin B A complex was prepared to improve the solubility of insulin. It was available as a

dry powder, after encapsulation into poly(D,L-lactic-co-glycolic acid)

microspheres.

[110]

Itraconazole P Solubility enhancement was reported. [111]

Clarithromycin X The water solubility of clarithromycin was enhanced about 700-fold by com-

plexation with CD.

[112]

The alkaloids har-

mane and harmine

X Both 1 : 1 and 1 : 2 b-carboline alkaloid/CD complexes with different solubility

properties were prepared using different CDs, such as b-CD, HP-b-CD, DM-

b-CD, TM-b-CD. Association constants varied from 112 for harmine/DM-

b-CD to 418 for harmane/HP-b-CD.

[113]

Ketoprofen P The solubility of the ionized complex of the drug was 2.5-fold greater than the

nonionized complex. The flux of the ionized drug at 10% w/v HP-b-CD
concentration was enhanced order of approximately eightfold compared to the

intrinsic permeability of the nonionized drug.

[114]

Iodine A, B, and P The solubility order was KI< b-CD<a-CD< 2-HP-a-CD. [115]

Nifedipine B, P, and T The inclusion complexation of nifedipine was shown to retard drug otodegra-

dationwith values dependent on light source and type of complexing agent. The

effect was less for b-CD than for modified b-CD. It was noticed that the

inclusion complexation of nifedipine offered much higher protection against

the effect of a fluorescent lamp than of sunlight.

[116]

Naphthoquinone P A 38-fold solubility enhancement was possible by using a combined approach of

pH adjustment and complexation with HP-b-CD.
[117]

Tenoxicam B, C, P, C0,
and Q

M-b-CD complexes yielded the best results: good solubility and the highest

stability constant.

[118]

Camptothecin (CPT) A, B, C, P,

and Q

The results showed a linear increase in the solubility of CPT with an increasing

concentration of CDs. The solubility of CPTwas 228.45� 8.45 mg/mL, about

171-fold higher than that in 0.02NHCl.

[119]

Nicardipine B and P The aqueous solubility was enhanced. [120]

Naproxen B, P, and Q Water-soluble polymers increased the complexation efficacy of CDs toward

naproxen, which resulted in enhanced drug solubility.

[121]

Naproxen (NAP) P The combined use of PVP andHP-b-CD resulted in a synergistic increasing effect

of the aqueous solubility of NAP (120 times that of the pure drug).

[122]

Tolbutamide B Solubility enhancement was reported. [123]

Sulfamethizole B and P The aqueous solubility of sulfamethizole was increased by complexation with

b-CD or HP-b-CD.
[124]

Phosphatidylcholine B The aqueous solubility increased after complexation. [125]
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Phenytoin C, P, and Q Drug solubility in 0.05M potassium phosphate buffer were notably improved by

employing theb-CDs.A 45%w/vHP-b-CDorM-b-CD solution gave rise to an

increase of dissolved drug by 420- and 578-fold.

[126]

Cyclosporin A A and P Cyclodextrins can increase the CsA solubility, but a-CD was more effective than

HP-b-CD.
[127]

Hydrocortisone P The dissolution rate for HC increased after complexation, with 25 to 40% of the

drug being released in the first hour compared with about 5% for pure HC.

[128]

Terpenes B The ability of GUG-b-CD was almost the same as that of G2-b-CD. [129]

Loteprednol

etabonate

A0, B0, C,
D, and K

Among the fiveCDs used, DMCDshowed the highest effects on the solubility (4.2

to 18.3mg/mL in 10 to 50% DMCD) and stability (t90> 4 years at 4�C).
[130]

all-trans-Retinoic

acid (ATRA)

D The aqueous solubility of ATRA could be greatly increased by the inclusion of

ATRA in 2-hydroxypropyl-b-CD (HP-b-CD). Adjusting the pH value further

improved the water solubility of ATRA.

[131]

Hydrocortisone P The drug and complex–polymer interactions in each system could be responsible

for the solubility enhancement of the drug molecule.

[132]

Gliclazide B The solubility was enhanced. [133]

Phenothiazine B and R It was established that the improvement in the solubility of phenothiazine was

dependent on the type of CD.

[134]

Artemisinin A, B, C, D, K,

L, and V

The solubility order is b-CD<HP-b-CD< SBE7-b-CD<DM-b-CD. [135]

Albendazole, meben-

dazole,

ricobendazole

B, P, and Q The solubility and bioavailability were enhanced. [136]

Ursodeoxycholic

acid (UDCA)

B Both b-CD/CDC and b-CD increased the water solubility of UDCA, particularly

b-CD/CDC.
[137]

Praziquantel A, B, and C The solubility (dissolution) ofa-, b- and c-CD complexes was 2.6-, 5-, and 8-fold

greater, respectively, than that of the pure drug.

[24]

Cyclosporin A S and T The solubility increased 87-fold in the presence of 5.0� 10�2M DM-b-CD. [138]

Rutin B The dissolubility of rutin in water was added to 643.19mg/L (20�C). [139]

Levemopamil P The solubility was enhanced. [140]

Ziprasidone U The dissociation constants increased eightfold. [141]

Praziquantel B The solubility data were linear for up to the highest concentration of b-CD added.

The 30�C decrease in the melting point was reflected in increased solubility of

the enantiomers.

[142]

Propofol P The aqueous solubility increased linearly as a function of HP-b-CD concen-

tration. It is potentially useful for parenteral administration of the drug.

[143]

Melatonin (MT) P The solubility of MT in PG increased slowly until it reached 40% PG and then

increased steeply. The solubility of MT increased linearly as the concentration

of 2-HP-b-CD without PG increased. MT solubility in the mixtures of PG and

2-HP-b-CD also increased linearly but was less than the sum of its solubility

in 2-HP-b-CD and PG individually.

[144]

Haloperidol P and Q The solubility was increased 20-fold in the presence of a 10-fold excess of

methyl-b-CD (M-b-CD) and 12-fold in the presence of a 10-fold excess

of 2-hydroxypropyl b-CD (HP-b-CD).

[145]

Ampicillin B A drug with b-CD was found to increase both the solubility and the dissolution

rate of the drug.

[146]

Anandamide P The aqueous solubility increased 1000- to 30,000-fold, depending on the type of

CD (10% solution) used.

[147]

Methylparaben P HP-b-CD increased significantly the solubility of methylparaben in water. [148]

Paclitaxel B, C, P, N,

and T

These CDs increased paclitaxel solubility 2� 103-fold or more and did not alter

the cytostatic properties of paclitaxel in vitro.

[149]

Pilocarpine P The solubility of the prodrugs was shown to increase markedly in phase solubility

studies.

[150]

(continued )
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transitions toward amorphous in DSC thermograms, FTIR

spectra, and XRD patterns. Hydrogen bonding was found

between DHA and HP-b-CD, and it was stronger in com-

plexes prepared in water than in buffers. DHA/HP-b-CD
complexes prepared using commercial (untreated) or recrys-

tallized DHA showed a 40% increase in thermal stability and

a 29-fold decrease in hydrolysis rates compared with DHA.

The rank order of stability constants (K) was water, acetate

buffer (pH 3.0), phosphate buffer (pH 3.0), and phosphate

buffer (pH 7.4) [31].

The requisite values of the thermodynamic quantities at

different temperatures have been obtained by isothermal

titration calorimetry. The studies done with CDs to establish

a relation to stability are given in Table 4. It was reported that

CD-induced enhancement of drug stability may be a result of

inhibition of drug interaction with vehicles and/or inhibition

of drug bioconversion at the absorption site [30]. By pro-

viding a molecular shield, CD complexation encapsulates

labile drug molecules at the molecular level and thus

insulates them against various degradation processes.

SBE-b-CD showed greater stability enhancement of many

chemically unstable drugs than that of other CDs [25]. The

stabilizing effect of CDs depends on the nature and effect of

the included functional group on the drug stability and the

nature of the vehicle. Both the catalyzing effect of the nitro

group as well as the stabilizing effect of the halogen and

cyanogen groups on photodegradation of 1,4-dihydropyri-

midine derivatives were reduced by complexation

with CDs [157]. HP-b-CD significantly reduced the

Table 3. (Continued )

Drug

Type of

CD Useda Effect on Solubility Ref.

Psoralen B, K, and L The solubility and dissolution rate of the complexed forms improved, particularly

for the DM-b-CD complex.

[151]

Thalidomide P Thalidomide, however, is sparingly soluble in aqueous solution (50 mg/mL) and

unstable. Complexation with hydroxypropyl-b-CD has significantly improved

the aqueous solubility and stability of thalidomide. Results obtained with

HPLC and 1H NMR spectrometry demonstrated that the solubility increased to

1.7mg/mL, and the half-life of a diluted solution was extended from 2.1 h to

4.1 h.

[152]

Carbamazepine B and C The poor aqueous solubility of carbamazepine was dramatically increased via

complexation with various chemically modified b- and c-CDs.
[153]

Hydroflumethiazide,

bendrofluazide,

and

cyclopenthiazide

B The solubility was enhanced. [154]

Nimodipine B, D, M, N,

and O

The order of increasewas 2,3-dihydroxypropyl-b-CD< b-CD< 2-hydroxyethyl-

b-CD< 3-hydroxypropyl-b-CD< 2-hydroxypropyl-b-CD.
[155]

Chlorambucil (CHL) K The aqueous solubility of CHLwas increasedmore than 40-fold in the presence of

1.74� 10�2M DIMEB and with 1.74� 10�2M b-CD, there was a threefold

increase in the aqueous solubility of CHL under similar conditions.

[156]

aA, a-Cyclodextrin; B, b-cyclodextrin (b-CD); C, c-cyclodextrin; D, 2-hydroxypropyl-b-cyclodextrin (HP-b-CD); E, carboxymethyl-b-cyclodextrin (CMCD);

F, methyl-b-CD; G, 2,3-di-O-methyl-b-cyclodextrin (DM-b-CD); H, 2,3,6-tri-O-methyl-b-cyclodextrin; I, randomly methylated b-CD (RM-b-CD); J, HE-

b-CD; K, heptakis(2,6-di-O-methyl)-b-cyclodextrin (DM-b-CD; DMIEB); L, hepatakis (2,3,6-tri-O-methyl)-b-cyclodextrin (TM-b-CD); M, 2,3-

dihydroxypropyl-b-CD; N, 2-hydroxyethyl-b-CD; O, 3-hydroxypropyl-b-CD; P, hydroxypropyl-b-CD; Q, methyl-b-CD; R, substituted-b-CD; S, DM-

a-CD; T, DM-b-CD; U, b-cyclodextrin sulfobutyl ether (SBE-CD); V, (SBE)7m-b-CD; W, a-L-Fuc-b-CD; X, cyclodextrin (CD); Y, hydroxybutenyl-

b-cyclodextrin; Z, sulfobutyl ether-b-CD (SBE7-b-CD); A0, maltosyl-b-cyclodextrin (MBCD); B0, mixture of glucosyl/maltosyl-a-, b-, and c-cyclodextrin

(GMCD); C0; HP-c-CD; D0, GUG-b-CD; E0, G2-b-CD; F0, b-CD-tetradecasulfate; G0, 6-(30S-carboline-30-carboxylaminoethylamino)-6-deoxy-b-cyclodextrin;
H0, sulfobutyl ether 7-b-cyclodextrin (SBE-CD); I0, HP-c-CD; J0, permethyl-b-cyclodextrin (PM-b-CD).

Complex formation

G + CD GCD
[GCD]

[CD] (M-1)[G]Kass =

guest + host inclusion complex

+

CH3
CH3

Figure 3. Complex formation with CDs. (See insert for color

representation of the figure.)
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Table 4. Effect of CDs on the Stability of Various Drugs

Drug

Type of CD

Useda Effect on Stability Ref.

Efavirenz B, I, and P Stability constants [K(s)] for EFV-b-CD, EFV-HPb-CD, and EFV-RM-b-CD
systems were 288, 469, and 1073M�1, respectively.

[49]

a-Tocopherol and quercetin C Natural antioxidant/CD inclusion complexes served as novel additives in

controlled-release active packaging to extend the oxidative stability of

foods.

[178]

a-Tocopherol and quercetin B Natural antioxidant/CD inclusion complexes served as novel additives in

controlled-release active packaging to extend the oxidative stability of

foods.

[178]

Tizanidine hydrochloride B and P Stability studies in natural saliva indicated that optimized formulation using

CDs had good stability in human saliva.

[179]

Cortisone acetate P The enzymatic stability of D1 dehydrogenase from Arthrobacter simplex

TCCC 11037 was not influenced by the increasing concentrations of

HP-b-CD.

[34]

Flavonoid dioclein B The mechanism underlying the increase in bioavailability was probably a

consequence of a protective effect of b-CD against in vivo biodegradation

by enzymes and possibly increased water solubility.

[46]

cis-Cyclooctene, cis,cis-1,3-

cyclooctadiene, and cis,

cis-1,5-cyclooctadiene

B The trend of stability of the three inclusion complexes deduced from their

calculated stabilization energies agreed well with the order of their

association constants obtained from NMR experiments.

[180]

Omeprazole B and Q Results showed that complexation with CDs increased drug stability at

neutral conditions; furthermore, L-arginine contributed to higher drug

stability.

[45]

Glucagon C In the solid state, glucagonwas degraded via oxidation and aggregation and in

the presence of lactose via theMaillard reaction. The solid-state stability of

glucagon/c-CD powder was better than that of glucagon/lactose powder.

[181]

Itraconazole hydrochloride B Results obtained clearly indicated that the presence of b-CD improved the

thermal stability of nutraceutical antioxidants present in H. sabdariffa L.

extract, both in solution and in solid state.

[43]

Caffeine B The inclusion interactions prevented caffeine self-association. [35]

Branched b-cyclodextrins B and W The order of binding affinity, as a function of the fucose-binding position,

was 6(1), 6(4) ! 6(1), 6(3) ! 6(1), 6(2)-di-O (a-L-Fuc) b-CD> 6-O

(a-L-Fuc) b-CD.

[182]

Irbesartan B Stability constant [K(s)] was found to be 104.39M�1. [32]

Dihydroartemisinin (DHA) P Thermal stability of DHA complex was studied. A 40% increase in thermal

stability (50�C) and a 29-fold decrease in hydrolysis rates was reported.

[31]

ClO�
4 ions A Results suggested that the stability of the ClO�

4 ion encapsulation involves

not only the individual ion but also its first solvation shell.

[183]

Pyrimethamine A DSC measurements provided additional evidence of complexation, such as

the absence of the endothermic peak assigned to the melting of the drug,

indicating thermal stability.

[50]

Etoricoxib P The apparent stability constant [K(c)] of binary complex obtained at room

temperature, 371.80� 2.61M�1, was decreased with the addition of PVP

and arginine, indicating no benefit of addition of auxiliary substances to

promote higher complexation efficiency.

[40]

Itraconazole hydrochloride B The formulation in a complex form was an environmentally friendly,

economical, and practical alternative to commercially available

itraconazole capsules.

[43]

(R,S)-2-acetyl-1-

(40-chlorophenyl)-6,7-
dimethoxy-1,2,3,4-

tetrahydroisoquinoline

B The binding constant [K(R)�1)¼ 15,889M�1, K(R,S)�1)¼ 1079M�1] and

the complexation efficiency were increased.

[184]

Methylcyclopropene A Solid state was studied by means of TG and DSC. The apparent activation

energy of dissociation [E(D)] decreased with increasing inclusion ratio,

indicating higher complex stability at lower inclusion ratios, E(D).

[185]

(continued )
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Table 4. (Continued )

Drug

Type of CD

Useda Effect on Stability Ref.

Anthocyanin extract B In the presence of b-CD, anthocyanins degraded at a decreased rate, evidently
due to their complexation with b-CD, having the same activation energy.

DSC revealed that the inclusion complex of H. sabdariffa L. extract with

b-CD in the solid state was more stable against oxidation then was to the

free extract, as the complex remained intact at temperatures of 100 to

250�C, where the free extract was oxidized.

[186]

Miconazole D and Q Phase solubility diagrams with Me-b-CD and HP-b-CD were classified as

A(P) type, indicating the formation of 1 : 1 and 1 : 2 stoichiometric

inclusion complexes.

[66]

Sodium dicloxacillin A, B, C,

and P

The highest stability constants of the inclusion complexes were obtainedwith

c-CDat pH1 and 2 andHP-b-CDat pH3.Both increased the stability of the

drug, but the efficacy was higher with c-CD.

[62]

Albendazole, mebendazole,

thiabendazole

A, B, C,

and P

Albendazole and mebendazole exhibited similar complexation behavior,

whereas thiabendazole acted differently regarding the thermodynamic

profile.

[187]

Di(8-hydroxyquinoline)

magnesium

B The thermal stability and solubility of di(8-hydroxyquinoline)magnesium

were improved when forming inclusion complex.

[72]

Thalidomide enantiomers P The chemical stability of thalidomide enantiomers was clearly improved by

hydroxypropyl-b-CD.No enantioselective degradation of thalidomidewas

observed in sodium chloride solution (0.9%) samples stored at 6�C for 9

days when hydroxypropyl-b-CD was used.

[61]

Itraconazole

dihydrochloride

B The stability studies indicated that the physical mixture remained stable for

24 months. Itraconazole dihydrochloride/b-CD (1 : 3) was an environ-

mentally friendly, economical, and practical alternative to the commer-

cially available itraconazole capsules (Sporanox).

[43]

Hesperidin D The solutionswere stable under the pH and temperature (25, 40�C) conditions
tested, except for samples stored at pH 9.

[58]

Anticancer agent EO-9 D Chemical stability was enhanced. [188]

Ketoprofen B and Q Advantages of the microwave technology for preparing ternary complexes

of ketoprofen with b-CD or methylated b-CD were studied. The irra-

diation energy helped in obtaining totally dehydrated samples, which

maintained unchanged solid-state characteristics and showed no

susceptibility to ambient humidity after 2 years’ storage at ambient

temperature.

[189]

Meloxicam P Ternary system of M/HP-b-CD/L-arginine exhibited a stability constant

30.3 times higher than the binary system ofM/HP-b-CD, while the ternary
system of M/HP-b-CD/PVP increased the stability constant only 2.2-fold.

[190]

Quercetin B, P, and U The results showed that the inclusion antioxidant stability was in the order.

SBE-b-CD>HP-b-CD> b-CD.
[191]

Paclitaxel I, K, P, and

Q

After 24 h of storage at room temperature or 2 h at HIPEC conditions

(41.5�C), the 1 : 40 (mol/mol) ratio showed the highest stability at

paclitaxel concentrations of 0.1 and 0.5mg/mL. Hydroxypropyl

methylcellulose also aided the stability significantly, offering the

opportunity to reduce the amount of RAME-b-CDs in the formulation.

[77]

4-Methylbenzylidene cam-

phor (MBC)

A, B, C,

and I

The light-induced decomposition of 4-MBC in emulsion vehicles was

decreased markedly by complexation with RM-b-CD.
[76]

Curcumin and curcuminoid P, Q, and I0 Hydrolytic stability and photochemical stability, in the general order of the

stabilizing effect was HP-b-CD>M-b-CD�HP-c-CD.
[78]

Salinosporamide A U Enhanced aqueous stabilization in aqueous solutions was noted. [192]

Glimepiride B, P, and U Chemical stabilization was observed after complexation. [82]

The herbicide

diclofopmethyl

X Complexation reduced the hydrolysis of DMand hence increased its stability.

Small inconsistency in the power of b-CDs between hydrolysis retardation
and solubilization suggested that hydrolysis was affected by the properties

of b-CDs and the configuration of DM in the complexes.

[81]
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Table 4. (Continued )

Drug

Type of CD

Useda Effect on Stability Ref.

Melarsoprol B, I, and P RAME-b-CD had a pronounced effect on the drug hydrolysis. [85]

Quercetin B and D Stability constants ofQURC-b-CD (1 : 1)was 402M�1 andQURC-HP-b-CD
(1 : 1) was 532M�1.

[193]

Celecoxib B The apparent stability constants calculated by these techniques were in-

creased to 881.5 and 341.5M�1, respectively, for aqueous solutions and in

solid state.

[97]

Pentachlorophenol B, E, P, and

Q

Solubility enhancement experiments revealed that the stability of the com-

plexes was increased simultaneously, which was dependent on the polarity

of the compound, the ionic strength, and the CD type.

[96]

Dexamethasone

and digoxin

P Digoxin is sensitive to light and is subject to acidic hydrolysis. A digoxin–CD

complex showed stability in a water medium, and the optimummolar ratio

of digoxin/HP-b-CD was 1 : 6. The same results can be achieved through

HP-b-CD, by including dexamethasone in a multicomponent composition

containing HP-b-CD and citric acid in a molar ratio of 1 : 4 : 1.

[95]

Artelinic acid and

artesunic acid

B These compounds exhibited poor stability in aqueous solution. NMR results

were most consistent for artelinic acid- and b-CD-forming complexes in a

ratio of 2 : 1.

[94]

Celecoxib B The physical stability was enhanced. [93]

Propofol H0 Short-term stability studies of the liquid formulation showed that they were

stable for a month at 4�C. Short-term stability studies of the freeze-dried

cakes showed that the product was stable for over a month at 4, 37, and

50�C.

[161]

Insulin B To improve its hydrolytic stability, encapsulation into poly(D,L-lactic-co-

glycolic acid) microspheres was done along with cyclodextrins.

[110]

Acitretin I and P Both cyclodextrins acted to decrease aqueous as well as photodegradation of

acitretin in solution.

[103]

Ganciclovir (GCV) P Butyryl cholinesterase-mediated enzymatic hydrolysis of the GCV prodrugs

was studied using various percentages of w/v HP-b-CD. Considerable
improvement in chemical and enzymatic stability of the GCV prodrugs

was observed in the presence of HP-b-CD.

[100]

Angelica sinensis B The results showed Angelica sinensis essential oil was more stable and well

preserved with b-CD inclusion.

[194]

Camptothecin (CPT) A, B. C, I,

P, and T

Stability constants [K(c)] for the CPT complexes with a-CD, b-CD, c-CD,
HP-b-CD, RDM-b-CD, and RDM-c-CD were 188, 266, 73, 160, 910, and

40.6M�1, respectively, suggesting that RDM-b-CD afforded the most

stable complex. The increase in the half-life of CPT was from 58.7 to

587.3min.

[119]

Melatonin A, B, and C The stability order was seen as b-CD> c-CD>a-CD in water and b-CD
>a-CD> c-CD in protonated or alkali-cationated complexes.

[195]

Iodine A, B, and D The stability constant order was KI< b-CD<a-CD< 2-HP-a-CD. [115]

Phosphatidylcholine B Oxidative stability was observed. [125]

Tolbutamide P TBM and HP-b-CD formed 1 : 1 inclusion complexes in aqueous solution

with an apparent stability constant of 63M�1. HP-b-CDs and TBM/HP-

b-CD complexes were amorphous, whereas the freeze-dried and spray-

dried TBMs were polymorphic forms II and I.

[196]

Naproxen (NAP) P The strongest complexation capacity of HP-b-CD toward NAP was reflected

by an about 65% increase in the apparent stability constant of the NAP/HP-

b-CD complex in the presence of only 0.1% w/v PVP.

[122]

Sulfamethizole B and P The stability constants calculated from the phase solubility method were in

the order HP-b-CD< b-CD.
[124]

Rac-nicardipine B and D The solutions exposed to UVA and UVB radiation showed a photoprotective

effect by b-CD; conversely, HP-b-CD proved to favor drug

photodegradation.

[197]

(continued )
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Table 4. (Continued )

Drug

Type of CD

Useda Effect on Stability Ref.

Melphalan and carmustine P and V The chemical stability was enhanced. [166]

Loteprednol etabonate A0, B0, C,
D, and K

Among the fiveCDs used, DMCD showed the highest effects on the solubility

(4.2 to 18.3mg/mL in 10 to 50%DMCD) and the stabilitywas t90> 4 years

at 4�C.

[130]

Phenothiazine B, C, and R It was established that the improvement in stability of phenothiazine was

dependent on the type of CD.

[160]

Terpenes D0 and E0 The stabilizing ability of GUG-b-CD was superior to G2-b-CD. The dif-
ference was in the structure of the side chain: namely, the hydroxymethyl

group in G2-b-CD and the carboxyl group in GUG-b-CD.

[129]

Artemisinin A, B, C, D,

K, L, and

V

The stability order was a-< c-< or¼ b-CD. [135]

all-trans-Retinoic acid

(ATRA)

D The photostability of HP-b-CD-based formulation of ATRA was evaluated

and it was found that the inclusion of ATRA in HP-b-CD did improve the

photostability of ATRA.

[131]

Adriamycin, adriamycinol,

adriamycinone, and

daunomycin

A, B, and C It was found that a-CD did not affect the degradation of tested compounds;

b-CD caused a little effect and c-CD resulted in pronounced stabilizing

effect. The formation of complexes was monitored by fluorescence

spectroscopy.

[198]

Nimesulide (N) B An increase of 25.6- and 38.7-fold in the dissolution rate was indicated with

N/b-CD 1 : 1 and 1 : 2 kneaded complexes.

[199]

Praziquantel A, B, and C The b-complex had a stability constant in the optimum range for pharma-

ceutical use, suggesting that the preferred complex for further development

would be a water-soluble b-CD derivative.

[24]

Melphalan P and V The shelflife of the reconstituted melphalan was greatly enhanced. [200]

2-Ethylhexyl-p-

dimethylaminobenzoate

A, B, and C The photostability/degradationvaluewas 25.5% for the complex compared to

54.6% for free compound.

[158]

Isradipine (IS) Q Inclusion complexes of IS with M-b-CD was proved to increase twice the

photostability of the drug.

[201]

Phenytoin, fosphenytoin V From the solubility of phenytoin and the kinetic information, the

fosphenytoin shelf life was as high as nine years at 25�C and pH 7.4 in the

presence of 60mMof SBE7m-b-CD, while longer shelf lives were possible
at pH 8.

[202]

Melatonin (MT) D The solubility of MT in PG solution increased slowly until reaching 40%

PG and then increased steeply. The solubility of MT increased linearly as

a concentration of 2-HP-b-CD without increased PG (r¼ 0.993). MT

was unstable in a strongly acidic solution (HCl-NaCl buffer, pH 1.4) but

relatively stable in other pH values of 4 to 10 at 70�C. In HCl-NaCl

buffer, MT in 10% PGwas degraded more quickly and then slowed down

at a higher concentration. However, the degradation rate constant of MT

in 2-HP-b-CD was not changed significantly compared to water. The

curent studies can be applied to the dosage formulations for

the purpose of enhancing the percutaneous absorption or bioavailability

of MT.

[144]

Psoralen B, K, and L The stability constants were 663M�1 for b-CD, 603M�1 for DM-b-CD, and
69.6M�1 for TM-b-CD.

[151]

Pilocarpine P The stability of prodrug increased as a function of HP-b-CD concentration

over the temperature range studied. The shelf life (t90%, calculated by the

Arrhenius equation) of the prodrug in 72.5mM HP-b-CD solution in-

creased 5.1- and 6.1-fold at 25 and 4�C, respectively. The degradation rate
of prodrug in stability studies was shown to be slower in the 1 : 2 complex

than in the 1 : 1-complex, and the relative amounts of complex species were

found to be dependent on CD concentration.

[150]
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photodegradation of 2-ethylhexyl p-dimethylaminobenzo-

ate in solution compared to photodegradation in an emul-

sion vehicle [158]. CDs improved the photostability of

trimeprazine (when the solution pH is reduced) [159] and

promethazine [160]. CDs also enhanced the solid-state

stability and shelf life of drugs [161–163]. CDs were

reported to enhance the physical stability of viral vectors

for gene therapy, and formulations containing sucrose and

CDs were stable for two years when stored at 20�C [164].

Since the hydrolysis of drugs encapsulated in CDs is slower

than that of free drugs [14], the stability of the drug–CD

complex (i.e., the magnitude of the complex stability con-

stant) plays a significant role in determining the extent of

protection [119,165–167].

Very low concentrations of HP-b-CD (1% or lower), due

to formation of a more physically unstable complex, did not

protect taxol as effectively as did higher CD concentrations.

Following is a simple model representing the effect of

complex stability constant on drug degradation [168].

Kc

Kc

DbDf  + CD

k0

degradation products

The effect of complexation on drug stability can be

represented by

1

k0 � kobs
¼ 1

Kcðk0 � kcÞ½CD� þ
1

ðk0 � kcÞ ð1Þ

where k0 is the degradation rate constant of free drug, kobs
is the degradation rate constant observed in the presence of

Table 4. (Continued )

Drug

Type of CD

Useda Effect on Stability Ref.

Nisoldipine, nimodipine,

nitrendipine, and

nicardipine

B The complexation with b-CD improved their photostability by five- to

10-fold. The greatest decrease in the photodegradation rate was observed

for the most photosensitive compound NS, whose photostability increased

100 times when in inclusion complex with b-CD.

[203]

Nitrazepam K Inclusion complexation of nitrazepam in DM-b-CD resulted in a relatively

improved stability of the drug in solution at 30�C.
[204]

Thalidomide P Thalidomide, is sparingly soluble in aqueous solution (50 mg/mL)

and is unstable. Complexation with hydroxypropyl-b-CD has

improved the aqueous solubility and stability of thalidomide signifi-

cantly. Results obtained with HPLC and 1H NMR spectrometry have

demonstrated that the half-life of a diluted solution was extended from

2.1 h to 4.1 h.

[152]

Prostaglandin E1 A0 Increased stability was reported. [205]

Carbamazepine B and C A preparation of carbamazepine and 2-hydroxypropyl-b-CDwas found to be

stable to steam sterilization and storage under a variety of conditions.

[153]

S-Nitrosothiol A, B, C, P,

and F0
The usefulness of several CDs to stabilize (chemical stability) this polar

compound in solution was studied. At CD concentrations of 12mM,

hydroxypropyl-b-CD was most effective at stabilizing SNAP (t1/2¼ 77 h)

compared to a-CD (41 h), b-CD (69 h), c-CD (36 h), and b-CD-tetrade-
casulfate (38 h).

[161]

Nimodipine B, M, N, O,

and P

The order of stability was 2,3-dihydroxypropyl-b-CD< b-CD< 2-hydro-

xyethyl-b-CD< 3-hydroxypropyl-b-CD< 2-hydroxypropyl-b-CD.
[155]

Hydroflumethiazide,bend-

rofluazide, and

cyclopenthiazide

B The complexes were found to have 1 : 1 stoichiometric ratios, and stability

constants were 165.4, 55.7, and 27.9M�1 for cyclopenthiazide, bendro-

fluazide, and hydroflumethiazide, respectively.

[154]

Chlorambucil (CHL) K In the presence of 1.3� 10�3M DIMEB, there is a greater than 20-fold

increase in the stability of chlorambucil at 37�C, pH4.13. In the presence of

1.3� 10�3M b-CD, there is a fourfold increase in the stability, and with

1.74� 10�2M b-CD, there is a threefold increase in the aqueous solubility
of CHL under similar conditions.

[156]

a See Table 1 for definitions of the abbreviations.
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CD, kc is the degradation rate constant of the drug within

CD,Kc is the stability constant for the complex, and [CD] is

the concentration of CD [168]. Under specific conditions,

CD complexation may accelerate drug degradation, de-

pending on the type of the CD. CDs catalyzed deacetylation

and degradation of spiranolactone. The effect was corre-

lated qualitatively with the ionization state of hydroxyl

groups on CDs that were lower in SBE-CDs [169]. Struc-

tural changes in drug molecules on CD complexation can

also accelerate drug degradation [170]. b-CD did not im-

prove the photostability of oflaxacin, as there was only

partial inclusion of the methylpiperazinyl moiety in the

CD [171].

The feverish level of research activity in the field of CDs

continues unabated, and there have been many studies con-

cerning the formation and stability of CD–inclusate com-

plexes. Unfortunately, there is a considerable variation in the

magnitude of the binding constants reported and a lack of

agreement concerning the key factors that govern the for-

mation and stability of CD–inclusate complexes [172].

As far as stability is concerned, much work has been done

to study the interaction forces involved in the inclusion

processes of drug molecules with several CDs and to assess

the best CD for complexing. The behavior of the inclusion

complexes of drugwitha-,b-, and c-CDs can be evaluated by
ultraviolet/visible (UV/Vis) direct spectroscopy, proton

nuclear magnetic resonance (1H NMR), and molecular

mechanics. Thermodynamic parameters for the binding pro-

cesses were obtained from the temperature variations in

binding. The thermodyanamic stability study of an anti-

inflammatory drug (ketoprofen) complexed with cyclodex-

trin shows that binding constants of b- and c-CDs form

more stable 1 : 1 complexes with ketoprofen than does

a-CDs [173]. Similarly, 1H NMR spectra showed that the

inclusion degree depends on the size of the internal diameter

of cyclodextrin. The geometries calculated on the basis of

molecular mechanics for these three-dimensional models

indicate high stability [173].

They are chemically stable and in aqueous solution form

host–guest inclusion complexes with molecules and ions that

can fit at least partially into the cavity. They are used

extensively as models to study noncovalent interactions

important in biological processes such as molecular recog-

nition and enzyme catalysis. The shape of a-CD, which is

made up of six glucose units, is such that a benzene ring fits

snugly in the cavity but cannot easily enter or leave via the

narrow end [14]. Hence, it seems likely that directional forces

pushing a substituted or 1,4-disubstituted benzene derivative

into the cavity result in stronger binding, whereas forces

pushing the derivative out of thewider end of the cavity result

in weaker binding [15]. The situation is far more complicated

for loosely fitting host–guest complexes, such as those

involving b-CD (with seven glucose units) and benzene

derivatives, where additional cross-interaction forces

determine the optimum set of positions of the guest in the

cavity [15]. The anisotropic nature of the interaction ofa-CD
and substituted or 1,4-disubstituted benzene derivatives is

reflected in the following correlation equation [15], based on

literature stability constants of about 50 inclusion complexes:

logK1:1 ¼ 1:28� 0:11þð1:38� 0:16Þsx�ð2:35� 0:33Þsxsy
þð0:120� 0:013Þð1�carb�ÞRmx�ð0:27� 0:12ÞY �

sub

ð2Þ

Here,K1:1 is the stability constant of the 1 : 1 complex; sx
and Rmx are, respectively, the Hammett sp substituent

constant and the molar refractivity of the more electron-

withdrawing substituent that we propose is located in the

narrower, primary O6H end of the a-CD cavity that repre-

sents the positive end of the CD dipole; and sy is the

Hammett constant for the substituent that protrudes from

the wider secondary O2H and O3H rim of the cavity; Y �
sub is

an identity variable for complexes involving negatively

charged y-substituents; and carb� is an identity variable

specifically for use when this substituent is a carboxylate.

The correlation analysis leading to equation (2) covered

values of log K1:1 from about 0.5 to 3.5 and yielded a

standard deviation of 0.34 and a correlation coefficient

0.92 [15]. There was only one outlier, the value of log

K1:1 for 1,4-diacetylbenzenewas 1.01, whereas equation (2)

predicted a value of 2.72. Major driving forces for complex

formation include hydrophobic interactions, van der Waals

interactions, and dipole-dipole interactions. These are

shown in Fig. 4.

3.3. Characterization

The use of techniques such as NMR, thermodynamic meth-

ods, and optical spectrophotometry provides an opportunity

Release of “high-energy” water Dipole-dipole interactions
Hydrogen bonds

van der Walls interactionsHydrophobic interactions
Solvent effects

CH3

+

CH3

Figure 4. Driving forces for complex formation. (See insert for

color representation of the figure.)
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to measure different physical properties associated with

complex formation and a better means to achieve the objec-

tives described above. For example, information about the

inclusionmode, stoichiometry, and binding constant(s) of the

host–guest complex can be derived from NMR [174]. Also,

the relative contribution of solute–solute and solute–solvent

interactions can be estimated from NMR chemical shift

changes and dipolar couplings [175] of the host and guest

nuclei.

Similarly, for addressing stability concerns, many studies

were carried out to examine the interaction forces involved in

the inclusion processes of drug molecules with several CDs

and to assess the best CD for complexing. The behavior of the

inclusion complexes of drug with a-, b-, and c-CDs can be

evaluated by UV/Vis direct spectroscopy, 1H NMR, and

molecular mechanics. Thermodynamic parameters for the

binding processes were obtained from the temperature var-

iations in binding. The thermodynamic stability study of an

anti-inflammatory drug (ketoprofen) complexed with CD

showed that binding constants of b- and c-CDs form more

stable 1 : 1 complexes with ketoprofen than does a-CD.
Similarly, 1H NMR spectra showed that the inclusion degree

depends on the size of the internal diameter of the CD. The

geometries calculated on the basis of molecular mechanics

for these three-dimensional models indicate high stabili-

ty [173]. Similarly, to improve the solubility and stability

of poorly soluble dihydroartemisinin (DHA), HP-b-CD in-

clusion complexeswere preparedwith recrystallized DHA to

study its thermal stability. The complexeswere characterized

by DSC, FTIR, XRD, and thermal stability, phase, and

equilibrium solubility studies. Pure DHA was crystalline

and remained crystalline after recrystallization, but its unit

cell dimensions changed as exhibited by XRD. DHA/HP-

b-CD complexes showed phase transitions toward amor-

phous in DSC thermograms, FTIR spectra, and XRD pat-

terns. The equilibrium solubility of DHAwas enhanced as a

function of HP-b-CD concentration. DHA/HP-b-CD com-

plexes showed an 89-fold increase in solubility compared to

DHA. Hydrogen bonding was found between DHA and HP-

b-CD, and it was stronger in complexes prepared in water

than in buffers. DHA-HP-b-CD complexes prepared using

commercial (untreated) or recrystallizedDHA (no detectable

impurity) showed a 40% increase in thermal stability (50�C)
and a 29-fold decrease in hydrolysis rates compared with

DHA. The rank order of stability constants (K) was water,

acetate buffer (pH 3.0), phosphate buffer (pH 3.0), and

phosphate buffer (pH 7.4) [31].

3.4. Evaluation of the Stability Profile of Complexes

The thermodynamic quantities from 15 to 45�C for binding

to b-CD of the reference molecules phenethylamine and

hydrocinnamate and their phenolic hydroxyl-substituted

derivatives, which are capable of forming an additional

hydrogen bond, are reported. Although the enthalpy change

always makes a stabilizing contribution, the presence of the

hydrogen bond may result in either a net stabilizing effect,

as in 3-(4-hydroxyphenyl)propionate, or have reduced sta-

bility, as in 3-(2-hydroxyphenyl)propionate. In the latter

case, the destabilization relative to hydrocinnamate arises

from an enhanced unfavorable (negative) entropic contri-

bution. Like most association reactions in water, the heat

capacity change of these binding reactions is always

negative.

The solid-state stability and the dissolution of glucagon/

c-CD and glucagon–lactose powders was evaluated. Freeze-

dried powderswere stored at an increased temperature and/or

humidity for up to 39 weeks. Preweighed samples were

withdrawn at predetermined intervals and analyzed with

high-performance liquid chromatography (HPLC)–UV,

HPLC–electrospray ionization mass spectrometry, size-

exclusion chromatography, turbidity measurements, and sol-

id-state FTIR. Dissolution of glucagon was evaluated at pH

2.5, 5.0, and 7.0. In addition, before storage, proton rotating-

frame relaxation experiments of solid glucagon/c-CD pow-

der were conducted with 13C cross-polarization magic-angle

spinning (CPMAS) NMR spectroscopy. In the solid state,

glucagon degraded via oxidation and aggregation and in the

presence of lactose via the Maillard reaction. The solid-state

stability of glucagon/c-CD powder was better than that of

glucagon–lactose powder. In addition, c-CD improved the

dissolution of glucagon at pH 5.0 and 7.0 and delayed the

aggregation of glucagon after its dissolution at pH 2.5, 5.0,

and 7.0. There was no marked difference between the proton

rotating-frame relaxation times of pure glucagon and c-CD,
and thus the presence of inclusion complexes in the solid state

could not be ascertained by CPMAS NMR. In conclusion,

when compared to glucagon–lactose powder, glucagon/

c-CD powder exhibited better solid-state stability and more

favorable dissolution properties.

3.5. Safety

SomeCDs are reported to have significant renal toxicity [16].

CDs are starch derivatives and are used primarily in oral and

parenteral pharmaceutical formulations. They are also used

in topical and ophthalmic formulations [176]. CDs are also

used in cosmetics and food products and are generally

regarded as essentially nontoxic and nonirritant materials.

However, when administered parenterally, b2-CD is not

metabolized but accumulates in the kidneys as insoluble

cholesterol complexes, resulting in severe nephrotoxicity [6].

Other CDs, such as 2-hydroxypropyl-b-cyclodextrin, have
been the subject of extensive toxicological studies. They

are not associated with nephrotoxicity and are reported to be

safe for use in parenteral formulations [15].

CD administered orally is metabolized by microflora in

the colon, forming the metabolites maltodextrin, maltose,
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and glucose; which are themselves metabolized further

before finally being excreted as carbon dioxide and water.

Although a study published in 1957 suggested that orally

administered CDs were highly toxic [177], more recent

animal toxicity studies in rats and dogs have shown this not

to be the case, and CDs are now approved for use in food

products and orally administered pharmaceuticals in a num-

ber of countries. CDs are not an irritant to the skin and eyes, or

upon inhalation. There is also no evidence to suggest that

CDs are mutagenic or teratogenic.

4. CONCLUSIONS

Cyclodextrins have been playing a very important role in

the formulation of poorly water-soluble drugs by improving

apparent drug solubility and/or dissolution as well as the

stability of several labile drugs against dehydration, hydro-

lysis, oxidation, and photodecomposition. As a result of their

complexation ability and other versatile characteristics, CDs

are continuing to have a variety of applications in different

areas of drug delivery and the pharmaceutical industry.

However, it is necessary to find any possible interaction

between these agents and other formulation additives

because the interaction can adversely affect the performance

of both. It is also important to have knowledge of different

factors that can influence complex formation for economical

preparation of drug–CD complexes with desirable proper-

ties. Since CDs continue to find novel applications in drug

delivery, we may expect these polymers to solve many

problems associated with the delivery of different novel

drugs via different routes.
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1. INTRODUCTION

For many years cyclodextrins (CDs) have been proposed as

valuable tools in the design of drug dosage forms to improve

active ingredient stability, solubility, and bioavailability

whatever the type of dosage form: solid, viscous, or liquid,

or the administration route: oral, buccal, nasal, ophthalmic,

dermal, or parenteral [1]. More recently, nanoparticulate

vectors, after liposomes and microparticles, have become

the necessary carriers of drugs such as fragile molecules,

anticancer products, proteins, and genes. In this new type of

formulation, CDs demonstrate their ability to be more than

simple additives but, rather, intelligent parts of the systems

themselves [2,3].

In this chapter we focus exclusively on nanosystems

resulting from combinations of CDs with polymers (or

oligomers) to create original drug delivery systems. Themain

objective is not to present all the literature references existing

in this domain, but rather to show how CDs can participate in

the creation of new intelligent nanoparticles. Twomain types

of particle are considered: the already classical nanoparticles

obtained from a mixture of polymers and CDs, and, the more

elaborate gene delivery systems represented by the poly-

plexes in which CDs are involved.

2. CDs IN POLYMER NANOPARTICLES

When compared with other nano- or microcarriers, nano-

particles present several advantages. They are more stable

than liposomes, and because of their small size, they have a

larger surface area than microparticles, leading to higher

bioavailability due to better contact with biological mem-

branes [2]. Unfortunately, polymer nanoparticles may have

limited drug-loading capacity, especially for weakly water-

soluble drugs. It is one of the reasons leading to the use of

CDs in the preparation of nanoparticles.

The group of Ponchel and Duchêne was one of the first to

work in that domain, using poly(alkylcyanoacrylate) poly-

mers. They have been followed by many others groups

working with different polymers or copolymers. Two types

of nanoparticles have to be considered: that in which the CD

is just physically associated to the (co)polymer without any

chemical bond (polymer/CD), and that in which the CD is

chemically linked to the polymer, leading to a copolymer

(polymer–CD).

2.1. Nanoparticles of CD/Polymer Associations

2.1.1. CDs in Poly(alkylcyanoacrylate) Nanoparticles
Poly(alkylcyanoacrylates) are particularly interesting in the

preparation of nanoparticles, not only because they are

biodegradable, but also because of the simple emulsion

polymerization process that occurs in an aqueous medium

and leads simultaneously to the formation of nanoparticles.

Of course, the loading capacity (amount of drug associated to

a unit mass of polymer) is often limited and may result in the

necessity to administer considerable amounts of polymer,

limiting their usefulness. This drawback has been the starting

point of a series of studies by Ponchel and Duchêne on the

potential role of CDs added to the polymerization medium.

Feasibility of Poly(alkylcyanocrylate) Nanoparticles in the

Presence of CDs Monza da Silveira et al. [4,5] investigated
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the feasibility of poly(isobutylcyanoacrylate) nanoparticles

in the presence of a series of CDs: a-, b- and

c-cyclodextrins, their hydroxylpropyl derivatives, and the

sulfobutylether of b-cyclodextrin (a-CD, b-CD, c-CD, HP-
a-CD, HP-b-CD, HP-c-CD, and SBE-b-CD, respectively).
Nanoparticles were prepared by anionic polymerization of

100 mL of poly (isobutylcyanoacrylate) in 10mL of

hydrochloric acid solution (pH 2) containing 1%

poloxamer 188 in the presence (or not) of CD. After 6 h

of stirring at room temperature, the suspension was filtered

(2-mm prefilter) to eliminate the aggregates and the product

was characterized.

The main characteristics of the particles obtained are

reported in Table 1. The smallest particle size was obtained

forHP-c-CD (87� 3 nm) followedbyHP-b-CD (103� 6nm),

the largest for b-CD (369� 7nm) and SBE-b-CD (319� 10

nm). The zeta potential, which was around �40mV in the

absence of CDs, decreased only in the case of the negatively

charged SBE-b-CD (ca. �45mV), and increased in the pres-

ence of neutral natural or hydroxypropylatedCDs (ca.�25mV

forb-CD,�9mVforHP-b-CD, and�3mVforHP-c-CD) as a
consequence of the CD hydroxyl groups, probably because of

the presence of the hydrophilic CDs at the surface of the

hydrophobic nanoparticles.

It was demonstrated with HP-b-CD that the CD concen-

tration had a noticeable effect on the particle size and charge.

When the HP-b-CD concentration varied from 0 to

12.5mg/mL, the particle size decreased from 300 nm to less

than 50 nm and the zeta potential increased from �40mV to

approximately 0. The amount of HP-b-CD that can be asso-

ciated to the nanoparticles could be as high as 60%. In

the presence of HP-b-CD in the polymerization medium,

addition of poloxamer 188 was not essential to obtain nano-

particles. The large amount of CD associated with the nano-

particles suggests that they have a prominent role in their

formation. CDs could intervene in two manners in the nano-

particle formation. First, due to their high number of hydroxyl

groups, they could initiate the polymerization process of

isobutylcyanoacrylate; however, this hypothesis was not con-

firmed by further studies [5]. Second, the strong influence of

CDs on the nanoparticle surface properties (zeta potential)

and their very fast release [6] suggest that they are adsorbed

at the nanoparticle surface and that they probably have a steric

stabilizing effect on the nanoparticles obtained [5].

Loading of Nanoparticles In a first attempt, the previous

poly(isobutylcyanoacrylate)/HP-b-CD nanoparticles were

loaded with a model drug: progesterone [4,5]. For that, a

progesterone/HP-b-CD complex was prepared and added to

the polymerization medium in order to obtain HP-b-CD
concentrations varying from 2.5 to 20.0mg/mL, in the

presence (or not) of poloxamer 188. The progesterone

loading was increased dramatically in the presence of HP-

b-CD. In the absence of HP-b-CD, the loading was

0.79 mg/mg, and in the presence of 20.0mg/mL HP-b-CD,
the loading increased up to 45 mg/mg, which represents a 50-

fold increase. There were no significant differences between

the particles prepared in the presence or absence of poloxamer.

The in vitro release of progesterone, in pH 8.4 phosphate

buffer, occurred in two steps [5,6]. After a fast release, a

plateau was observed at 30 or 50%, depending on the

nanoparticle size (150 or 70 nm). Complete release was

obtained only after degradation of nanoparticles by the

presence of esterases in the dissolution medium. This result

indicated that part of the progesterone was located at the

nanoparticle surface (fast release) and in the nanoparticle

core (release after degradation).

The loading mechanism was investigated on a series of

steroids [7] (hydrocortisone, prednisolone, estradiol, spiro-

nolactone, testosterone, megestrol acetate, danazol, and pro-

gesterone) differing by their solubility in poloxamer 188 or

HP-b-CD solutions, and their octanol–water partition coef-

ficient (correlated with the polymer–water partition coeffi-

cient) (Table 2). The presence of HP-b-CD in the polymer-

ization medium resulted in significant increases in the drug

payload of all the steroids, except for estradiol,which showed

a reduction in loading. The highest increase in the particle

payload was 129-fold for prednisolone.

Whatever the presence of HP-b-CD, no direct correlation
appeared between the steroid loading of nanoparticles and

either the steroid solubility in polymerization medium or the

steroid partition coefficient considered independently. On

the other hand, in the presence of HP-b-CD, a combined

influence of the initial drug concentration (solubility) and

partition coefficient was observed.

A general mechanism for drug loading has been proposed.

In the polymerization medium the drug/CD complex revers-

ibly dissociates according to its stability constant (D/CD $
D þ CD); this leads to free entities. The free hydrophobic

drug can be displaced from the solution to the polymer

network, driven by its partition coefficient in favor of the

Table 1. Poly(isobutylcyanoacrylate)/HP-b-CD Nanoparticles:

Influence of the CD Nature on the Nanoparticles’ Main

Characteristics

Cyclodextrin

(5mg/mL) Size (nm� SD)

Zeta

Potential

(mV� SD)

CD Contenta

(mg CD/mg

Particles)

a-CD 228� 69 �34.4� 4.0 ND

b-CD 369� 7 �24.7� 8.2 360

c-CD 286� 9 �22.9� 0.6 240

HP-a-CD 244� 25 �27.0� 2.2 ND

HP-b-CD 103� 6 �8.6� 0.9 247

HP-c-CD 87� 3 �2.6� 2.2 220

SBE-b-CD 319� 10 �45.4� 2.4 ND

Source: Adapted from [4].
aND, not determined.
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polymer. The level of drug incorporation into the polymer

network depends on the affinity between the drug and the

polymer compared with the affinity of the drug for the CD

cavity. The remaining drug/CD complex, as well as empty

CDs can be adsorbed at the nanoparticle surface (Fig. 1).

Saquinavir-Increased Bioavailability by CD/

Poly(alkylcyanoacrylate) Nanoparticles Saquinavir is a

potent HIV-1 and HIV-2 protease inhibitor. Unfortunately,

saquinavir has low oral bioavailability, because of the hepatic

first-pass effect, limited absorption due to low water solu-

bility, and the effect of P-glycoprotein (P-Gp) responsible for

an efflux mechanism. Boudad et al. tried to overcome these

drawbacks by preparing CD/poly(alkylcyanoacrylate) nano-

particles intended for oral administration [8,9]. Two types of

alkylcyanoacrylate were investigated: isobutylcyanoacrylate

(IBCA) and isohexycyanoacrylate (IHCA), and two types of

CD were used: HP-b-CD [8] and M-b-CD (methylated

b-cyclodextrin) [8,9]. The nanoparticles were prepared as

described above. Their main characteristics are reported in

Table 3 [9]. The drug content was increased considerably

when using the HP-b-CD/ or M-b-CD/saqinavir complexes.

These increases were independent of the polymer type.

Even if M-b-CD was less associated with the particles

than HP-b-CD was, the saquinavir loading was much

higher with M-b-CD than with HP-b-CD. The association

of saquinavir was slightly higher with PIHCA; this could be

due to the higher hydrophobicity of PIHCA than with

PIBCA.

The release of saquinavir studied on PIBCA or PIHCA/

HP-b-CD nanoparticles in reconstituted gastric (or intesti-

nal) medium was very rapid and complete in less than

4 h [10,11]. Studied on Caco-2 cell monolayers, the transport

of saquinavir alone from the basolateral to the apical com-

partment was higher than the transport existing from the

apical to the basolateral side, this phenomenon being attrib-

uted to the expression of P-Gp efflux pump present at the

apical side of Caco-2 cells. The simple inclusion of saquin-

avir in either HP-b-CD or M-b-CD did not improve the

absorption of the drug. On the other hand, the association of

Figure 1. Localization of drug, CD, drug/CD inclusion molecules

inside or on the surface of a poly(alkycyanoacrylate) nanoparticle.

Table 3. Poly(alkylcyanoacrylate)/CD Nanoparticles Loaded with Saquinavir: Main Characteristics of Particles, and Drug Content

Formulation

Initial Concentration

of Saquinavir (mg/mL) Size (nm� S.D.)

Zeta

Potential (mV)

Drug Content

(mg saq./mg Particles)

PIBCA/saq. 0.0385a 310.8� 83.6 �4.2 2.4

PIBCA/M-b-CD/saq. 1.2b 393.3� 34.9 9.7 75.6

PIBCA/HP-b-CD/saq. 1.2b 351.9� 86.6 14.5 38.5

PIHCA/saq. 0.0385a 322.7� 79.8 �10.3 2.9

PIHCA/M-b-CD/saq 1.2b 195.4� 61 10.2 85.0

PIHCA/HP-b-CD/saq. 1.2b 243.1� 56.3 10.2 42.5

Source: Adapted from [9].
a Saquinavir alone in the polymerization medium.
b Saquinavir in the form of inclusion in a CD.

Table 2. Poly(isobutylcyanoacrylate)/HP-b-CD Nanoparticles

Loaded with Steroids: Physical Characteristics of Steroids and

Loading Increase Due to the Presence of HP-b-CD in the Poly

(isobutylcyanocrylate) Nanoparticles

Steroid

Octanol/

Water

Partition

Coefficient

Solubility

in 1%

Poloxamer

(mM)

Solubility

in 1%

HP-b-CD
(mM)

Loading

Increase

(Fold

Number)

Hydrocortisone 1.86 0.086 0.267 7.0

Prednisolone 1.60 0.059 0.337 129.2

Estradiol 3.78 0.0011 0.136 0.6

Spironolactone 2.80 0.0156 0.314 6.9

Testosterone 3.35 0.0018 0.207 8.6

Megestrol

acetate

3.90 0.0013 0.0065 5.6

Danazol 4.20 0.0052 0.0296 32.9

Progesterone 3.85 0.0019 0.197 27.7

Source: Adapted from [7].
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saquinavir to PIBCA/HP-b-CD or PIBCA/Me-b-CD pro-

moted faster transport of the drug whatever the direction of

the transport. The addition of free M-b-CD (2.5%) to the

complexes, or to the saquinavir-loaded PIBCA/CD nano-

particles, increased the amount of saquinavir recovered in

the basolateral chamber. This was correlated with a decrease

in the transport from the basolateral to the apical

chambers [10,12].

Interestingly, either HP-b-CD or M-b-CD decreases poly

(alkylcyanoacrylate) nanoparticle cytotoxicity measured on

Caco-2 monolayers [9]. This could be due to the ability of

CDs to shield the alkyl chains borne by the polymer when it

is not yet degraded, thus lowering interactions with cell

membranes. It could also be due to the complexation of

fatty alcohols issued from degradation of the polymers,

rendering the free alcohols less available to the cells.

2.1.2. CDs in Chitosan Nanoparticles Chitosan is a poly-

saccharide well known to improve drug bioavailability not

only because of its mucoadhesive properties, which can

prolong the residence time at the absorption site, but also

because of its ability to open the tight junctions. Alonso’s

group carried out a series of works on chitosan nanoparticles

and investigated the value of adding CDs to these particles.

Their main objective was to combine the advantages of

chitosan with that of CDs which can both carry hydrophobic

drugs and thus increase their bioavailability by increasing

their apparent water solubility. Such systems would be of

interest in the formulation of drugs belonging to classes 2

(low solubility, high permeability) and 4 (low solubility, low

permeability) of the Biopharmaceutics Classification Sys-

tem [13]. In this domain they have been pioneers and were

followed by other researchers.

Preparation of Chitosan/CD Nanoparticles The pre-

paration of chitosan/CD nanoparticles was first described

with HP-a- and HP-b-CD [13], but, as will be seen, it can be

applied to other CDs. Nanoparticles were prepared by a

modified ionotropic gelation method [14]. Aqueous

solutions of different concentrations of HP-b-CD (0 to

25mM) were incubated with chitosan (0.2% w/v) for 24 h

under stirring, and then filtered (0.45-mm filter). The

negatively charged cross-linking agent tripolyphosphate

(TPP) was added (TPP/chitosan ratios varying from 1 : 3 to

1 : 6), leading to gelation in the form of nanoparticles. In

preliminary studies, the optimal ratio of TPP/chitosan was

demonstrated to be 1 : 4, hydrochloride chitosanwaspreferred

to glutamate salt, and low molecular weight chitosan

(110 kDa) was shown to lead to the smallest particles

(around 450 to 600 nm). For nanoparticles prepared with

HP-a-CD and 1.25mg/mL TPP concentration, a slight

reduction in the size (from 401� 29 nm to 361� 18 nm)

was observed with an increase in the CD concentration

(from 3.14mM to 25mM), but this effect was not detected

when using 2mg/mL of TPP, this result probably being due to

thebroadsizedistributionobservedinthiscase.Theproduction

yield increased with an increased amount of CDs [13].

Nanoparticles were loaded with poorly water-soluble

drugs: triclosan and furosemide. The drugs were incubated

for 24 h with chitosan water solutions containing different

amounts of HP-b-CD, and after filtration the solution was

used for the nanoparticle preparation as above. The associ-

ation of the drugs to HP-b-CD facilitated their entrapment

into the nanoparticles, increasing up to 4- and 10-fold (for

triclosan and furosemide, respectively) the final loading. In

any case, it is very difficult to give general conclusions

because if there was a very positive effect of HP-b-CD on

the solubility of the drugs (125-fold for triclosan, and 27-fold

for furosemide), there was also a negative effect of chitosan

on triclosan inclusion in HP-b-CD, when it was rather a

synergistic effect for furosemide inclusion [13].

Whatever the drug investigated (triclosan or furosemide)

and the CD nature (HP-a- or HP-b-CD), the in vitro release

profile (pH 6.0 acetate buffer) was very similar and very

characteristic: There was an initial rapid release followed

by a plateau, the remaining amount of drug being released

only in the presence of enzyme chitosanane [13]. This release

behavior was rather similar to that observed by the group of

Ponchel and Duchêne for the steroids loaded into poly

(alkylcyanoacrylate)/HP-b-CD nanoparticles.

In further studies the same group prepared nanoparticles

with anionic CDs such as the carboxymethyl-b-cyclodextrin
(CM-b-CD) or the sulfobutyl ether of b-cyclodextrin (SBE-

b-CD) [15–18]. One of the ideas was that these CDs could

interact favorably with the cationic chitosan molecules in

the same way as TPP. In the presence of either CM-b-CD or

SBE-b-CD, the nanoparticles were prepared as previously

using the ionotropic gelation method by mixing the cationic

chitosan solution with a polyanionic phase containing either

CM-b-CD or SBE-b-CD, or both either CM-b-CD or SBE-

b-CD and TPP [16].

It appeared that the cross-linking agent TPP was not

necessary for the formation of nanoparticles. For nanopar-

ticles prepared without TPP, the incorporation efficiency

(percentage of the starting material incorporated in the

nanoparticles) of the CDs was variable and proportional to

the amount of CD in the startingmaterials. The incorporation

efficiency was higher with SBE-b-CD than with CM-b-CD;
this was explained by the stronger affinity of SBE-b-CD for

chitosan than that of CM-b-CD. In the presence of TPP the

incorporation efficiency of the SBE-b-CD and the chitosan

was higher than that observed without TPP. Finally, in vitro

stability studies indicated that the presence of CDs in the

nanoparticles can prevent their aggregation in simulated

intestinal fluid [16].

Chitosan/CD Nanoparticles for the Delivery of Peptides,

Polypeptides, and Genes Considering that glutathione, a
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tripeptide used in the treatment of psoriasis, diabetes, liver

diseases, and alcoholism, cannot still be administered orally

because of its degradation, Ieva et al. proposed to encapsulate

it into chitosan/SBE-b-CD nanoparticles [19]. The

preparation process, based on the ionic gelation process,

was very simple. An aqueous solution of SBE-b-CD and

glutathione was prepared and kept under stirring in nitrogen

atmosphere for 24 h at room temperature, then the solution

was poured in an acidic solution of chitosan and the

nanoparticles formed spontaneously. The presence of TPP

as cross-linking agent was not necessary, due to the use of

the anionic SBE-b-CD. Chitosan/SBE-b-CD/glutathione
nanoparticles prepared with a weight ratio of 4 : 3 : 3 had a

mean diameter of 160� 30 nm and an encapsulation

efficiency of 25� 3%.

To characterize the glutathione localization inside the

nanoparticles, the authors carried out a very interesting

chemical analysis. X-ray photoelectron spectroscopy was

used for the surface characterization, and the depth-profile

analysis was carried out using an ion gun. The technique

evidenced the presence of thiol groups (belonging to gluta-

thione) not only at the particle surface but also in the particle

core. The authors concluded that these chitosan/SBE-b-CD
nanoparticles acted as a protective coating for glutathione,

encapsulated in their inner part [19].

Chen et al. [2] wanted to assess the potential role of the

biodegradable and biocompatible polyanionic dextran sul-

fate in the presence (or not) of SBE-b-CD, for the formula-

tion of dalargin chitosan nanoparticles [20]. Dalargin, a

hydrophilic hexapeptide and a Leu-enkephalin analog with

opioid activity, was chosen as model peptide because of its

potential use as biomarker for peptide delivery to the brain.

Nanoparticles were prepared by the complex coacervation

technique.

Loaded or not with dalargin, chitosan/dextran sulfate

nanoparticles presented a smaller diameter than chitosan/

SBE-b-CD nanoparticles, and the use of a mixture of dextran

sulfate and SBE-b-CD resulted in the smallest particles.

The entrapment efficiency was much higher with dextran

sulfate thanwith SBE-b-CD. Thiswas explained by the high
charge density of dextran sulfate, leading to nanoparticles

with more negatively charged sulfate groups for interaction

with positively charged dalargin, resulting in high peptide

loading. When a mixture of SBE-b-CD and dextran sulfate

was used, instead of SBE-b-CD, much smaller particles

were obtained as the proportions of anionic components

increased. The presence of both SBE-b-CD and dextran

sulfate led to small nanoparticles with relatively good

dalargin entrapment efficiency [20].

The in vitro release of dalargin was almost as slow as

chitosan/dextran sulfate or chitosan/SBE-b-CD nanoparti-

cles (20% in 72 h), when it was fast for simple chitosan

nanoparticles for which more than 80% was released in

10 h [20].

The Alonso’s group worked on insulin in chitosan/CD

nanoparticles either as a macromolecular model drug [15] or

in view of its nasal administration [18]. With the latter

objective, they compared the role of two anionic cyclodex-

trins: SBE-b-CD and CM-b-CD [18]. From previous

work [15], they selected two formulations: chitosan/SBE-

b-CD/TPP 4 : 3 : 0.25 and chitosan/CM-b-CD/TPP
4 : 4 : 0.25. They calculated the loading efficiency and the

association efficiency:

loading efficiency ð%Þ

¼ total amount of drug�amount of unbound drug

nanoparticles weight
� 100

association efficiency ð%Þ

¼ total amount of drug�amount of unbound drug

total amount of drug
� 100

The main nanoparticles characteristics are reported in

Table 4. SBE-b-CD nanoparticles displayed the smallest

size, the highest association efficiency and yield, and the

lowest loading efficiency.

The nanoparticle cell interaction was assessed on Calu-3

cell monolayers by measuring the transepithelial electric

resistance (TEER). Incubation with both nanoparticle for-

mulations led to a significant decrease in the TEER of the cell

monolayers, evidencing their ability to open the tight junc-

tions between the epithelial cells. The interaction with nasal

epithelium was studied on the rat by administration of fluo-

rescein-labeled chitosan/CD nanoparticles. After sacrifice of

the rats and excision of the mucosa, this onewas submitted to

confocal laser scanning microscopy. Not only was an intense

fluorescence observed, but it was possible to visualize the

intracellular localization of the nanoparticles, and thus the

transcellular mechanism of transport. Finally, 5 IU/kg of

insulin (solution or nanoparticles) were administered intra-

nasally to rats. The maximum blood glucose level decrease

obtained with the solution was only 14% at 30min post-

administration when it was about 35% at 1 h post-adminis-

tration for the chitosan/CD nanoparticles. Whatever the CD

nature and the corresponding nanoparticle characteristics, the

Table 4. Chitosan/SBE-b-CD/TPP and Chitosan/CM-b-CD/
TPP Nanoparticles Loaded with Insulin: Main Characteristics

of Particles and Drug Content

CD Type

Size

(nm� SD)

Association

Efficiency

(%)

Loading

Efficiency

(%) Yield (%)

SBE-b-CD 327� 27 94.9� 0.1 23.3� 1.9 74.1� 6.1

CM-b-CD 436� 34 88.6� 0.8 46.7� 0.8 27.6� 2.3

Source: Adapted from [18].
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hypocalcemic effect was similar. Compared with results

obtained with insulin chitosan nanoparticles [22], it appeared

that the main advantage of the formulations with cyclodex-

trins was that the amount of chitosan required to achieve a

similar effectwasmuch lower in the presenceofSBE-b-CDor

CM-b-CD (0.096mg/kg with CD, 0.16mg/kg without) [18].

After this work on nasal delivery, Alonso’s group inves-

tigated the potential of chitosan/CD nanoparticles as gene

delivery systems to the airway epithelium [17]. Theyworked

on chitosan/SBE-b-CD/TPP and chitosan/CM-b-CD/TPP
nanoparticles, and they used a plasmid DNA (pDNA) en-

coding the expression of secreted alkaline phosphatase

(pSEAP). The ability of the nanoparticles to entrap pDNA

was studied by agarose gel electrophoresis. It was shown that

most of the DNAwas associated with the nanoparticles since

no migration of free DNA was observed [17].

Since in the design of a pDNA carrier the information on

its ability to enter the target cells is often connected with

cytotoxicity, this factor was assessed on Calu-3 cells. It

appeared that the chitosan/CD nanoparticles exhibited a

significantly lower cytotoxicity than those composed of

solely chitosan. The IC50 values estimated were three-fold

higher in the presence of CDs than in its absence. Further-

more, there was significantly lower toxicity with CM-b-CD
than with SBE-b-CD. To study the interaction of nanopar-

ticles with cells, Calu-3 cell monolayers were exposed to

fluorescent nanoparticles and the cell nuclei were stained

with propidium iodide to facilitate the nanoparticle locali-

zation. Confocal laser scanning microscopy indicated that

irresponsive of their composition, the nanoparticles were

effectively internalized by the cells [17].

Finally, the ability of the nanoparticles to transfect the

monolayer was investigated. For that, the nanoparticles

containing pSEAP were added to the monolayer and the

amount of alkaline phosphatase produced by the cells, and

then secreted to the culture medium, was determined for up

to 6 days. It appeared that transfection with naked pSEAP

produced very low gene expression, whereas all the nano-

particle formulations were able to elicit a significantly

higher response. The transfection effect was higher when

using low molecular weight chitosan than with higher

molecular weight. Furthermore, with lowmolecular weight

chitosan the efficacy of SBE-b-CD was similar to that of

CM-b-CD, when it was lower with high-molecular-weight

chitosan. The authors concluded that these nanocarriers

represented a promising approach for gene therapy at the

level of mucosa surfaces, in particular the respiratory

mucosa [17].

2.1.3. CD in Poly(anhydride) Nanoparticles Poly(anhy-

dride) nanoparticle surface can easily be modified by incu-

bation with molecules showing hydroxyl or amino groups,

leading to “decorated” nanoparticles displaying new abilities

of interest for drug delivery purposes. For example, the

Irache’s group worked on poly(methyl vinyl ether-co-maleic

anhydride) (Gantrez AN) nanoparticles, at the surface of

which they linked different molecules in order to increase

their specific distribution and interactions with the gut:

Sambucus nigra agglutinin [23], Salmonella enteritidis fla-

gellin [24], mannosamine [25], thiamine [26] or vitamin

B12 [27]. Having evidenced the bioadhesive properties of

poly(anhydride) nanoparticles [28], the same group wanted

to increase the incorporation of lipophilic drugs in these

carriers by combining poly(anhydride) with CDs [29].

Preparation and Characteristics of Poly(anhydride)/CD

Nanoparticles The poly(anhydride) used was the

poly(methyl vinyl ether-co-maleic anhydride) (Gantrez

AN 119) with a molecular weight of 200,000, and

the CDs investigated were b-cyclodextrin (b-CD), 2-

hydroxylpropyl-b-CD (HP-b-CD), and the 6-monodeoxy-

6-monoamino-b-cyclodextrin (b-CD-NH2). The CDs were

dispersed in acetone and the poly(anhydride) dissolved in

acetone was added to the suspension. The mixture was

incubated under stirring at room temperature for different

times. The nanoparticles were obtained by addition of an

ethanol/watermixture and the organic solvents eliminated by

evaporation under reduced pressure. The purification was

carried out by centrifugation and dispersion of particles in an

aqueous solution of sucrose (cryoprotector) repeated twice,

and finally they were freeze-dried [29].

All the nanoparticles containing CDs, whatever their

nature, displayed a slightly smaller size (140 to 150 nm)

than the control nanoparticles without CD (180 nm). This

decrease in particle size is in agreement with results de-

scribed either with poly(isobutylcyanoacrylate) nanoparti-

cles [4] orwith chitosan [13]. The amount ofCDassociated to

the nanoparticles was higher for b-CD than for HP-b-CD or

b-CD-NH2. This fact was probably due to the lower water

solubility of b-CD compared with the two other CDs, giving

it a better affinity for the polymer. Finally the surface of

nanoparticles containing b-CD was smooth, whereas that of

nanoparticles containing either HP-b-CD of b-CD-NH2 was

rough [29].

Gastrointestinal Transit of Poly(anhydride)/CD

Nanoparticles The bioadhesive interactions of the

nanoparticles through the gastrointestinal tract was

investigated with nanoparticles loaded with the fluorescent

rhodamine B isothiocyanate administered orally to rats. All

the poly(anhydride)/CD nanoparticles displayed a higher

bioadhesion than that of the control nanoparticles. They

also showed a certain potential to concentrate in the

stomach mucosa after 30min. These results were more

pronounced for HP-b-CD and b-CD-NH2 than for b-CD
itself. This is probably the consequence of the differences

observed in particle surface characteristics, the rough

surfaces providing larger surface areas to establish
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bioadhesive interactions [29]. Finally, from in vivo imaging

biodistribution studies, carried out after oral administration

to the rat of nanoparticles labeled with 99mtechnetium, it

appeared that the possibility for the poly(anhydride)/b-CD
nanoparticles to be translocated and/or absorbed was

negligible because no distribution to organs other than the

gut was observed [29].

2.1.4. CD/Dextran Self-Assembled Nanogels Recently,

Gref’s group has proposed a mild procedure to obtain

CD-containing spherical nanoassemblies in the absence of

organic solvents, called nanogels because of the large amount

of water retained in their structure [30].

Formation and Characterization of the CD/Dextran

Nanogel Preparation of the nanogel is very simple.

Spherical nanogels of 100 to 200 nm formed sponta-

neously in aqueous medium upon the association of two

water-soluble polymers: a hydrophobically modified dextran

obtained by grafting alkyl side chains and a b-CD polymer

(pb-CD) [30]. Part of the alkyl chains formed inclusion

complexes with some CD cavities, leaving most of the

CDs available to include hydrophobic molecules of

interest such as therapeutic agents (Fig. 2) [31].

The pb-CD was prepared by cross-linking of b-CD under

strong alkaline conditions with epichlorohydrin [32]. The

modified dextran was a dextran bearing hydrophobic lauryl

side chains synthesized by coupling lauroyl chloride to

dextran [33,34]. This method allowed varying the modified

dextran substitution from 2 to 7% of glucose units.

The mechanism of pb-CD/modified dextran nanogel for-

mation, as well as its supramolecular architecture, were

gained by 1HNMR spectroscopy [23]. It is well established

that alkyl chains can form inclusion with CDs [35,36]. It was

shown that themodified dextran alkyl chainswere interacting

with b-CD either in their monomeric or in their polymeric

form, and that the complex obtained with pb-CD was more

stable than that obtained with b-CD [37]. Moreover, if the

molar ratio CD/alkyl chains was�1, all the alkyl chains were

interacting with pb-CD cavities. This might be the principal

reason for the stability of the nanogels: Sufficient physical

cross-links between the chains were formed by means of

inclusion complexes, thus stabilizing the supramolecular

nanoassemblies.

The strong association between the two polymers was

demonstrated by measuring the surface tension of pb-CD,
modified dextran and their mixture [37]. The amphiphilic-

modified dextran adsorbed at the air–water interface, low-

ering its surface tension. The highlywater-soluble pb-CDdid

not adsorb and did modify the surface tension. When it was

injected into the modified dextran solution, the surface

tension increased and tended to that of pure water. This was

the consequence of the progressive inclusion of the modified

dextran lauryl chains into the pb-CD cavities, and the

progressive disappearance of modified dextran from the

water surface. This phenomenon could be considered as

surprising since the hydrophobic alkyl chains of themodified

dextran normallywere oriented toward the air and not toward

the water, where the pb-CD was, but it was probably suffi-

cient for a few alkyl chains immersed in the water to be

captured by the b-CD cavities to produce a chain reaction

leading to complete depletion of the air–water interface by a

“gear-wheel” process. It was shown that the use of highmolar

mass pb-CD was crucial for the spontaneous interlocking of

the two polymers.

Molecular modeling was employed to simulate the inter-

action between the modified dextran and pb-CD in the

presence of water molecules [37]. Two linear chains of

pb-CD (8 units) and modified dextran (16 units) were in-

serted within a cylinder containing 720water molecules. The

system was energy-minimized and subjected to molecular

dynamics. Modified dextran tightly interlaced around

pb-CD, which tended to adopt a bent helical structure.

Moreover, molecular dynamics clearly demonstrated the

displacement of water molecules from b-CD cavities as a

result of alkyl chain inclusion. Indeed, it was shown previ-

ously using molecular modeling that b-CD could easily

accommodate up to 12 hydrogen-bonded water molecules

within its hydrophobic core [37]. The resulting “free” water

molecules were no longer at a distance compatible with the

establishment of hydrogen bonds. As their number increased,

it was inferred that polymer organization in nanoassemblies

was essentially entropy-driven.

The nature of themodified dextran and especially the alkyl

chain length had prominent influence. The study of different

dextrans with alkyl chain length showed that there was an

increased affinity between the chains and b-CD as the alkyl

chain length increased (a factor of 2 to 3 from C8 to C12), but

MD pCD 

alkyl side
chain 

dextran 
βCD

     loaded
nanoparticles  

molecule
of interest

Figure 2. Mechanism of pb-CD/modified dextran nanogel forma-

tion. (See insert for color representation of the figure.)
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the sensitivity was much lower than for small alkyl amphi-

philes (a factor of 10 from C8 to C12) [38]. The short-term

stability of modified dextran/pb-CD (50 : 50) nanogel sus-

pensions, having total polymer (modified dextran/pb-CD)
concentrations varying from 1 to 10 g/L, was assessed [31].

Whatever the polymer concentration, nanoassemblies smal-

ler than 150 nm were formed initially. The most diluted

suspensions were the most stable. For the 1-g/L suspensions

the mean diameter remained below 200 nm over 24 h (from

125� 9 nm at t¼ 0 to 168� 5 at t¼ 24 h). In the case of high

polymer concentrations, the diameter increased rapidly in

the first 8 h and tended to reach a plateau. The higher the

polymer concentration, the higher the size increase over

time. For example, at t¼ 12 h, the mean diameter was

154� 4, 190� 2, 201� 18, and 387� 15 nm for 1-, 2.5-,

5- and 10-g/L polymer suspensions.

Because freeze-drying is one of the most convenient

methods for long-time storage of colloidal systems, this

method was tested on modified dextran/pb-CD nanogels

with a polymer concentration varying from 0.5 to

2.5 g/L [31]. All the nanogels were successfully freeze-dried

except the 2.5-g/L suspension, and the dried cakes could

easily be redispersed in milliQ water. The Tyndall effect was

preserved and the size after freeze-drying was even slightly

smaller than the initial size. At a 2.5-g/L polymer concen-

tration, the rehydration of the cake led to the formation of a

highly viscous phase.

Nanogels LoadedwithHydrophobic Drugs The entrapment

of two model hydrophobic drugs, benzophenone and

tamoxifen, into self-assembling nanogels was studied [39].

In a first attempt, nanogels were prepared by a one-step

procedure. A solution of benzophenone or tamoxifen with

pb-CD (corresponding to solutions of inclusion complexes)

was added to a solution of modified dextran. Nanogels were

obtained instantaneously. Suspensions of tamoxifen nanogels

were very instable and formed a gel deposit very rapidly,

possibly as a consequence of the negative charge of the

particles in contact with the positive charge of tamoxifen.

Nanogels obtained with benzophenone were stable (more

than 15 days at 4�C) and presented a mean diameter below

200nm. Whatever the polymer concentrations and the ratios

tested, the benzophenone loading (amount of benzophenone

associated per 100mgof dried polymer)was less than or equal

to 1% w/w.

A second loading method was proposed: the bi-loading

method. Nanogels were prepared by mixing a benzophe-

none-pb-CD solution and a benzophenone-modified dex-

tran solution. The main characteristics of the nanogels are

reported in Table 5. The particle size was independent of

the modified dextran/pb-CD ratio, but increased with the

polymer concentration. It increased with the loading (un-

loaded< loaded< bi-loaded). The entrapment efficiency

increased with the polymer content, while the loading

remained constant. The bi-loading technique led to benzo-

phenone loading approximately three-fold higher than the

simple loading [40].

Benzophenone phase solubility diagrams carried out

either with b-CD or pb-CD showed that in the case of b-CD
a Bs type of diagram (limited solubility of the inclusion) was

obtained, whereas an Al type was obtained with pb-CD, with
a 1 : 1 stoichiometry for both. Furthermore, the stability

constants with b-CD or pb-CD were not changed signifi-

cantly (2680 and 2710M�1 respectively). These results

showed the advantage of using pb-CD, rather than b-CD,
because if the stability constants were similar, the solubility

of the inclusion could be much higher with the polymer than

with the monomer [40].

Nanogels Loaded with Contrast Agents Magnetic

resonance imaging (MRI) is a powerful, non invasive

diagnostic technique with high spatial resolution. The

contrast in MRI is the result of a complex interplay

between instrument parameters and intrinsic differences in

the relaxation rates of tissue water protons. Gd3þ chelates,

which reduce the proton relaxation times locally, are widely

used as contrast agents. Gd3þ -loaded nanoparticles appear as
promising candidates for molecular imaging and there is

a growing need for more powerful new systems. In the

pursuit of different in vivo delivery methods, one can

change the size, charge, and surface properties of these

carriers as well as the Gd3þ payloads. In this context, the

host–guest type of interaction with CDs have been exploited

to obtain large supramolecular structures [41], especially

Table 5. pb-CD/Modified Dextran Nanogels Loaded with Benzophenone: Main Characteristics of Particles and Drug contenta

Polymer

Conc. (g/L)

MD/pb-CD
Ratio (w/w)

Mean Diameter (nm)
Entrapment

Efficiency BL (%)

Loading BL

(% w/w)UL L BL

1 50/50 110� 20 135� 19 152� 23 26.6� 5.9 2.9� 0.8

33/67 106� 15 141� 24 160� 20 22.0� 2.1 2.6� 0.3

2.5 50/50 136� 24 173� 30 192� 42 40.7� 7.0 2.5� 0.6

33/67 140� 17 180� 28 188� 35 42.5� 5.0 2.9� 0.3

Source: Adapted from [30].
aMD, modified dextran; UL, unloaded nanogel; L, loaded gel; BL, bi-loaded gel.
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high-molecular-weight adducts of pb-CD with suitably

functionalized chelates, leading to an efficient relaxation

enhancement [42,43].

Battistini et al. [44] described pb-CD/modified dextran

self-assembled nanogels loaded with Gd3þ . The preparation
was the classical one in which Gd3þ was added to pb-CD
solution, and after stirring overnight, the solution was added

to a modified dextran solution. The particles obtained had a

diameter about 200 nm, a payload of 1.8� 105 units ofGd3þ ,
and a relaxivity of 48.4mM�1/s at 20MHz and 37�C. This
macromolecular Gd-based system could be less toxic than

that in which Gd3þ chelate is covalently bound to a poly-

meric matrix, since it would follow the elimination pathway

of the free low-molecular-weight complex.

2.2. Nanoparticles of CD-Based Copolymers

CD-based copolymers have been used by different research

groups for the formulation of nanoparticles combining the

advantages of the hydrophilic CD to that of the hydrophobic

polymer. When one CD is conjugated with one polymer

chain, they form a “tadpole”-shaped copolymer. But there

also exist copolymers in which more than one CD are

combined.

2.2.1. Poly(lactide)-, Poly(glycolide)-, Poly(lactide-co-
glycolide)-b-CD Nanoparticles Because of their biocom-

patibility and biodegradability poly(lactide) (PLA), poly

(glycolide) (PLG) and their copolymers, poly(lactide-co-

glycolide) (PLGA) are among the most widely used poly-

mers for drug encapsulation [45,46]. Their association to

b-CD has been in detail studied by Ma’s group [47–49].

In a first attempt, Gao et al. [47], considering the

impossibility of encapsulating proteins in PLA nano-

spheres without deactivation, proposed to combine PLA

to b-CD potentially capable of protecting the drug against

deactivation. To graft only one PLA on one b-CD, they
worked with a monoamino-substituted b-CD: the mono(6-

(2-aminoethyl)amino-6-deoxy)-b-CD (b-CDen) prepared

via the reaction of mono(6-O-(p-toluenesulfonyl))-

b-CD [50,51] with freshly distilled ethyldiamine [52]. The

coupling reaction with PLA of different molecular weights

was carried out in the presence of N,N’-dicyclohexylcar-

bodiimide as catalyst.

Nanoparticles were prepared either by double emul-

sion [53] or by modified nanoprecipitation [54]. Bovine

serum albumin (BSA) was used as a model protein. In

both preparation methods the b-CDen-PLA nanoparticle

diameter became smaller as the molecular weight of the

copolymer decreased. When prepared by the double emul-

sion method, the nanoparticle diameters were in the range

300 to 500 nm; by the nanoprecipitation method the dia-

meters were much smaller, in the range 150 to 250 nm. This

could be interpreted by the sketch of the proposed mechan-

isms for the nanoparticle formations (Fig. 3): the double

emulsion method leads to a multi-nanoreservoir system,

when the nanoprecipitation results in single-layer

nanospheres [47].

Figure 3. Supposed mechanisms of protein encapsulation into the CDen-PLA copolymer nanopar-

ticles by the double emulsion (top) or nanoprecipitation method. (From [47], with permission of

Elsevier.)
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The encapsulation efficiency of BSA in b-CDen-PLA
nanoparticles was much improved compared to that obtained

in simple PLAnanoparticles. Different reasons could explain

this phenomenon. Theb-CD cavity is large enough to include

aromatic and alkyl groups of BSA. Second, ionic interactions

could occur between BSA and b-CDen-PLA: The amino

group of the copolymer could exist in the ionic form–NH2
þ–

in neutral or acidic medium; this group may interact with

–COO� in BSA. Third, the b-CDen-PLA copolymer being

amphiphilic its hydrophilic part is accessible to the water-

soluble BSA molecule [47]. Finally, the structure stability of

BSA released in phosphate buffer saline (pH 7.4) was

preserved [47].

In a second study, Gao et al. [48] worked with b-CD
dimers, which could have better binding ability to BSA than

b-CD itself because of the cooperative binding effect of

the two adjacent cavities [55]. Two different types of b-CD
dimers were prepared with either ethylenediamino or

diethylenetriamino spacers at the upper rim of b-CD, lead-
ing to ethylenediamino-bridged bis-b-CD (B-b-CDen) and
diethylenetriamino-bridged bis-b-CD (B-b-CDden). PLA
was conjugated on them, leading to what could be consid-

ered as two-headed tadpoles. Nanoparticles were prepared

as previously, either by double emulsion or nanoprecipita-

tion methods [47].

The same conclusions as previously could be drawn: The

nanoprecipitation method led to smaller nanoparticles with

lower encapsulation efficiency than did the double emulsion

method. It seemed that the encapsulation efficiency obtained

by double emulsion was higher with either B-b-CDen or B-

b-CDden than with b-CDen, furthermore, there was not

much difference in the two bridged b-CD [48]. BSA release

was faster from nanoparticles obtained by nanoprecipitation

than from those prepared by double emulsion. The BSA

released remained stable in solution for almost 14 days.

Considering the advantage of working with poly(lactide-

co-glycolide) (PLGA) copolymers, because it is possible to

control their degradation rate by the molar ratio of the lactic

and glycolic acid in the polymer, Gao et al. [49] prepared two

types of nanoparticles: b-CDen-PLGA [with the mono(6-(2-

aminoethyl)amino-6-deoxy)-b-CD] and B-b-CDen-PLGA
(with the ethylenediamino-bridged bis-b-CD). They used

the repeated nanoprecipitation method and freeze-dried the

nanoparticles obtained. Due to the existence of cyclodextrin

corona, the nanoparticles had good steric stability during

freeze-drying and resuspension. The release of BSA oc-

curred in three phases: a burst effect during the first day,

followed by a plateau for about one week, and sustained

release of the protein over 14 days. The BSA structure was

maintained for 21 days [49]. The authors concluded that both

the novel biomaterials and the repeated nanoprecipitation

technique were very promising for the delivery of hydro-

philic proteins and the nanoparticle industrial produc-

tion [49].

2.2.2. Poly(4-acryloylmorpholine)-b-CD Nanoparticles
Due to its capability to include a large variety of therapeutic

molecules, b-CD is very often chosen in drug delivery

design, but its low water solubility resulted in the search of

chemical modifications to overcome this drawback. Among

these modifications is the association to biocompatible hy-

drophilic synthetic polymers. The preparation of such b-CD-
polymer derivatives has many advantages. When amphiphi-

lic polymers are used, the derivative obtained may be soluble

in both water and organic solvents, facilitating complex

formation. The polymer can also cooperate with the b-CD
moieties to stabilize the complex via secondary reactions.

A groupwith Cavalli, Trotta, Ferruti, Ranucci, et al. used a

well-known amphiphilic biocompatible polymer, poly(4-

acryloylmorpholine) (PACM), to prepare a water-soluble

tadpole-like b-CD conjugate (b-CD-PACM) capable of

forming nanoparticles for the delivery of acyclovir [56,57].

The b-CD-PACM polymer was prepared by radical poly-

merization of 4-acrylmorpholine in the presence of 6-deoxy-

6-mercapto-b-CD (b-CD-SH) as chain transfer agent. These
derivatives have an average molecular weight of 104 and

carry a single b-CD moiety at one terminus. b-CD-PACM
was able to solubilize a considerable amount of poorlywater-

soluble drugs such as acyclovir, and in vitro studies

demonstrated that the polymer was noncytotoxic and

nonhemolytic [56].

The solvent injection method [58] was used to prepare

acyclovir/b-CD-PACM nanoparticles. Acetone solution of

preloaded b-CD-PACMwas added dropwise to filteredwater

under magnetic stirring maintained for 2 h. The dispersion

was washed or freeze-dried to obtain nanoparticles as a

powder [57]. The average diameter of acyclovir/b-CD-
PACM nanoparticles was 180� 11 nm (135� 100 for blank

particles). The acyclovir loading was about 13% w/w, due to

the formation of stable inclusion. The in vitro release at pH

7.4 was rather slow, reaching 30% after 120min without an

initial burst effect [57].

The antiviral activity was assessed on monolayers of

Vero cells infected with two clinical isolates of HSV-1. The

dose–response curves and the corresponding IC50 and IC90

values showed that the antiviral potency of acyclovir/b-CD-
PACM nanoparticles was higher than that of free acyclovir,

whereas acyclovir/b-CD-PACM complex had an antiviral

activity similar to that of free acyclovir, and unloaded b-CD-
PACM nanoparticles had no antiviral activity [57]. This

result was due to intracellular accumulation of acyclovir in

the case of nanoparticles. By investigating the uptake of

fluorescently labeled soluble b-CD-PACM and b-CD-PACM
nanoparticles, the authors speculated that the higher antiviral

activity of acyclovir/b-CD-PACM nanoparticles is due to

the internalization and perinuclear accumulation of the

nanoparticles, delivering the drug in the vicinity of the

nucleus, which is the compartment where acyclovir exerts

its antiviral activity [57].
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2.2.3. Aminoethylcarbamoyl-b-CD–Based Nanoparticles
With the aim of creating a material for nanobiotechnology,

Kodaka’s group prepared nanoparticles composed of ami-

noethylcarbamoyl-b-CD (AEC-b-CD) and ethylene glycol

diglycidyl ether (EGDGE) [59,60]. Nanoparticles were pre-

pared by interfacial polyaddition reaction [61] of EGDGE

and AEC-b-CD. An aqueous solution of AEC-b-CD was

added to a surfactant (tetraglycerin monoester) cyclohexane

solution and emulsified by ultrasonication. A toluene solu-

tion of EGDGE was mixed with the emulsion and the

polymerization was carried out at 50�C for 4 h. After wash-

ing, the EGDGE-AEC-b-CD particles were suspended in

water [59]. The particle size depends on both the water and

the surfactant contents. It decreased with a water content

increase, from 17.5 mm (water 0.25%/surfactant 5.0%) to

0.3 mm (water 5.0%/surfactant 5.0%), and to gel appearance

for higherwater concentrations. It increasedwith a surfactant

content increase, from 0.3 mm (water 5.0%/surfactant 5.0%)

to 26.5 mm (water 5.0%/surfactant 20.0%), for lower surfac-

tant concentrations (1%), fiberlike productwas obtained [60].

Working on 8-anilino-1-naphthalenesulfonic acid, the

authors demonstrated that there is a synergistic effect of

cavity inclusion and electrostatic interaction in the uptake of

guest molecules by the particles [60].

2.2.4. Poly(c-benzyl-L-glutamate)-b-CD Nanoparticles
The group of Ponchel and Fontaine, looking for “ideal”

nanoparticles, were very much interested in families of

polymers composed of the same backbone and bearing

adapted chemical groups. The polymers should then be

combined on demand for conferring the desired properties

to the nanoparticles. Poly(c-benzyl-L-glutamate) (PBLG),

a synthetic polypeptide with a degradable amide bound in

the backbone and a carboxylic acid function in the side

chain, available after hydrolysis of the lateral benzyl ester,

retained their attention. They carried out the synthesis of

PBLG derivatives using initiators allowing the preparation

of biocompatible nanoparticulate systems [62,63]. PBLG

derivatives were synthesized by ring-opening poly-

merization of c-benzyl-L-glutamate N-carboxyanhydride

(c-BLG-NCA) using different amine-terminated initiators

among which the 6-monodeoxy-6-monoamino-b-
cyclodextrin (b-CD-NH2) prepared from its hydrochloride

(b-CD-NH3
þCl�) [64].

c-BLG-NCA and b-CD-NH2 were mixed in dimethylfor-

mamide at 30�C until disappearance of NCA bands from a

Fourier transform infrared spectrum. The reaction product

was poured in cold diethyl ether. The PBLG-b-CD precip-

itate was purified by methanol and diethyl ether and dried

under vacuum at 35�C for 12 h. The estimated molecular

weight of PBLG-b-CD was 46,000Da [63]. Nanoparticles

were prepared by a slightly modified nanoprecipitation

method [65]. PBLG-b-CDwas dissolved in tetrahydrofurane

(THF) at 30�C for 18 h, and after gentle homogenization it

was added towater in the presence (or not) of poloxamer 188.

After 15min of stirring, the solvent was evaporated and the

nanoparticles were washed, their suspension in water can

be freeze-dried [63]. Whatever the presence of poloxamer,

the particle size was in the range 50 to 60 nm. The FTIR

characterization suggested that PBLG-b-CD polymer pre-

sented an a-helix conformation before or after nanoparticle

formation. In such a conformation the PBLG chain length is

about 31 nm, corresponding to the nanoparticle radius. This

suggested that a significant amount of b-CD could be ex-

posed at the nanoparticle surface because of their hydrophilic

nature, while the hydrophobic PBLG moieties could self-

associate. This hypothesis was verified using isothermal

microcalorimetry to characterize the accessibility of b-CDs
within the nanoparticles by 1-adamantylamine: About 20%

of the b-CDs remain functional within the nanoparticles [63].

The authors concluded that this system may be of interest

when association of large amounts of hydrophobic drugs to

nanoparticles is required.

3. CD SYSTEMS FOR GENE DELIVERY

Viral and antiviral systems can be used for gene delivery.

Viral transfection systems can be very efficient but they have

disadvantages: Adenoviruses have high immunogenicity,

retroviruses produce random genomic integration, problem-

atic scale-up manufacture exists, and so on. Nonviral trans-

fection systems have low immunogenicity and the capacity

to handle larger size of DNA than viruses; nevertheless, they

also have some drawbacks, such as less gene expression and

higher toxicity than that of viral vectors.

Among the nonviral systems, polyplexes (association of

cationic polymer and nucleic acid) [66] are taking a prom-

inent place. In the search of more efficient and less toxic

systems, CDs have been employed either in linear copoly-

mer-containing polyplex systems or in more elaborated

structures, such as star, dendron, or polyrotaxane-containing

polyplexes.

3.1. CDs in Linear Copolylmer-Containing Polyplexes

Cationic polymers can deliver plasmid DNA into cells by

self-assembling with the anionic DNAvia electrostatic inter-

actions and condensation into nanoparticles which can easily

be endocytosed. Whatever their nature, cationic polymers

have similar mechanisms of delivery, but their transfection

efficiency differs, and not onlywith their chemical nature, but

also with their exact structure and their molecular weight.

Considering the ability of CDs to form inclusion complexes

exploited in drug formulation, and also their low toxicity and

lack of immunogenicity, Davis’s group undertake a series of

works on CD-containing copolymer polyplexes for gene

delivery.
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3.1.1. Nature of the Linear Cationic b-CD-Containing
Copolymer Polyplexes b-CD-containing copolymers were

prepared by the polymerization of a difunctionalized b-CD
monomer (A) with a difunctionalized monomer (B) to give a

ABAB copolymer. The difunctionalized b-CDs were either
6A,6D-dideoxy-6A,6D-diamino-b-CD or a 6A,6D-dideoxy-

6A,6D-di(2-aminoethanethio)-b-CD (Fig. 4a and b). The

difunctionalizedmonomers were either a series of diimidates

differing by the number of methylene units (Fig. 4c) or

dithiobis(succinimidyl propionate). The resulting cationic

b-CD-diimidate copolymers (cpb-CD) are schematized in

Fig. 4d [67,68]. The copolymer yield was proportional to the

diimidate length. The average polymerization degree was 4

to 5, with a cationic charge of 8 to 10. The cpb-CDs formed

polyplexes with different plasmids by rapid self-assembly in

aqueous solutions. Polyplex sizes differed slightly with the

cpb-CD nature, from 120 to 150 nm. For effective gene

delivery, the polycation must protect the plasmid from

nuclease activity. The cpb-CDs with even numbers of

methylenes (n¼ 4, 6, 8, 10 in Fig. 4) were those best

protecting the plasmid DNA [68].

All the cpb-CD were able to transfect BHK-21 cells, but

with variable efficiency, depending on the monomer B

length; the higher transfection was obtained for n¼ 6, the

lowest ones for n¼ 4, 5, or 10. It could be explained by the

fact that the spacing between cationic amidine groups in

cpb-CD with six methylenes was optimal for DNA binding.

This seemed to be confirmed by the determination of relative

binding constants by heparin sulfate displacement [68].

The toxicity associated with the transfection was evaluated

by determination of the total protein concentration in

cell lysates 48 h after transfection. No toxicity was observed

for cpb-CD with n¼ 8, and it increased for all the other

cpb-CDs. The IC50 values of the cpb-CDs to BHK-21 cells

showed the same trend as the toxicities associated with

polyplex transfection [68].

Polyethylenimine (PEI) has also been used for polyplex

preparation, but its use as an in vitro and in vivo transfection

agent is limited by its toxicity and difficulties in formula-

tion. For this reason, different authors have tried to combine

the qualities of CD-based polymers (among them, low

toxicity) with those of linear or branched PEI [69–72]. As

will seen later, PEI have been specially used in the prep-

aration of dendrimers and b-CD-containing dendrimer

polyplexes.

3.1.2. Influence of the Copolymer Structure on the
Polyplex Characteristics After demonstrating the value of

cpb-CDs in the formation of polyplexes, and the differ-

ences obtained when varying the copolymer structure, the

same group of researchers decided to better define the

structural effects of the different units of the copoly-

mer [73–75]. They first studied the influence of the carbo-

hydrate size and its distance from charge centers [73]. For

that they synthesized a series of amidine-based polycations

containing either b-CD or trehalose (among others).

Because of the previous results, they kept six methylene

units (n¼ 6 in Fig. 4) between the two charges (NH2
þ ), and

they varied the chain length between the charged part and

the CD. The polymerization degree is affected by the

monomer unit: Trehalose gives a higher polymerization

degree than b-CD does.

Polyplexes were obtained with the different polycations,

their diameters varied from 80 to 100 nm. All the polyplexes

were able to transfect BHK-21 cells. As the charge center is

removed farther from the carbohydrate unit, the toxicity is

increased. As the size of carbohydrate moiety is enlarged

from trehalose to b-CD, the toxicity is reduced [73].

In a second series of experiments, the influence of the

charge center type was investigated by replacing the amidine

charge center by different quaternary ammonium [74].

The charge center type did not greatly modify the toxicity

since no significant difference was observed between the
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Figure 4. Products and synthesis of diamino-b-CD-NH2-diimidate

copolymer: (a) dideoxydiamino-b-CD; (b) dideoxy-diaminoetha-

nethio-b-CD; (c) diimidate; (d) diamino-b-CD-diimidate copolymer.

(From [67,68].)
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quaternary ammonium and the amidine families. On the other

hand, the charge center had a significant influence on gene

delivery since the amidine polyplexes exhibited a higher gene

expression than that of their quaternary ammonium analogs.

Finally, the authors studied the influence of the cyclo-

dextrin type (b and c) and of their functionalization: 3A,3D-
dideoxy-3A,3D-diamino-CDs compared with the 6A,6D-

dideoxy-6A,6D-diamino-CDs studied previously. In each

series, the length and character of the spacer between the

CD and the amidine charge center were varied [69]. The

nature of the spacer between the CD and the primary amines

of each monomer influenced both the molecular weight and

the polydispersity of the polycations. When these polyca-

tionswere used to form polyplexeswith plasmid, longer alkyl

regions between the CD and the charge centers in the

polycation backbone resulted in increased transfection effi-

ciency and toxicity in BHK-21 cells. Increasing the hydro-

philicity of the spacer (alkoxy or alkyl) resulted in lower

toxicity. Finally, c-CD-based polycations were less toxic

than the b-CD-based polycations [69].

3.1.3. Tailored Polyplexes for Gene Delivery Whatever

their efficiency in vitro, polyplexes present a number of

drawbacks when used in vivo. For example, when in the

bloodstream, cationic polyplexes interact with serum pro-

teins and are rapidly eliminated by phagocytosis; further-

more, they aggregate at physiological ionic strength. Finally,

they should not be taken by Kupffer cells, but rather, they

target specific tumor cells, thanks to specific ligands. For all

these reasons, modified polyplexes have been developed by

Davis and Pun, who grafted on the polyplexes moieties

displaying specific biological activities, such as poly(ethyl-

ene glycol) (PEG) to obtain stealth particles, or ligands

capable of affinity for defined molecules or cells. On the

model of the complex formation between adamantane end-

capped PEG and cyclodextrin polymers [76,77], they grafted
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Figure 5. (A) Inclusion compound formation between adamantane and b-CD; (B) post-DNA-

complexation PEGylation by inclusion compound formation by PEG-AD (adamantane) and ligand-

PEG-AD. (From [78], with permission of the American Chemical Society.)

CD SYSTEMS FOR GENE DELIVERY 383



different modifiers on b-CD-based polyplexes [69,71,78–

81]. The reaction mechanisms are represented in Fig. 5.

Stealth Polyplexes A very simple and efficient method to

prepare stealth polyplexes was by self-assembly of already

prepared polyplexes with adamantane–PEG at 100%

adamantane to cyclodextrin (mol%). This is the “post-

DNA-complexation PEGylation by inclusion compound

formation” [78]. In salt solution (PBS) the average

diameter of “nude” polyplexes increased from 58 to

272 nm; the presence of PEG 5000 in solution does not

prevent aggregation (average diameter, 278 nm); polyplexes

PEGylated with adamantane-PEG 3400 aggregated to

204 nm in diameter, those PEGylated with adamantane-

PEG5000 only increased to 95 nm. The PEGylated particles

maintained small sizes in physiological salt concentration

(150mM) for hours. The difference in stabilization

observed between PEG 3400 and PEG 5000 was

explained by the fact that the PEG formed a steric layer

around the particles, preventing close contact between

particles and keeping the van der Waals attraction forces

lower than the thermal energy of the particles. There is

probably a critical length greater than the range of van der

Waals attraction between particles. The length of PEG 3400

and PEG 5000 is estimated to 3.5 and 4.3 nm, respectively.

PEG 5000 is long enough to stabilize the polyplexes in

salt, whereas PEG 3400 does not provide enough

stabilization. A comparable result was obtained by Gref

et al. for PLA nanoparticles [82].

Targeted Polyplexes Based on the same preparation

process, an anionic galactosylated adamantane compound

was evaluated as a modifier to target the cpb-CD polyplexes

to hepatocytes [78]. The modifier was constituted by (1) the

adamantane, (2) an anionic peptide to change the polyplex

surface charge and reduce nonspecific transfection due to

charge, (3) PEG as tether for the ligand and stabilizing agent,

and (4) galactose to target the asialoglycoprotein receptor, or

glucose as a low-affinity ligand for control. The particles

were exposed to HepG2 cell line for uptake and transgene

expression experiments. When formulated at positive zeta

potentials, there was no difference between glucosylated or

galatosylated polyplexes, because at positive charge

polyplexes are efficiently and indiscriminantly internalized

by nonspecific interactions with proteoglycans. When the

particles were formulated at negative charge, selective

transfection by galactosylated polyplexes was observed.

The gene expression from galactosylated polyplexes was

approximately one order of magnitude lower than that of

unmodified polyplexes.

A different method was used to prepare polyplexes

tailored with transferrin [79–81], an iron-binding glycopro-

tein ligand for tumor targeting. In this case, the following

components in water solutions were mixed: (1) cpb-CD

polymer, (2) adamantane–PEG, and (3) adamantane–PEG–

transferring; then they were added to plasmid DNA solution.

ThepolymersandDNAself-assembled in fewseconds to form

particles with diameters of 100 to 150 nm. At low transferrin

modification, the particles remained stable in physiologic salt

concentrations and transfected K 562 leukemia cells with

increased efficiency over untargeted particles. The increase in

transfection disappeared when transfection was carried out in

the presence of an excess of free transferrin [79]. The trans-

ferrin polyplexes containing fluorescently labeled DNAzyme

moleculeswere administered to tumor-bearing nudemice and

their biodistribution and clearance were monitored. Four

administration methods were compared: intraperitoneal in-

jection, intraperitoneal infusion, subcutaneous injection, and

intravenous injection. DNAzymes from polyplex formula-

tionswere concentrated and retained in tumor tissue and other

organs, whereas unformulated DNAzyme was eliminated

from the body within 24 h after injection. Tumor cell uptake

was observed with intravenous injection only, and intracel-

lular delivery required transferrin targeting [81].

Immobilized Polyplexes Cationic b-cyclodextrin-
containing copolymer (cpb-CD) polyplexes have been

specifically immobilized on adamantane-functionalized

surfaces [71]. One advantage of this method is that guest

molecules grafted on the surfaces result in high nanoparticle

binding with minimal changes in surface properties. In the

present case, immobilization being carried out by inclusion

complex formation, the functionalized surfaces could be

synthesized readily and the nanoparticle immobilization

took place by self-assembly. The nanoparticles held on the

surface were stably immobilized but could be reversibly

released for cellular uptake.

3.2. CDs in Star-Shaped Copolymer-Containing
Polyplexes

Star-shapedCDderivatives are supramolecular assemblies in

which CDs are used as cores for the synthesis of medium-

sized conjugates obtained by per-substitution of the primary

hydroxyls [83]. Most often such assemblies have been syn-

thesized with the objective of coating the supramolecule

structurewith saccharide ligands toward biological receptors

such as lectins [84–89] or Gd
3þ paramagnetic chelates for

enhancement ofmagnetic resonance imaging resolution [90].

Such star-shaped polymers have also been investigated in the

preparation of polyplexes for gene delivery [91–93].

Yang et al. [91] used an a-CD core decorated with many

oligoethylenimine (OEI) arms (Fig. 6). For that, the primary

hydroxyl groups were activated with carbonyldiimidazole,

followed by reaction with a large excess of linear or

branched OEI of different lengths. These a-CD-OEI star
polymers were capable of condensing pDNA (pRL-CMV

encoding Renilla luciferase) into particulate structures.
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The particle size depends on the nitrogen (in a-CD-OEI)-
phosphate (in pDNA) ratio (N/P). Generally, the particle size

decreased with an increase in N/P until 6 and 8; afterward,

the particle size remained in the range 100 to 200 nm. The

cytotoxicity of the a-CD-OEI star polymers, analyzed on

Cos7 and HEK293 cells was much lower than that of PEI

itself. Depending on the exact structure of the star polymers,

the LD50 in Cos7 (the concentration of polymer resulting in

50% inhibition of cell growth), which is 12 mg/mL for PEI,

varied from 88 to 560 mg/mL. The transfection efficiency of

a-CD-OEI polyplexes in both cell lines increased with the

chain length of the OEI grafted [91].

Other star-shaped polymers were prepared by Srinivasa-

chari et al. [92] with b-CD decorated with alkine dendrons

containing between zero and four secondary amines, and

by Xu et al. [93] with poly(2-(dimethylamino)ethyl

methacrylate) [P(DMAEMA)] and P(DMAEMA)-

block-poly(ethylene glycol)ethyl ether methacrylate)

[P(PEGEEMA)] arms. In both cases it was possible to

prepare polyplexes by condensation of pDNA. The particle

sizes were in the range 80 to 130 nm [92] or 100 to

200 nm [93] with an influence of the N/P ratios. In both

cases, there was a decrease in cytotoxicity and an increase

in gene transfection efficiency.

3.3. CDs in Dendrimer Copolymer-Containing

Polyplexes

Dendrimers are a class of highly branched, monodisperse,

globularmacromolecules. They have amolecular architecture

characterized by regular dendritic branching with radial

symmetry. Their spherical structure is achieved by the ordered

assembly of polymer subunits in concentric dendritic tiers

around a centralmultifunctional core unit, terminated inmany

reactive groups around their peripheries [94,95]. There are

twomain processes for the synthesis of dendrimers: divergent

and convergent growth (Fig. 7). In the divergent synthesis,

the dendrimer is grown outward from the core, by doubling

the number of reactive functionalities introduced at each new

generation. In the convergent synthesis the synthesis of

dendritic wedges is needed first, followed by the linking of

thesewedges to further branching components, and finally, by

the attachment of these dendrons to the core [95].

Dendrimers have been prepared with different types of

subunits: polyamidoamine (PAMAM) [94,96–98] and poly-

propylenimine [99–101]. They are characterized by high

surface charge density and water solubility enabling elec-

trostatic interactions with nucleic acids, allowing the forma-

tion of dendrimer–DNA complexes, which can be used for

efficient transfection of cells [94]. However, dendrimers with

low generations (first to third) have only low gene transfer

activity [102,103], whereas dendrimers with higher genera-

tions exhibit cytotoxicity [104]. Similar towhat was done for

linear polyplexes, dendrimers have been conjugated to

Cds [96–99].

Figure 6. a-CD-oligoethylenimine star polymers. (From [91], with

permission of Elsevier.)

Figure 7. (a) Divergent and (b) convergent syntheses of carbohydrate-coated dendrimers.

(From [95], with permission of Elsevier.)
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Different authors demonstrated the advantage of grafting

b-CD to dendrimers to increase the transfection efficiency

and decrease the cytotoxicity [94,99]. However, Uekama’s

group carried out a series of systematic studies on dendrimer-

CDconjugates [96–98]. First, they investigated the role of the

different natural cyclodextrins [96]. a-, b-, and c-CDs were
covalently bound to polyamidoamide dendrimers (second

generation) in a molar ratio of 1 : 1. Substituted (or not)

dendrimerswere incubatedwith pDNA solution for 15min to

form the polyplexes (size around 700 nm). The dendrimer-

CD conjugates formed complexes with pDNA and protected

its degradation by DNase. They showed a potent luciferase

gene expression, especially with the dendrimer conjugated

with a-CD, which provided the greatest transfection effi-

ciency: about 100-fold that of dendrimer without CD in

NIH3T3 and RAW264.7 cells. The authors postulated that

the enhanced gene transfer obtained with dendrimer-a-CD
conjugate could be due not only to an increase in cellular

association, but also to a change in the intracellular traffick-

ing of DNA [96].

In a second study, the samegroup investigated the influence

of the dendrimer generation, which varied from second to

fourth (G2, G3, and G4) in dendrimer-a-CD conjugates [97].

They concluded that the gene transfer activity of the a-CD
conjugateG3washigher than thatofdendrimersG2,G3,orG4

and also a-CD conjugate G2. On the other hand the cycto-

toxicity of a-CD conjugate G3 was lower than that of a-CD
conjugate G4. Therefore, they claimed that a-CD conjugate

G3 might be a potent candidate for nonviral gene delivery.

Finally, in a third study, they investigated the influence of

the dendrimer average substitution degree [98]. They pre-

pared a-CD conjugates G3 containing different average

numbers of a-CD: 1.1, 2.4, and 5.4. Their conclusion was

that the a-CD conjugate G3 with a 2.4 degree of substitution

was best because it provided good gene transfection in vitro

and in vivo together with low toxicity.

3.4. CD-Based Polyrotaxane-Containing Polyplexes

CD-based polyrotaxanes and pseudopolyrotaxanes consist

by multiple cyclodextrin rings threaded on a polymer chain

with or without bulky end caps [105–107]. These supramo-

lecular architectures may have different applications for

specific drug delivery. For example, polyrotaxanes consisting

of lactoside-displaying a- or b-CDs threaded onto hydro-

phobic polymers have been proposed to target galectin-1,

which regulates cancer progression and immune re-

sponse [108–111].

When cationic CDs are used, the corresponding polyro-

taxanes or pseudopolyrotaxanes can be used for gene deliv-

ery [107]. For example, the polyrotaxane constituted by

dimethylaminoethyl-a-CDs threaded on a PEG chain capped

with benzyloxycarbonyl tyrosine via disulfide linkages was

capable of condensing with pDNA, leading to stable poly-

plexes. Rapid endosomal escape and pDNA delivery to the

nucleus were achieved by the polyplexes [112].

Thinking that the use of a-CD only containing tertiary

amines could not be efficient enough in DNA complexation

and gene delivery, Jun Li and his group decided to use

oligoethylenimine-grafted a- or b-CDs (Fig. 8) [113–116].
a-CD was threaded either on a random copolymer, poly

[(ethylene oxide)-ran-(propylene oxide) [114], or a homo

poly(ethylene glycol) chain [115]. All the cationic polyro-

taxanes could efficiently condense pDNA to form poly-

plexes. They displayed high transfection efficiency, which

increasedwith theN/P ratio. All polyplexes containinga-CD
grafted with linear oligoethylenimine exhibited higher trans-

fection efficiency and lower cytotoxicity than did those with

branched oligoethylenimine [114]. b-CD was threaded on a

triblock copolymer chain: poly(ethylene glycol)–poly(pro-

pylene glycol)–poly(ethylene glycol) [113,116]. Here, too,

the cationic polyrotaxanes obtained condensed pDNA; they

showed low cytotoxicity and high transfection efficiency.

CH2CH2O CH2CH2O CH2CH2O
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Figure 8. Structure of cationic polyrotaxanewith multiple oligoethylenimine-grafted b-cyclodextrin
rings. (From [113], with permission of Wiley-VCH Verlag GMbH & Co KGaA, and the authors.)

386 CYCLODEXTRINS AND POLYMER NANOPARTICLES



4. CONCLUSIONS

After this review on different uses of CDs in nanoparticle

systems, it appears that CDs represent a prominent tool in

the design of newdrug delivery systems.Not only can they be

added in the preparation process of already well-known

polymeric nanoparticles to improve their loading capacity,

but additional M-b-CD can significantly decrease the P-

glycoprotein expression. Cyclodextrin can also be linked

chemically to the nanoparticle polymer, to from a co-poly-

mer with high loading capacity, but also with the possibility

of encapsulating proteins.

Very encouraging is the use of CDs in the preparation of

polyplexes, whatever their structure (linear, dendrimers,

stars, polyrotaxanes). In this use, CDs showed their potential

to decrease the cytotoxicity of the parent polyplexes and to

increase their transfection efficiency. Due to their strong

affinity for adamantane, CDs have demonstrated their abilty

to transform polyplexes in stealthy, targeted, or immobilized

systems.

The interesting role of CDs in drug delivery systems is

not limited to their role in nanoparticle formation and

characteristics—they can also be used in supramolecular

structures; for example, two CDs most often b-CD, or

their derivatives can form complexes with fullerenes

C60 [117–121], making them water-soluble products and

thus easier to use for biological applications, among which

are anti-HIV or DNA cleavage activities [122–124].

Studied intensively for the past 30 years, with more and

more sophisticated applications in the drug delivery sciences,

CDs will continue to astonish us in the future with new and

not yet predictable uses.
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2. Duchêne, D., Ponchel, G., Wouessidjewe, D. (1999). Cyclo-

dextrins in targeting, applications to nanoparticles. Adv. Drug

Deliv. Rev., 36, 29–40.
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Influence of solubility and partition coefficient on the loading

of combined poly(isobutylcyanoacrylate) and hydroxypropyl-

b-cyclodextrin nanoparticles by steroids. STP Pharma Sci.,

10, 309–314.

8. Boudad, H., Legrand, P., Lebas, G., Cheron, M., Duchêne, D.,
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1. INTRODUCTION

A total of 30 to 50%of the existing or newly discovered active

ingredients used in the pharmaceutical industry have quite

low water solubility [1–3].

Depending on the level of water solubility, the following

concerns are addressed [4]: (1) low oral bioavailability, (2)

varying bioavailability, (3) effect of fast–fed status on

bioavailability, and (4) variability of dose–response ratio.

Increased bioavailability reduces variability in the systemic

drug effect and levels. Therefore, in drug development, it is of

great importance to increase solubility, dissolution rate, and

bioavailability.

Among the many methods used to increase the solubility,

the method of forming inclusion complexes with cyclodex-

trins (CDs) plays an important role. CDs form complexes by

encapsulating the hydrophobic drug molecules into hydro-

philic cavities. Thus, they increase the solubility [5–12],

dissolution rate [13–15], and bioavailability [16–21] of

poorly water-soluble drugs and also improve the sta-

bility [22–26] of the drugs. Parent CDs such as a, b, and
c have been widely used in pharmaceutical research and

development studies. However, in general terms it is

observed that the cavity size of a-CD is not sufficient for

encapsulating many drugs and c-CD is expensive; b-CD is

the most widely used type of CD, due to its availability and

sufficient cavity size for many drugs [17,27–29].

Chemically modified CDs are synthesized to increase

inclusion capacity and enhance the physicochemical prop-

erties of parent CDs. With this aim, various hydrophilic,

hydrophobic, and ionic CD derivatives have been

developed [30–32]. The most widely used CD derivatives

used in drug development studies include methyl (M), di-

methyl (DM), diethyl (DE), hydroxyethyl (HE), hydroxy-

propyl (HP), carboxymethyl (CM), carboxymethyl ethyl

(CME), sulfobutyl ether (SBE), glucosyl (G1), and maltosyl

(G2) derivative groups (Table 1).

Hydrophilic CDs undertake a role in drug delivery in

immediate-release formulations, modify the release rate of

the active ingredient, and increase absorption of the drugs

through the biological barriers. On the other hand, hydro-

phobic CDs undertake a role in sustained- release delivery for

water-soluble drugs. With the combined use of two different

types of CDs, prolonged-release products can be prepared

which enhance oral bioavailability. Table 2 shows the use of

CDs in solid-dosage forms.

Various methods are used in the formation of CD

complexes:

. Co-precipitation

. Slurry complexation

. Paste complexation

. Damp mixing

. Heating method

. Extrusion method

. Dry mixing

. Freeze-drying

Water amount, mixing duration, speed, and heating du-

ration used for all methods should be optimized for each

drug. CDs increase the bioavailability of water-insoluble
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drugs by increasing their wettability, dissolution rate, and/or

permeability [33–35].

CDs serve as a carrier for hydrophobic drug molecules.

By delivering the molecule to the surface of the biological

membranes, they make the drug available. Partition of CDs

on the surface of these membranes takes place without

disrupting the integrity of the lipid barrier. While conven-

tional penetration enhancers are effective by disrupting the

integrity of the lipid layer of the biological membranes,

CDs increase the availability of the drug at the surface of

the biological membranes [23,24]. In addition, it is im-

portant to use a CD that is capable of solving the drug in

aqueous media. An excessive amount reduces the avail-

ability of the drug.

Parent CDs and as well as CD derivatives have been used

to increase oral [36–39], sublingual [40], nasal [41–44],

ocular [45,46], buccal [47], rectal [48], vaginal [48,49],

dermal–transdermal [50–54], and subcutaneous [55] bio-

availability in drug development studies. However, this

section is focused on the effects of CDs on oral bioavail-

ability.There are many approved and commercially avail-

able products containing CD (Table 3) [16,56,57]. These

products are used through the oral, parenteral, ocular, or

nasal routes. CD preparations in the market have been used

widely, particularly thanks to their low oral and local

toxicities and low eye and mucosa irritations, as well as

their availability.

2. INCREASING ORAL BIOAVAILABILITY OF
DRUGS WITH CDs

As mentioned previously, the most important property of

CDs is that they increase the bioavailability of drugs. CDs

increase the oral bioavailability of drugs in the following

ways [21,23,24,35,36,58]: They (1) enhance the solubility of

Table 1. Derivatives of CDs

Derivativea Characteristic

Hydrophilic Derivatives

Methylated b-CD
M-b-CD Soluble in cold water and in organic

solvents

DM-b-CD Surface active, hemolytic

TM-b-CD
DMA-b-CD Soluble in water, low hemolytic

Hydroxyalkylated b-CD
2-HE-b-CD
2-HP-b-CD Amorphous mixture with different

derivatives (Encapsin)

3-HP-b-CD Highly water-soluble (>50%), low

toxicity

Branched b-CD
G1-b-CD Highly water-soluble (>50%)

G2-b-CD Low toxicity

Hydrophobic Derivatives

Alkylated b-CD
DE-b-CD Water-insoluble, soluble in organic

solvents, surface active

TE-b-CD

Acylated b-CD
TA-b-CD Water-insoluble, soluble in organic

solvents

TB-b-CD Mucoadhesive

TV-b-CD Film formation

Ionizable Derivates

Anionic b-CD
CME-b-CD pKa¼ 3–4, soluble at pH> 4

b-CD sulfate pKa> 1, water-soluble

SBE4-b-CD Water-soluble

SBE7-b-CD Water-soluble (Captisol)

Al-b-CD sulfate Water-insoluble

Source: Adapted from [31].
aM,: randomlymethylated; DM, 2,6-di-O-methyl; TM, 2,3,6-tri-O-methyl;

DMA, acetylated DM-b-CD; 2-HE, 2-hydroxyethyl; 2-HP, 2-

hydroxypropyl; 3 HP, 3-hydroxypropyl; G1:glycosyl; G2:maltosyl; DE,

2,6-di-O-ethyl; TB, 2,3,6-tri-O-ethyl; TA, 2,3,6-tri-O-acyl(C2-C18); TB,

2,3,6-tri-O-butanoyl; TV, 2,3,6-tri-O-valery; SBE4, derivative 4 of

sulfobutyl ether group; SBE7, derivative 7 of sulfobutyl ether group;

CME, O-carboxymethyl-O-ethyl.

Table 2. Use of CDs in Solid-Dosage Forms with Different

Release Profiles

Use of CD Aim Release Pattern

HP-b-CD
SBE-b-CD
Methylated ß-CD

Branched b-CD

Enhanced dissolution

and absorption

of poorly water-

soluble drugs

Immediate

release

Ethylated b-CD
Per-O-acylated-

b-CD

Sustained release

of water-soluble

drugs

Prolonged

release

CME-b-CD pH-dependent

(enteric) release of

unstable drug or

stomach-irritating

drug

Delayed

release

Simultaneous use of

CDs and pharma-

ceutical

excipients

More balanced

bioavailability

with prolonged

therapeutic effect

Modified

release

Drug–CD conjugate Colonic delivery Site-specific

release

Dendrimer–CD

conjugate

Gene delivery

Source: Adapted from [31].
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Table 3. Approved and Commercially Available CD-Containing Products

Drug CD Type Product Name Indication Formulation Company/Country

Alprostadil a - CD Rigidur Erectile dysfunction Intravenous (IV)

solution

Ferring/Denmark

Aripiprazole SBE-b-CD Abilify Antipsychotic and

antidepressant

Intramuscular (IM)

solution

Bristol-Myers

Squibb/U.S.

Otsuka Pharm Co.

Japan

Benexate b-CD Ulgut Antiulcerant Capsule Teikoku/Japan

Lonmiel Shionogi/Japan

Cefotiam-hexetil a-CD Pansporin T Antibiotic Tablet Takeda/Japan

Cephalosporin

(ME 1207)

b-CD Meiact Antibiotic Tablet Meiji Seika/Japan

Cetirizine b-CD Cetirizin Antiallergic Chewing tablet Losan Pharma/

Germany

Chloramphenicol M-b-CD Clorocil Antibiotic Eye drop solution Oftalder/Portugal

Chlordiazepoxide b-CD Transillium Tranquilizer Tablet Godor/Argentina

Cisapride HP-b-CD Coordinax

Prepulsid

Gastrointestinal

mobility

stimulant

Suppository Janssen/Belgium

Dexamethasone b-CD Glymesason Analgesic, anti-

inflammatory

Ointment Fujinaga/Japan

Dextromethorphan b–CD Rynathisol Antitussive Syrup Synthelabo/Italy

Diclofenac Na HP-c-CD Voltaren ophtha Nonsteorid anti-

inflammatory

Eyedrop Novartis/Switzerland

Diphenhydramin HCl,

chlortheophyllin

b-CD Stada-Travel Travel sickness Chewing tablet Stada/Germany

Garlic oil b-CD Xund, Tegra,

Allidex,

Garlessence

Antiartherosclerotic Dragees Bipharm,

Hermes/

Germany

Pharmafontana/U.S.

Hydrocortisone HP-b-CD Dexocort Mouthwash against

aphta, gingivitis

Solution Actavis/Iceland

Indomethacin HP-b-CD Indocid Anti-inflammatory Eyedrop solution Chauvin/France

Iodine b-CD Mena-Gargle Throat disinfectant Solution Kyushin/Japan

Itraconazole HP-b-CD Sporanox Esophageal

candidiosis

Oral and IV solution Janssen/Belgium,

U.S.

Meloxicam Mobitil Anti-inflammatory Tablet and suppository Medical Union

Pharm/Egypt

Mitomycin HP-b-CD MitoExtra

Mitozytrex

Anticancer IV infusion Novartis/Switzerland

Nicotine b-CD Nicorette Treatment of

tobacco

dependence

Sublingual tablet Pharmacia/Sweden

Nicogum Chewing gum Pierre Fabre/France

Nimesulide b-CD Nimedex

Mesulid Fast

NSAID Tablet

Oral sachet

Novartis/Italy

Nitroglycerin b-CD Nitropen Coronary dilator Sublingual tablet Nippon Kayaku/

Japan

Omeprazol b-CD Omebeta Proton pump inhibitor Tablet Betafarm/Germany

OP-1206 c-CD Opalman Buerger’s disease Tablet Ono/Japan

PGE1 a-CD Prostavasin Chronic arterial Intraenterial infusion Ono/Japan

Edex Occlusive disease Intracavernous

injection

Schwarz/Germany,

U.S.

PGE1 a-CD Prostandin 500 Controlled

hypotension

during surgery

Infusion Ono/Japan

(continued )
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a drug, (2) increase the dissolution rate and amount, (3)

enhance stability in the absorption region, (4) reduce drug-

related irritation, and (5) mask bitter tastes. However, several

studies have reported that CDs do not always enhance the

bioavailability of drugs. It is important that CDs be selected

correctly to enhance the bioavailability of drugs.

In general terms, the solubility of active ingredients,

dissolution rate, and intestinal absorption rate affect the

bioavailability of oral drugs [17]. Figure 1 shows a schematic

kinetic model indicating dissolution–absorption procedures

of an orally administered drug. If kd> ka, the drug dissolves

quickly and absorption is a rate-limiting step. In this case,

complexation with CD does not increase absorption, and can

even reduce it. In poorly water-soluble drugs, kd< ka, and

solubility is therefore a rate-limiting step. However, kd
increases after decreasing the particle size of an active

ingredient, and following preparation of solid dispersions

and solutions and their complexation with CD.

With the inclusion of hydrophobic drugs into the CD

cavity, the solubility and dissolution rates in gastrointestinal

(GI) fluids increase; thus, blood level increases. With the

complexation of an active ingredient with CD, the time

required for dissolving of the drug from solid form to GI

fluids and then diffusion to blood circulation decreases [17].

Improvement in the bioavailability of a poorly soluble drug

by CD complexation is depicted in Fig. 2.

Table 3. (Continued )

Drug CD Type Product Name Indication Formulation Company/Country

PGE2 b-CD Prostarmon E Induction of labor Sublingual tablet Ono/Japan

Piroxicam b-CD Brexin

Flogene

Cicladol

Anti-inflammatory

analgesic

Tablet

Suppository

Liquid

Chiesi/Italy

Ono/Japan

Ache/Brazil,

Belgium, France,

Germany, The

Netherlands,

Scandinavia,

Switzerland

Tc-99 Teoboroxime HP-c-CD Cardiotec Radioactive

imaging agent

IV solution Bracco/U.S.

Tiaprofenic acid b-CD Surgamyl Analgesic Tablet Roussel-Maestrelli/

Italy

Voriconazole SBE-b-CD Vfend Antimycotic IV solution Pfizer/U.S.

Ziprasidone mesylate SBE-b-CD Zeldox

Geodon

Antischizophenic IM solution Pfizer/U.S. and

Europe

Source: Adapted from [16,56,57].
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Figure 1. Dissolution–absorption process of an orally administered drug. D (solid drug), drug in the

orally administered dosage form; B, concentration of drug in blood; ka, rate constant of absorption; kd,

rate constant of dissolution.
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2.1. Bioavailability-Enhancing Mechanisms of CDs

in Drugs

The mechanisms that possibly enhance the bioavailability of

drugs with complexation of CDs are as follows [31]:

. Hydrophilic CDs increase solubility, dissolution rate,

and wettability of poorly water-soluble drugs.

. CDs prevent degradation on disposition of chemi-

cally unstable drugs in the GI tract as well as during

storage.

. CDs increase the permeation of peptides and proteins

through the nasal and rectal mucosa by changing the

membrane fluidity.

. With tertiary compounds such as bile acid, cholesterol,

and lipids, they provide competitive inclusion

complexation for drug release and thus increase drug

release.

. In recent years, a new mechanism has been introduced

to enhance the oral bioavailability of hydrophilic

drugs [59]. DM-b-CD has an effect on the efflux

pump activity of P-glucoprotein (P-Gp) and multidrug

resistant-associated protein 2 (MRP2) and enhances

the bioavailability of drugs (e.g., tacrolimus and

vinblastine).

A CD complex of an active ingredient wets more easily

than does the free drug itself. This means that complex

formation provides rapid dissolution of the active substance

under physiological conditions. The dissolution and disso-

ciation equilibrium of CD complex in aqueous media is

important in the absorption of drugs. Figure 3 indicates a

schema of dissolution–dissociation–absorption steps of a

CD-active substance complex [17,60]. The degree of disso-

ciation of a complex depends on the binding constant

(stability constant) and the concentration in the solu-

tion [17,58,60–62].

When a CD complex of an active ingredient with low

water solubility is administered orally, two conditions arise.

At low binding constant levels, a saturated concentration of

the drug easily reaches GI fluids, and a higher drug concen-

tration is obtained than in the initial free drug. In other cases,

where the dissociation equilibrium is shifted toward complex

formation, the concentration of the absorbable free drug is

lower. The absorption of CDs is insignificant, as they cannot

get into blood circulation either in free or complex form [17].

The absorption rate depends on free drug concentration, and

its absorption rate increases or decreases depending on the

dissociation equilibrium and/or solubility of the complex.

After oral administration of CD complexes, different blood

levels are related to the free active ingredient concentration in

the GI tract [17].

Cmax

tmax tmax

Cmax

Drug/CD complex

D
ru

g 
in

 b
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od

Drug alone

Time

Figure 2. Improvement in the bioavailability of a poorly soluble

drug by CD complexation. (Adapted from [17,60].)
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Figure 3. Dissolution–dissociation–absorption process of a drug–CD complex.
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2.2. Effect on Bioavailability of Factors Related to CD
Complexation

Various factors related to CD complexation affect the bio-

availability of drugs: (1) the properties of the active ingre-

dient, (2) the type of CDs, (3) the binding constant, and (4)

the complexation methods.

In addition, other inactive ingredients used in a formula-

tion have an effect. These factors are detailed in the next

sections.

2.2.1. Properties of the Active Ingredient The properties

of an active ingredient required to form a complex with CD

are as follows [56,58]:

. More than five atoms (C, P, S, and N) form the skeleton

of the drug molecule.

. Solubility in water is less than 10mg/mL.

. The melting-point temperature of the substance is

below 250�C (otherwise, the cohesive forces between

its molecules are too strong).

. The guest molecule consists of fewer than five con-

densed rings.

. Amolecular weight between 100 and 400 (with smaller

molecules the drug content of the complex is too low;

largemolecules do not fit the CD cavity of one CDunit).

. Hydrophobicity of the active ingredient should be

log P> 2.5.

Apart from these, crystal structure, solubility, hydropho-

bicity, dose, ionized/nonionized form, and the pKa of drugs

have an effect. Drug–CD complexation generally includes

hydrophobic interactions.The ionized or nonionized struc-

ture and the charge of active ingredients affect the binding

constant of a drug–CD complex. It was observed that the

binding constant was low in ionized drugs, although other

studies have reported contrary findings. This indicates that

the charge of active substances is effective in binding to

CDs. For example, SBE-b-CD derivatives interact with a

drug of opposite charge [63,64]. Active ingredients in salt

form become ionized in the GI tract. The salt form of an

active ingredient has a higher binding constant withCD than

that of the free base. Thus, CDs affect the solubility and

dissolution rate of active ingredients in different regions of

the GI tract.

2.2.2. Types of CDs Natural CDs and their derivatives

have different effects on enhancing the bioavailability of

drugs. HP-b-CD, SBE-b-CD,M-b-CD, and b-CD are used to

enhance the water solubility and absorption of poorly water-

soluble drugs. CD derivatives have a higher solubility than

branched natural CDs and produce different binding con-

stants. For example, when rutin formed a complexwith b-CD

and HP-b-CD and was administered orally, b-CD did not

affect bioavailability. On the other hand, HP-b-CD increased

the AUC (area under curve) value 2.9-fold [65]. Another

example can be given for salbutamol [66]. The AUC value of

salbutamol increased 4.6-fold with perbutanoyl-b-CD com-

plex and 1.7-fold with b-CD.

2.2.3. Effect of Binding Constant Binding constant is an

important parameter in the formation of complexes of active

ingredients with CD; it affects dissolution rate and the

bioavailability of drugs. The value of the binding constant

varies in the range 0 to 100,000M�1. In cases where the

binding constant is zero, it is understood that active ingre-

dients do not bind with CD and that no complex is formed.

Binding constant values can be termed as weak, moderate,

strong, or very strong (Table 4) [17,58,60–62]. As the binding

constant increases, a decrease can be observed in the AUC

increase. There have been a number of studies to investigate

the effect of the binding constant on bioavailability associ-

ated with AUC increase. Szejtli indicated that there was no

correlation between binding constant andAUC increase [17].

The majority of the previous studies made an evaluation by

using low binding constant values.

Szejtli developed a theoretical model with computer

simulation to indicate the relationship between binding

constant and blood-level curves [17,67]. According to this

model, when complexes prepared in a molar ratio of 1 : 1

(CD–drug) are administered orally, plasma blood levels are

increased. If the binding constants of the complexes are high

and if they contain a high molar ratio of CD, it is possible

theoretically to estimate that low bioavailabilitywill result. If

the complex has a very high binding constant, the degree of

dissociation and free drug concentration in GI fluids de-

creases. In GI fluids, high free drug concentration is obtained

with a low binding constant and a high degree of dissociation.

Change in the CD–drug molar ratio in GI fluids has an effect

on peak height and the shape of plasma-level curves. If the

binding constant is low, dissolved free drug concentration

increases. Thus, higher blood levels can be reached in a

shorter time. As for the high binding constant, the plasma-

level peak (Cmax) decreases and the time required to reach

maximum blood concentration (tmax) increases.

The absorption rate of the complex-forming drug through

the membranes decreases due to a high binding constant;

Table 4. Binding Constant Values

Binding Degree Binding Constant Value

Weak <500M�1

Moderate 500–1000M�1

Strong 1000–5000M�1

5000–20,000M�1

Very strong >20,000M�1

50 CYCLODEXTRINS AS BIOAVAILABILITY ENHANCERS



only the free drug is absorbed. Therefore, when the binding

constant of the complex is high, since the release of the drug

and permeation through the membrane will be difficult,

bioavailability may not be increased; it can even be

decreased. In this case, by adding a competitive agent with

high interaction with CD, the active ingredient can be

released from the drug–CD complex. Thus, the problem of

absorption can be eliminated. The effect of CD type and

binding constant on the bioavailability of some drugs is

shown in Table 5.

Tokumura et al. [68] investigated the effect of compet-

itive agent (DL-phenylalanine) on the bioavailability of drug

CD complex. They reported that after the dissolution of

complex and competitive agent, the drug became free and

absorption can be increased. Tablets containing 25mg of

cinnarizine (CN) alone and CN/b-CD tablets equivalent to

25mg of CN with DL-phenylalanine in a gelatin capsule

were administered to male dogs and plasma levels were

monitored. The Cmax value of the CN/b-CD complex was

166.9� 22.4 ng/mL for 30min. This value was six to eight

times higher than that of CN alone. However, there was no

statistically significant difference between the AUC values

of CN and CN/b-CD complex for 8 h. When the reason

behind this was investigated, it was concluded that the

binding constant was high (6.2� 103M�1), and in parallel

to this, the release of free active ingredientwas difficult [68].

When CN was administered with DL-phenylalanine,

although therewas no significant difference on plasma level

and AUC values, it was observed that the plasma level and

AUC values increased significantly in the case of the

administration of DL-phenylalanine with CN/b-CD com-

plex. These results indicate that particularly for complexes

with high binding constants, competitive agents can en-

hance absorption of drug complexes and thusmight increase

bioavailability.

The same researchers also used l-leucine and l-isoleucine

competitive agents to enhance the bioavailability of CN.

Whereas l-isoleucine increased the bioavailability of CN/

b-CD, l-leucine did not have a significant effect on the

bioavailability of CN [69].

2.2.4. Complexation Methods As indicated at the begin-

ning of this section, various methods are used to produce

inclusion complexes of drugs with CDs. These methods are

influential on the effect of CD on increasing the dissolution

rate and bioavailability of drugs. The methods used enable

the particle size to change and an amorphic structure to form.

Small particle size and amorphic structure cause faster

dissolution of drugs. Each method might not yield successful

results for each active ingredient [70,71].

2.2.5. Effect of Polymers and Other Inactive Ingredients
Used in Formulation Water-soluble polymers used in the

formulation of solid-drug forms enhance the solubilizing

effect of CDs. For example, polymers such as hydroxypropyl

Table 5. Effect of CD Type and Binding Constant on the Bioavailability of Some Drugs

Drug CD Type

CD–Drug

Molar

(ratio)

Binding

Constant (M�1)

AUC

Increase

(�AUC Control)

cmax Change

(mg/mL)

tmax

Change (h) Species

Albendazole HP-b-CD 1 : 1 18,106 1.4(0–inf) 1.2–2.8 9.7–2.3 Sheep

Artemisin b-CD 1 : 1 63 1.7(0–inf) 0.27–0.65 2–1.6 Human

Carbamazepine HP-b-CD 1 : 1 655 1.2(0–12) 10.7–12.2 — Rat

Cinnarizine SBE4-CD 1 : 1 4,276 7.8(0–inf) 0.018–0.22 1.3–0.75 Dog

Diazepam c-CD 3 : 2 120a 1.4(0–8) 0.59–1.05 0.50–0.40 Rabbit

Digoxin c-CD 4 : 1 12,200a 5.4(0–24) 3�10�4–4�10�4 No change Dog

Flufenamic acid b-CD 1 : 1 1,380 1.6 (% recovery

in urine)

— — Rabbit

Flurbiprofen HP-b-CD 1 : 1 5,300 Increase 7.2–13.6 2–0.5 Human

Glibenclamide b-CD 1 : 1 827 (pH 7.4) 4.9 (Abs BA) 0.084–0.50 4.5–2.0 Dog

SBE-CD 1 : 1,2 : 1 585 (1 : 1) 5.4 (Abs BA) 0.084–0.57 4.5–1.8 Dog

29 (1 : 2)

Nifedipine b-CD 1 : 1 121.9 2.6(0–10) 0.39–0.90 3.3–5.5 Rabbit

Piroxicam b-CD 2 : 1 28� 104(pH 3.5) 1.1(0–24) 17.0–23.0 2–1 Rat

DM-b-CD 2 : 1 240 1.2(0–inf) 4.0–7.0 2.5–1.3 Rabbit

Prednisolone b-CD 2 : 1 3,600 1.2(0–8) 0.36–0.54 2.2–0.8 Human

Spirinolactone HP-b-CD 2 : 1 15,700a 3.6(0–24) 1.8–6.2 No change Dog

Tacrolimus DM-b-CD 1 : 1,2 : 1 6060a 4.5(0–12) 0.0016–0.033 5.0–0.3 Rat

Source: Adapted from [58].
aApparent 1 : 1 binding constant.
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methylcellulose (HPMC) and poly(vinylpyrrolidone) (PVP)

have a synergistic effect on CDs, enhancing the bio-

availability of drugs [72–76]. In addition, water-soluble

cellulose derivative polymers form complexes with CD that

show various physicochemical properties. Thus, the solu-

bility of CDs and the binding constant of complex between

the drug and CD might also change. These polymers

increase the bioavailability of active ingredients by inter-

acting with them.

The literature indicates that when CDs form complexes

with acidic substances, solubility, dissolution rate, and bio-

availability increase. Compounds such as salts, surfactants,

preservatives, and organic solvents in formulations reduce

the binding efficiency between CD and the drugs [75,77]. For

example, since nonionic surfactants bond to CD competi-

tively, they reduce the binding capacity of diazepam with

CD [58].

3. BIOPHARMACEUTICS CLASSIFICATION

SYSTEM AND CDs

The Biopharmaceutics Classification System (BCS) was

introduced by Amidon et al. [78,79] based on the aqueous

solubility and permeability of active ingredients. This system

is included in the guideline issued by the U.S. Food and Drug

Administration [80] and currently approved by the European

Medicines Agency [81] and the World Health Organiza-

tion [82]. In this system, active ingredients are classified

into four groups according to their solubility and perme-

ability. Table 6 shows the BCS and the effect of drug–CD

complexation on oral bioavailability of drugs.

3.1. Class I Drugs

Class I drugs include active ingredients with high aqueous

solubility and high permeability [78]. The permeation of

these drugs through the membrane is difficult, and their

absorption decreases when they form complexes with

CDs [36]. In other words, forming complexes with CDs does

not enhance the bioavailability. It is known that CDsmight be

effective in enhancing the solubility of active ingredients

with low aqueous solubility. For example, piroxicam is not

practically water soluble; however, according to the dose–

solubility (D : S) ratio (low), it is classified as a class I

drug [83]. CD complexes have no significant effect on the

bioavailability of class I drugs. However, faster drug absorp-

tion is observed and tolerability in the gastrointestinal tract

increases. In general terms, oral bioavailability of non-

steroidal anti-inflammatory drugs (NSAIDs) in humans is

>90%. Despite their good bioavailability, many NSAIDs

(pKa� 4.5), such as ketoprofen, naproxen, and tiaprofenic

acid, are classified as class II based on their solubility at

pH1.0. However, based on the solubility at pH> 5.0 (e.g., pH

of duodenum), they can be classified as class I. When water-

soluble complexes of these drugs are formed, although there

is no significant increase in their bioavailability, faster ab-

sorption, slight variability in bioavailability, and reduced

irritation in the GI tract were observed [83]. It was found

that oral bioavailability of ketoprofen (pKa 4.5; D : S� 4000

mL), fenbufen (pKa 4.5; log Koct/water 3.2), and 4-biphenyl-

acetic acid, which is the active metabolite of fenbufen,

increased with CD complexation [36]. Rofecoxib, which is

a nonionizable NSAID drug, has an oral bioavailability of

93%. However, there is a high variability in absorption rate.

Although there is no dramatic increase in bioavailability with

CD complexation, a decrease was observed in the variability

in absorption [36].

3.2. Class II Drugs

The drugs in class II have low aqueous solubility and high

permeability [78]. Carbamazepine is an example for this

group. Carbamazepine (log Koct/water 2.5; D : S approxi-

mately 1000mL) has various polymorphs. Furthermore, its

bioavailability shows a high variation [84,85]. A significant

increase in oral bioavailability was observed after forming

complexes with CD. Another example is that after the CD

complexation of digoxin [86,87], which has low solubility

(70 mg/mL) and whose absorption is limited to dissolution

Table 6. Biopharmaceutics Classification System and the Effect of Drug–CD Complexation on the Oral Bioavailability of Drugs

BCS Class

Aqueous

Solubilitya Permeabilityb
In Vitro–In Vivo

Correlation

Absorption Rate

Control

Effect of CDs on Drug

on Bioavailability

I High High Can be good Gastric emptying Can decrease

II Poor High Good Dissolution Can enhance

III High Poor Poor Permeability Can decrease

IV Poor Poor Poor Dissolution and

permeability

Can enhance

Source: Adapted from [36].
a Solubility of the drug dose in aqueous solution (high: D : S � 250mL; poor: D : S> 250mL).
b Permeability of a drug through a lipophilic biomembrane.
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rate, bioavailability increases. Glibenclamide [72] is a

typical class II drug. It has a solubility of 6 mg/mL at pH

7.4; log Koct/water 4.8; D : S ratio � 2500mL. Due to its low

solubility, its absorption is limited to dissolution rate. It has

an absolute bioavailability of 14.7% in dogs. Itwas found that

after complexation with CD, bioavailability increased to

90.5%and itwas stated that glibenclamide could be classified

as a class I drug. The water solubility of spironolactone is

28 mg/mL, log Koct/water 2.8; the D : S ratio is approximately

10,000mL and the oral bioavailability is 25%. After com-

plexation with CD, oral bioavailability increased 2.4-fold. It

was found that after forming complexes with CD, the

bioavailability of gliclazide [88], gliquidone [89], micona-

zole [90], phenytoin [91], tolbutamide [92], and itracona-

zole [93], which are classified as class II, increased.

Water-soluble CD complexes increase the apparent Cs value

(saturation solubility of the drug in the aqueous fluid) of class

II drugs and provide mucosal surface diffusion and thus

enhance bioavailability.

3.3. Class III Drugs

Class III drugs have a D : S ratio of <250mL. However,

their permeation through the biological membranes is dif-

ficult; thus, they have low bioavailability. Therefore, form-

ing complexes with CD does not enhance their bioavail-

ability. For example, diphenhydramine hydrochloride [36]

is highly water soluble, its D : S ratio is approximately

50mL, and its oral bioavailability is approximately 75%.

Due to high solubility and low permeability, they are

classified as class III and have low bioavailability. Due to

these properties, bioavailability is not enhanced with CD

complexation. Another example is acyclovir [36]. The rate-

limiting factor in absorption is the permeability of the drug

through the GI membranes. After complexation with CDs,

permeation of the drug through the diffusion barrier in-

creases; however, there is no significant increase in oral

bioavailability.

3.4. Class IV Drugs

The drugs in this group are water insoluble and do not

permeate the biological membranes. Cyclosporine A has a

high molecular weight and has a water-insoluble peptide

structure. It has a very low oral bioavailability. It has a high

intra- and inter-subject variation. The drug is subjected to a

first-pass effect and shows a low level of permeability.

Therefore, it is classified as class IV. Studies on rats

indicated that as a result of forming complexes with DM-

b-CD, oral bioavailability of cyclosporine A increased

fivefold [36]. In conclusion, CDs increase the dissolution

rate of drugs that have limited solubility in water, and as

a result of this, they enable fast drug absorption and fast

drug effect.

4. EVALUATION OF BIOEQUIVALENCY OF
GENERIC DRUGS CONTAINING CD COMPLEXES

Although forming complexeswithCDhasmany advantages

for the administration of drugs, there are a limited number of

generic drugs prepared with CD complexes. There are

problems in proving the bioequivalency of products devel-

oped using CD complexes with the original products. A

drug that is formulated with CD might not be equivalent

to the original reference products approved previously.

However, since these products have higher solubility and

faster absorption, their pharmacological activities might

increase [56].

In the literature, it was reported that a product formulated

with CD is considered a supergeneric drug instead of a

simple generic drug. In this case, clinical studies would be

required by the relevant regulatory authorities [56]. In

supergeneric CD formulations, the tmax value is lower and

the Cmax and AUC values are greater. Pharmacodynamic

studies revealed that a greater and faster therapeutic effect

was achieved. Even if their doses are decreased, super-

generic formulations are not bioequivalent with the original

product.

A product developed with a CD complex is considered

original. All preclinical studies involving stability, toxicol-

ogy, and pharmacology studies and all clinical studies must

be performed.

4.1. Examples from Reported Studies

There are many published studies on enhancing the bioavail-

ability of poorly water-soluble drugs using parent CDs and as

well as CD derivatives. The examples selected from previous

studies are explained below according to the pharmacolog-

ical groups of the active ingredients.

4.1.1. Anti-inflammatory Drugs Nonsteroidal anti-

inflammatory drugs are most widely investigated to form

complexes with CDs. Fenbufen is an effective, nonsteroidal,

anti-inflammatory drug used in rheumatoid arthritis treat-

ment. Fenbufen was designed as the prodrug of 4-biphenyl-

acetic acid. To enhance solubility and oral bioavailability of

fenbufen, its solid complexes were prepared with a-, b-, and
c-CDs [20]. Fenbufen alone and a- and c-CD complexes

equivalent to 30 mg/kg fenbufenwere administered to rabbits.

Pharmacokinetic parameters were calculated by measuring

fenbufen and two major metabolites: 3-(4-biphenylhydrox-

ymethy)propionic acid and 4-biphenylacetic acid. Following

oral administration of CD complexes, the serum concentra-

tions of fenbufen and its metabolites were found to be higher

than those of fenbufen alone. AUC values of CD complexes

were found to be approximately 2.5 to 4 times higher.

The complexes prepared witha- and c-CD enhanced drug

absorption. Furthermore, complexation had no effect on drug
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metabolism and increased the concentration of active meta-

bolites. In conclusion, with the complexes of fenbufen

prepared with a- and c-CD, the bioavailability of fenbufen

and its two metabolites was enhanced and the bitter taste of

the drug was masked.

Meloxicam, which is another NSAID, has low solubility

and dissolution rate and thus low bioavailability. Meloxicam

complex was prepared with b-CD and tablets were com-

pressed by direct compression method using 6 parts active

ingredients to 94 parts b-CD/spray-dried lactose [94]. Bio-

availability studies were carried out in eight male volunteers.

The tablets prepared with b-CD complex were compared

with commercially available products. When the pharmaco-

kinetic parameters of meloxicam were evaluated, it was

found that the Cmax and AUC0–1 values of the complex

prepared with b-CD was significantly higher than those of

the commercially available tablets, and the tmax value de-

creased; in other words, the maximum serum level was

rapidly attained.

Flurbiprofen is an effective NSAID used in rheumatoid

arthritis treatment. It has low watersolubility and low

absorption. Using b-CD, a flurbiprofen-b-CD (1 : 1 molar

ratio) complex containing 17% flurbiprofen was prepared by

the co-precipitationmethod [95]. The rats were administered

1-, 3-, 10-, and 30-mg/kg doses of flurbiprofen alone and

complex. Pharmacokinetic parameters were compared. At

1-mg/kg dose, the Cmax value of the complex increased

significantly; however, there was no significant increase in

AUC. At 3- and 10-mg/kg doses, there was no significant

difference found forCmax andAUC values of drug alone and

its complex. When the 30-mg/kg dose was administered,

Cmax and AUC values of the complex were two times higher

than those of drug alone. At a dose of 10mg/kg of flurbi-

profen, it was saturated due to its poor solubility. However,

when the complex form of drugwas administered, it was not

saturated and, in parallel with an increased dissolution rate

at low pH, the absorption window is widened. A linear

dose–response relationship was observed for the four dose

levels (1, 3, 10, 30mg/kg) in the case of drug alone and CD

complexes.

In another study conducted by the same researcher on

flurbiprofen [96], cinnarizine (CN) was used as a competing

agent. Rats were administered flurbiprofen (flur) alone,

flur/b-CD complex, flur/b-CD þ CN complex, and flur þ
CN mixture. It was observed that the Cmax value of flur/

b-CD þ CN complex prepared using cinnarizine was sig-

nificantly higher than that of the other complexes; however,

there was no difference in terms of AUC.

Indometacin has low water solubility; to enhance bio-

availability, b-CD, HE-b-CD and HP-b-CD complexes

were prepared [97]. The complexes and physical mixture

were filled into gelatin capsules, and their bioavailability

was compared to that of commercially available product,

50-mg Indocin capsules, in rabbits. Table 7 shows pharma-

cokinetic parameters. When the pharmacokinetic para-

meters were compared, it was found that there was no

significant difference for Cmax and tmax values of the

complex and commercially available product. However,

the AUC values of b-CD complex were found to be signif-

icantly higher than those of the other capsule formulations.

Thus, the bioavailability of indomethacine was enhanced

with b-CD complex. However, there was no correlation

between bioavailability, solubility, and dissolution results

since the solubility of HE-b-CD and HP-b-CD complexes

was found to be higher than those of b-CD.
Nimesulide is a weakly acidic, nonsteroidal, anti-inflam-

matory drug. Depending on its low watersolubility and wet-

tability, there are problems in preparing oral and parenteral

formulations. b-, c-, HP-b- and permethylated-b-CD com-

plexes of nimesulide were prepared and ternary solid disper-

sions with PEG 600 were formed [98]. The bioavailability of

all formulations and pure nimesulide was investigated in rats.

When pharmacokinetic parameters were evaluated, it was

observed that the Cmax value of the complex prepared with

HP-b-CD was higher than those of the other complexes;

however, the solid dispersions prepared by a second hydro-

philization process with PEG did not yield good results.

4.1.2. Antidiabetics Glipizide is a second-generation

sulfonylurea antidiabetic. Depending on its poor water sol-

ubility, it has a low absorption in the GI system. To enhance

the bioavailability of glipizide, complexes were prepared

with b-CD by the kneading method in a 1 : 2 (drug–CD)

molar ratio [99]. The effects on the blood glucose levels of

mice were investigated for three different tablet formula-

tions: containing glipizide alone, glipizidel=b-CD complex,

Table 7. Pharmacokinetic Parameters of Indomethacin Released from b-CD, HE-b-CD, HP-b-CD, and Indocin Capsules

Parameter b-CD Capsules HE-b-CD Capsules HP-b-CD Capsules Indocin Capsules

Dose 40 40 40 50

Ka (h) 0.19� 0.11 4.07� 3.85 6.79� 4.10 0.10� 0.03

AUC (mg.h/L) 2090� 1063 1655� 1066 921� 204 1617� 512

Cmax (mg/mL) 171� 211 60� 25 100� 92 61� 19

Tmax (h) 6.7� 3.0 3.0� 3.0 1.7� 2.2 10.3� 3.9

Source: Adapted from [97].
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and sodium carboxymethylcellulose (NaCMC). When

relative bioavailability was compared, it was found that

relative bioavailability values of glipizide alone, glipizide/

b-CD, and a glipizide/b-CD þ NaCMC mixture were 1%,

1.63%, and 1.92%, respectively. Particularly, the addition of

NaCMC to the complex resulted in high solubility and

bioavailability.

Gliquidone [89] is another of the sulfonylurea group of

drugs. Depending on its very low wettability, it has a low

water solubility and its bioavailability shows variations. To

enhance solubility and dissolution rate and to improve the

bioavailability of gliquidone, solid complexes were prepared

with HP-b-CD by physical mixing, kneading, co-evapora-

tion, and co-lyophilization methods. The bioavailability of

the prepared complexes in comparison with the pure drug

was investigated in rats. Table 8 shows the pharmacokinetic

parameters obtained.

FPFS-410 ((2-(N-cyanoimino)-5-[(E)-4-styrylbenzyli-

dene]-4-oxothiazolidine) is a new antidiabetic and lipid-

lowering agent. It has a very low water solubility

(0.0054 mg/mL). Solid complexes of this drug were prepared

with 2-HP-b-CD (1:2 ratio) by spray-drying and co-grinding

methods [100]. It was observed that 2-HP-b-CD increased

the solubility of FPFS-410 200,000-fold. The oral bioavail-

ability of the complexes prepared was compared to the active

ingredient alone and itwas also administered via the IV route.

After evaluation of the pharmacokinetic parameters, it was

found that Cmax increased from 0.25 to 0.68; AUC increased

from 0.74 to 2.05; tmax decreased from 1.67 h to 1 h. Absolute

bioavailability increased approximately threefold, from 5%

to 14%. When blood glucose levels were investigated, no

differencewas found between the solid complexes in terms of

pharmacodynamic effectiveness. However, in terms of bio-

availability, it was observed that the preparation method was

an important factor and that the best result was obtained with

co-evaporation and co-lyophilization methods.

To enhance the oral bioavailability of tolbutamide, inclu-

sion complexes were prepared with b-CD and HP-b-CD by

the freeze-drying method [92]. Inclusion complexes equiv-

alent to a 20-mg/kg dose of tolbutamide and commercially

available tolbutamide product were administered orally to

New Zealand rabbits, and their bioavailability was com-

pared. In addition to the assaying of tolbutamide levels in

blood, glucose levels were also measured. The pharmacoki-

netic parameters obtained are shown in Table 9. Oral ab-

sorption of tolbutamide is faster and more effective with

inclusion complexes. There was a relationship between

plasma level and the hypoglycemic effect of tolbutamide.

In this case, depending on the increased bioavailability and

hypoglycemic effect, administration of reduced dose in the

treatment may be possible with the complexes prepared with

cyclodextrin.

4.1.3. Antihypertensives Rutin is a natural phenolic fla-

vonoid glycoside. It is used clinically in capillary hemor-

rhages and as a hypertensive. This molecule has very low

water solubility. To enhance bioavailability in oral formula-

tions, b-CD and HP-b-CD complexes at a ratio of 1 : 1 were

prepared by the kneading method [65]. The formulations

prepared were compressed as tablets in such way to contain a

formulation equivalent to 200mg of active ingredient, and in

vivo tests were carried out in male beagle dogs. To calculate

pharmacokinetic parameters, homovanillic acid, which is

the major metabolite of rutin, was used. Table 10 shows the

pharmacokinetic parameters obtained.

Furthermore, after intravenous administration of rutin,

absolute bioavailability was calculated. Absolute bioavail-

ability values were found to be 25.7, 23.2 and 73.5 for rutin,

b-CD complex, and HP-b-CD complex, respectively. Solu-

bility, dissolution rate, and stabilizing effects of HP-b-CD
were close to those of b-CD; under in vivo conditions and an

Table 8. Pharmacokinetic Parameters on Oral Administration

of Binary Systems ofGliquidone/HP-b-CDandPureGliquidone

to Rats

System Cmax (mg/mL)

Tmax

(h) AUC0–1 (mg� h/mL)

Gliquidone 3.34� 0.215 4 23.96� 1.53

Physical

mixture

3.25� 0.379 4 27.84� 2.24

Kneaded

mixture

3.47� 0.198 4 32.86� 2.9

Co-evaporated

mixture

4.55� 0.365 4 38.82� 2.1

Co-lyophilized

mixture

5.27� 0.339 4 48.10� 2.84

Source: Adapted from [89].

Table 9. Pharmacokinetic Parameters and Relative Bioavailability of Tolbutamide After Oral Administration of Tolbutamide Alone,

and Its b-CD and HP-b-CD Complexes

System Cmax (mg/mL) AUC0–1 (mg� h/mL) tmax (h) Relative Bioavailability (%)

Tolbutamid 18.58� 3.27 443.96� 63.33 8.50� 1.15

b-CD complex 36.26� 2.17 621.62� 52.73 3.83� 0.65 165.00

HP-b-CD complex 34.99� 1.36 654.63� 62.42 4.00� 0.45 163.21

Source: Adapted from [92].
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approximately threefold increase was obtained in bioavail-

ability compared to b-CD. It was concluded that this result

was due to the differences between in vitro and in vivo

conditions. In conclusion, it was observed that after oral

administration of rutin, its solubility, dissolution rate and

bioavailability increased with HP-b-CD.
Digoxin is one of the most problematic drugs in terms of

formulation and bioavailability, due to its very narrow

therapeutic index. The water solubility of digoxin increased

2000 times by forming a complex with HP-b-CD [101]. The

bioavailability of oral solution prepared with solid complexes

formed with HP-b-CD was compared with commercial ta-

blets in rabbits and humans. When the pharmacokinetic

parameters obtained after the tests on humans were investi-

gated, it was found that there was no difference for the Cmax

andAUCvalues of the two formulations. The tmax value of the

solution decreased by twofold when compared to the tablet.

The tests on rabbits were similar to those on humans in terms

of pharmacokinetic parameters, and there was no difference

between the bioavailability of the two formulations.

Nitrendipine is a calcium channel blocker. To enhance the

solubility, dissolution rate, and bioavailability of nitrendi-

pine, inclusion compounds were prepared with HP-b-CD by

the solvent evaporation method [102]. To investigate bio-

availability, a 10-mg/kg dose of inclusion compound,

physical mixture, and nitrendipine powder was orally admin-

istered to rats. Table 11 shows the pharmacokinetic parameters

calculated. As indicated in the table, oral bioavailability of

nitrendipine was enhanced, depending on the increase in

dissolution rate, by forming complexes with HP-b-CD.

4.1.4. Antitumor Drugs Tacrolimus is an immunosup-

pressive agent, a hydrophobic macrolide lactone, produced

by Streptomyces tsukubaensis. Tacrolimus has a very low

oral bioavailability, and its absorption shows high variation

(4 to 89%). To enhance the water solubility and bio-

availability of tacrolimus, complexes were prepared using

a-, b-, c-, DM-b-, RM-b-, HP-b-, and and SBE-b-CD, and
the bioavailability of these complexes were compared to

those of the commercially available product, Prograf [103].

Tacrolimus–CD complexes were prepared by the knead-

ing method in the molar ratio 1 : 50. For bioavailability

studies, 5-mg/kg doses of aqueous suspensions with and

without CD and Prograf capsules were administered to rats.

Furthermore, 1-mg/kg-dose IV drugwas administered.When

pharmacokinetic parameters were investigated, it was found

thatCmax and AUC values of drug increased by approximate-

ly 4.5 and 20.3 times with DM-b-CD complexation. How-

ever, there was no significant difference compared with the

commercially available product. Absolute bioavailability

increased from 0.85 to 3.8 with DM-b-CD. Tacrolimus has

a very narrow therapeutic window (5 to 20 ng/mL). A more

constant blood level was obtained with DM-b-CD complex.

In addition, 133mg/kg DM-b-CD was administered to rats

for 7 days, and no damagewas observed in GI mucosa. It was

concluded that DM-b-CD enhanced the oral bioavailability

of tacrolimus and reduced the variability in absorption.

Ro 28-2653 (5-biphenyl-4-yl-5-[4-(4-nitrophenyl)pipera-

zin-1-yl]pyrimidine-2,4,6-trione) is a synthetic matrix

metalloproteinase inhibitor. Depending on its poor water

solubility (0.56 mg/mL), it has a very low and variable oral

bioavailability [104]. To enhance the bioavailability of the

drug, the effect of HP-b-CD was investigated. To make

comparisons, three different formulations were prepared and

were administered to sheep. The content of the administered

formulations was as follows:

Oral solution

Ro 28-2653 (15mg/mL)

HP-b-CD (200mM)

l-Lysine (50mM)

Water

Oral suspension

Ro 28-2653 (15mg/mL)

Polysorbate 80 (0.1mg/mL)

Simaldrate (Veegum HV, 1% m/v)

Methylcellulose (Methocel A 400, 0.4% m/v)

Water

IV solution

Ro 28-2653 (10mg/mL)

HP-b-CD (200mM)

l-Lysine (20mM)

Water for injection

Table 10. Pharmacokinetic Parameters of Homovanillic

Acid After Oral Administration of Rutin Alone and Its b-CD
and HP-b-CD Complexes to Beagle Dogs

System Cmax (ng/mL) AUC (ng� h/mL) tmax (h)

Rutin alone 72.43� 37.73 224.70� 98.34 4.00� 0.76

b-CD complex 61.13� 32.94 202.58� 100.97 3.33� 1.45

HP-b-CD
complex

322.00� 68.95a 642.62� 100.02a 2.88� 0.52

Source: Adapted from [65].
a p< 0.05 compared to rutin alone.

Table 11. Bioavailability Parameters After Oral

Administration of Various Forms of Nitrendipine in Rats

System Cmax (mg/mL) AUC (mg�min/mL) tmax (min)

Inclusion

compound

0.581� 0.085 75.37� 12.24 63.75� 10.61

Physical

mixture

0.407� 0.036 49.76� 7.94 67.5� 13.89

Nitrendipine

powder

0.272� 0.051 39.88� 5.72 78.25� 22.32

Source: Adapted from [103].
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The pharmacokinetic parameters obtained are shown in

Table 12. A synergistic effect was observed between l-lysine

and HP-b-CD. With HP-b-CD, the Cmax and absolute bio-

availability values increased 10-fold.

4.1.5. Antihelmentics Albendazole is a benzimidazole de-

rivative drug with broad-spectrum activity against human

and animal helminth parasites. It has a water solubility of

approximately 0.2 mg/mL. In studies performed with alben-

dazole, inclusion complexes were prepared with HP-b-CD
and citric acid [105]. The bioavailability of inclusion com-

plexes was compared with the suspension form of commer-

cially available product (Valbazen) in sheep. Albendazole is

absorbed through the GI system with passive diffusion.

Combined use of citric acid and CD provided a synergistic

effect, and the solubility increased 10000-fold. Table 13

shows pharmacokinetic parameters.The Cmax value of the

solution prepared with b-CD increased approximately two-

fold when compared to the commercial suspension. It was

observed that the active ingredient from the solution was

rapidly absorbed and that the tmax value decreased approx-

imately threefold.

In a study by Garcia et al. [106], albendazole was dis-

solved in 20% HP-b-CD solution and the bioavailability of

the prepared solution was compared to that of commercial

suspension (Panreac) in mice. Depending on the fast degra-

dation of albendazole, it has a low plasma concentration.

Therefore, the concentration of albendazole sulfoxide, which

is its active metabolite, was also measured in this study.

The blood concentration of both albendazole and albenda-

zole sulfoxide increased with CD complexation. In addition,

antihelmentic activity against enteral and parenteral stages

of Trichinella spiralis was studied in mice. CD containing

albendazole solution was found to be more effective in both

cases. However, in cases of migrating larvae, there was no

significant difference between the two formulations.

4.1.6. Antiepileptics Phenytoin is one of the most prob-

lematic drugs in terms of bioavailability, due to its low water

solubility and dissolution rate. To enhance the bioavailability

of phenytoin, charged and neutral CDs were used. Captisol

[sulfobutyl ether-b-CD (SBE7m-b-CD)] was selected as

charged, and Encapsin (HP-b-CD) was selected as a neutral

CD [107]. Solid complexes were prepared by dissolving

phenytoin in 0.05M NaOH (pH 11.0) solution containing

72.3mM CD and were then freeze-dried. The product

obtained was filled into gelatin capsules.

In addition, the freeze-dried form of phenytoin was also

prepared. Phenytoin alone, a physical mixture, and CD

complexes equivalent to 300mg of phenytoin were admin-

istered to fourmale beagle dogs. Itwas observed that the solid

complex and physical mixture prepared with CDs increased

the Cmax and AUC values approximately twofold when

compared to phenytoin alone and its freeze-dried form.

There was no difference between the solid complexes and

the physical mixture prepared with CD in terms of the oral

pharmacokinetic of phenytoin (Table 14). CDs increased the

Cmax and AUC values, but they did not affect the tmax value.

In other words, the absorption rate did not change. It was

found that anionic and neutral CD had similar bonding

properties.

Carbamazepine, which is another antiepileptic agent,

shows varying bioavailability depending on its low dissolu-

tion rate. To enhance the dissolution rate of carbamazepine,

Table 13. Pharmacokinetic Parameters of Albendazole

Obtained Following Oral Administration of Its Suspension and

Oral Solution Containing HP-b-CD to Sheep

Pharmacokinetic Parameter Solution Suspension

Cmax (mg/mL) 2.8� 0.6 1.2� 0.2

AUC0–1 (mg� h/mL) 36.7� 3.4 26.7� 7.9

tmax (h) 2.3� 0.5 9.7� 2.0

Source: Adapted from [105].

Table 14. Pharmacokinetic Parameters of Phenytoin in Plasma

After Oral Administraion in Various Formulations to Beagle

Dogs

System Cmax (mg/mL)

AUC0–24h

(ng�h/mL) tmax (h)

Crystal

phenytoin

4.22� 0.56a 34.90� 4.06a 3.0� 0.6

Lyophilized

phenytoin

4.29� 0.49a 35.72� 3.65a 3.5� 0.5

Physical

mixture

6.92� 1.30 68.88� 12.31 3.5� 0.5

Phenytoin/

HP-b-CD
7.06� 0.85 70.33� 11.01 3.0� 0.6

Phenytoin/

SBE7m-

b-CD

6.87� 0.78 74.22� 8.60 4.0� 0.0

Source: Adapted from [107].
a Significantly different from the values for the capsules containing

phenytoin/HP-b-CD, phenytoin/SBE7m-b-CD, and the physical mixture

(p< 0.05).

Table 12. Pharmacokinetic Parameters of Ro 28-2653

Obtained Following Oral Administration of Its Suspension

and Oral Solution to Sheep

Pharmacokinetic

Parameter Suspension Oral Solution

Cmax (mg/mL) 4.84� 1.95 51.84� 23.73

AUC0–1 (mg�h/mL) 214.65� 103.04 2070.13� 943.79

tmax (h) 12.34� 5.99 3.59� 1.52

Fabs 0.08 0.80

Source: Adapted from [104].
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various agents such as poly(ethylene glycol), phospholipids,

and HP-b-CD, were used [108]. CD complexes were pre-

pared in a molar ratio of 1 : 1 by the solvent method. In vivo

tests were conducted on rabbits and the bioavailability values

of the systems prepared were compared with a suspension of

the commercially available product Tegretol. It was observed

that CD complexes prepared with HP-b-CD gave the highest

AUC andCmax values and that they had faster absorption than

that of the commercially available product.

In another study carried out with carbamazepine, the

bioavailability of complexes prepared with b-CD was inves-

tigated in beagle dogs [109]. Carbamazepine/b-CD com-

plexes in a ratio of 1 : 1, prepared by the spray-drying

technique, were compressed to tablet form and their bio-

availability was compared with the reference product,

Tegretol CR 200. Although a high intersubject variability

was observed, it was found that b-CD enhanced the bio-

availability of carbamazepine sixfold compared to the com-

mercial product.

4.1.7. Antimycotic Drugs Griseofulvin is a drug that is

known to present a bioavailability problem. To enhance its

bioavailability, griseofulvin b-CD complexes were prepared

in a molar ratio of 1 : 1 and these complexes were adminis-

tered to rabbits and humans [110]. When tmax values were

compared, it was found that in both rabbits and humans, the

complexes prepared with b-CD had shorter tmax values

compared to that of pure griseofulvin and, as a result of this,

had a faster absorption.

Clotrimazole is another antimycotic agent. To enhance

the oral bioavailability of clotrimazole, inclusion compounds

with b-CD were prepared by the spray-drying method [111].

Inclusion compounds that were suspended in 1% povidone

solution and a 80-mg/kg dose of clotrimazole powder were

administered orally to rats. Total plasma concentration of

inclusion compounds was found to be higher than those of

the powder form. Table 15 shows the pharmacokinetic

parameters. It was found that the AUC and Cmax values of

the inclusion compounds were approximately three times

higher than those of clotrimazole alone. In addition, the tmax

value was found to decrease. It was concluded that inclusion

compounds could be more easily absorbed orally than could

the drug alone.

Itraconazole is an antimycotic agent. The bioavailability

and bioequivalence of a commercial itraconazole solution

(Sporanox) containing HP-b-CD and two capsule formula-

tions were evaluated on 30 male volunteers by a crossover

study [112]. When pharmacokinetic parameters were inves-

tigated, it was found that the bioavailability of itraconazole

and hydroxyitraconazole solutions were 30 to 33% and 35 to

37% higher than those of capsule formulations, respectively.

When the two capsule formulations were compared, they

were found to be equivalent. It was found that when admin-

istered in solution form, the bioavailability of itraconazole

was enhanced.

In another study carried out with itraconazole, the disso-

lution rate and bioavailability of complexes formed with

b-CD were investigated [113]. Itraconazole/b-CD inclusion

complexes in a molar ratio of 1 : 2 were prepared by the

physical mixing, conventional co-precipitation, and super-

critical carbon dioxide (SC CO2) methods. Complexes

containing drug equivalent to 10mg/kg itraconazole were

administered to rats. Table 16 shows the pharmacokinetic

data calculated. The AUC and Cmax values of the complex

prepared by the supercritical CO2 method were found to be

significantly higher than those of the other two methods, and

bioavailability was found to increase.

4.1.8. Steroid Hormones To enhance the solubility and

bioavailability of dehydroepiandrosteron (DHEA), solid

complexes were prepared with a-CD by the high-energy

co-grinding method [114]. To enhance the effectiveness of

the system, ternary products were prepared using some

inactive ingredients, such as glycine, biomaltodextrin,

poly(vinylpyrrolidone), and poly(ethylene glycol 400). It

was found that a-CD-glycine (1 : 2 : 3 molar ratio) was the

most effective in terms of solubility, dissolution rate, and

bioavailability. When pharmacokinetic parameters were

evaluated, it was found that Cmax and AUC values increased

approximately twofold compared to the pure active ingredi-

ent. It was found that a DHEA/a-CD/glycine system can

be used successfully in putative hormone replacement

treatment.

Thanks to their estrogen-like structure, isoflavones have

an estrogenic effect and are referred to as phytoestrogens.

Table 15. Pharmacokinetic Parameters of Clotrimazole After

Oral Administration of the Suspension Form of Clotrimazole

Powder and Inclusion Complex to Rats

Parameter Clotrimazole Powder Inclusion Compound

AUC (mg� h/mL) 18.90� 6.24 56.15� 35.70a

Cmax (mg/mL) 1.93� 0.46 6.29� 3.39a

tmax (h) 4.16� 0.98 1.00� 0.00a

Source: Adapted from [111].
a p< 0.05 compared with clotrimazole powder.

Table 16. Pharmacokinetic Parameters of Itraconazole After

Oral Administration of Itraconazole/b-CD Complex

Preparation

Method

AUC0–8h

(mg�min/mL) Cmax (mg/mL) tmax (min)

Physical mixture 5.75� 0.09a 1.30� 0.05a 120

Co-precipitation 8.51� 0.07a 2.93� 0.01a 120

SC CO2 12.07� 0.17 4.54� 0.12 120

Source: Adapted from [113].
a p< 0.001 vs. SC CO2 group.
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They have very low water solubility. To enhance the solu-

bility and bioavailability of soy isoflavone extracts, inclusion

complexeswere preparedwithb-CD and their bioavailability

was investigated in rats [115]. Isoflavones constitute a large

group; in this study daidzin, genistein and glycitein forms

were investigated. After complexation with b-CD, the sol-

ubility of isoflavones increased 26-fold compared to the pure

drug. For a comparison of bioavailability, the concentrations

of daidzin, genistein, and glycitein in blood were monitored.

When the plasma concentrations of pure drug and b-CD
complex were analyzed, it was found that Cmax values of

b-CD complexes were approximately five times higher than

that of the pure drug. The pharmacokinetic parameters are

shown in Table 17. When AUC values were compared, a

126% increase was found for daidzin, but this was not

statistically significant. For glycitein and genistein, there

was a significant increase of 170% and 180%, respectively.

4.1.9. Others Artemisinin is a plant-origin antimalarial

drug obtained from Artemisia annua. Due to its low water

solubility, it has low absorption after oral administration.

To enhance the bioavailability of artemisinin, complexes

were prepared with b- and c-CD in a molar ratio of 1 : 1

(CD:artemisinin) by the slurry method [116]. Prepared com-

plexes were compared with capsules of the commercially

available product Artemisinin 250, and bioavailability stud-

ies were conducted.

Twelve health volunteers participated in the in vivo

studies. Table 18 shows pharmacokinetic parameters

obtained after the administration of commercially available

product and CD complexes. As indicated in the table, the

Cmax andAUCvalues of both complexes increased compared

to the reference product. The absorption rate and ratio of both

complexes were found to be higher than those of the com-

mercially available product.

Raloxifene hydrochloride is a selective estrogen receptor

modulator used in osteoporosis treatment. It is a water-

insoluble, highly metabolized drug. To enhance the oral

bioavailability of raloxifen, a derivative of hydroxybutenyl-

b-CD (HB-b-CD), a new cyclodextrin, was used [117].

Solid powder complexes were prepared by the freeze-dry-

ingmethod. Furthermore, by adding PEG 400 to the system,

liquid systems were prepared and in vivo tests were carried

out in rats. It was found that compared to the pure drug,

Cmax increased twofold with solid complexes prepared with

HB-b-CD, AUC increased threefolds, and relative bioavail-

ability increased twofold. The addition of PEG 400 to the

system increased relative bioavailability compared to the

pure active ingredient, but it was found to be lower than that

of the solid complex. When the pharmacokinetic para-

meters of raloxifen were investigated for gluronide metab-

olite, it was observed that Cmax increased 12-fold and AUC

increased 6.5-fold.

Another example is baicealin a flavonoid with antibacte-

rial and anti-HIV properties. Although its pharmacological

properties have a broad spectrum due to its low water

solubility, it has limited pharmaceutical use. To enhance the

solubility and bioavailability of baicalein, complexes with

HP-b-CD were prepared by the freeze-drying method. With

HP-b-CD, the solubility of baicalein increased5.5-fold [118].
The bioavailability of free baicalein and HP-b-CD com-

plexes of drug were investigated in rats after the bolus IV

injection and oral administration. Free baicalein and its

complex were quickly metabolized in in vivo and baicalein

converted into glucuronide metabolite. Absolute bioavail-

ability was calculated according to oral pharmacokinetic

parameters and was found to be 52.3% for free drug and

86.4% for an HP-b-CD complex.

Coenzyme-Q10 (Co-Q10), which has an important role in

energy metabolism, is a fat-soluble substance and has oral

bioavailability problems. Pat complexes were prepared with

b-CD [119]. The bioavailability of the complexes in dogs

was compared with that of the soft gelatin capsule form

commercially available containing 30mg Co-Q10. When

Table 18. Pharmacokinetic Parameters of Artemisinin After

Oral Administration of its CD Complexes and Commercially

Available Product

Formulation Cmax (ng/mL)

AUC0–1
(ng� h/mL) tmax (h)

Artemisinin 250 271.7� 174.6 782.3� 392.0 2.0� 0.6

b-CD complex 651.5� 604.9 1329.4� 562.4 1.6� 0.8

c-CD complex 458.1� 182.2 1131.3� 456.6 1.4� 0.6

Source: Adapted from [115].

Table 17. Pharmacokinetic Parameters for Total Isoflavones After the Oral Administration of Isoflavone

and Isoflavone/b-CD Complex to Rats

Cmax (mg/mL) AUC0–360 min (mg�min/mL)

Isoflavone Isoextract b-CD/Isoextract Isoextract Isoextract/b-CD

Daidzein 1379� 502 2320� 114 340� 111 430� 71

Glycitein 90.5� 76.2 485.7� 297.6 28� 4 48� 9

Genistein 33.6� 14.3 123.7� 68.0 11� 1 20� 3

Source: Adapted from [115].

EVALUATION OF BIOEQUIVALENCY OF GENERIC DRUGS CONTAINING CD COMPLEXES 59



pharmacokinetic parameters were investigated, it was

found that in the complexes prepared with b-CD, the Cmax

value increased twofold, the AUC0–48h value increased

threefold, and the tmax value decreased and thus absorption

increased.

5. CONCLUSIONS

It was concluded that in most studies to improve the

bioavailability of drugs with CD complexation, pharmaco-

kinetic parameters such as Cmax and AUC increased signif-

icantly while tmax decreased compared with plain drugs. CDs

are particularly effective in increasing the bioavailability of

class II drugs.

Products developed with CD complexation of drugs are

considered super generics, and it has been suggested that

clinical studies should be carried out on them. Therefore, the

number of commercially available generic products devel-

oped by CD complexation has not increased. Most previous

studies have focused on improving the oral bioavailability of

small molecules using CDs. In the near future, investigation

of the appropriateness of macromolecules such as peptide–

protein drugs for CD complexation to improve oral

bioavailability will enhance the importance of CDs in the

pharmaceutical industry.
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42. Yetkin, G., Çelebi, N., A�gabeyo�glu, _I., G€okçora, N. (1999).
The effect of dimetil-b-cyclodextrin and sodium taurocholate

on nasal bioavailability of salmon calcitonin in rabbits. STP

Pharma Sci. 9, 249–252.
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4
CYCLODEXTRINS AS SMART EXCIPIENTS IN
POLYMERIC DRUG DELIVERY SYSTEMS

AGNESE MIRO, FRANCESCA UNGARO, AND FABIANA QUAGLIA

Department of Pharmaceutical and Toxicological Chemistry, University of Naples, Naples, Italy

1. INTRODUCTION

An ideal dosage form should be able to release the drug at a

rate dictated by the needs of the body throughout the therapy

regimen and deliver the drug at its target site. A time-

controlled drug delivery system (DDS) is especially designed

to exert control of the drug dose administered over time with

the ultimate goal to have release from the dosage form be the

rate-limiting step for drug availability: in other words, the

kinetics of drug release rather than absorption control drug

bioavailability, although some few exceptions to this general

consideration exist. As depicted in Fig. 1, control over

amounts of drug released can be different, depending on

specific therapeutic requirements. In fact, drugs could need to

be delivered at constant rates when a relationship exits

between drug steady-state plasma levels and the resulting

pharmaceutical response (extended or prolonged or sustained

release), or at a variable rate for drugs needing peak or valley

plasma levels or acting on rhythmic functions of the body

(pulsatile systems). Nevertheless, a pharmacological re-

sponse could be needed after the dosage form is administered

(delayed systems).

To control the rate at which a drug is delivered from a

dosage form, a polymeric material that hinders drug disso-

lution in body fluids is employed. In a DDS the drug and the

polymer are arranged in a reservoir or matrix system, al-

though other architectures can be especially suited for the

purpose of attaining specific delivery requirements. In a

reservoir device, a polymeric membrane wraps a drug res-

ervoir (solid or dispersed in a suitable liquid), whereas in a

matrix system a drug is distributed uniformly in the polymer

(Fig. 2). In general, drug release from a DDS evolves in time

according to different kinetics, which can be mainly zero

order (constant with time) or first order (whichmeans that the

amount delivered depends on the time elapsed from initial

activation).

Polymer selection (hydrophilic, lipophilic, degradable,

not degradable or eliminable, natural, synthetic) is generally

related to the administration route, need for a specific deliv-

ery site, rate, and duration (hours, days,weeks) (Fig. 2). Thus,

to achieve a delayed delivery, for example, reservoir archi-

tectures and soluble coatings can be selected. On the other

hand, if sustained delivery is required, an erodible matrix

offering a near-zero order release will work perfectly. At that

point, a polymer platform will be selected depending on how

long the release should be. For the oral route, drug absorption

is related to transit time of the dosage form, which sets an

approximately 10-h limit for the delivery of drugs absorbed

from the small intestine region. A polymer eroding in this

time framewill be eligible as an oral platform, whereas in the

case of parenteral administration, materials with slow ero-

sion rates will be preferred to ensure a persistent therapeu-

tical response. Although DDS behavior in a biological

environment is dictated primarily by polymer properties,

physico-chemical features of the incorporated drug, such as

solubility, lipophilicity, and diffusion coefficient, would, at

least in part, play a role. Central to the development of a

successful DDS, therefore, is an understanding of the vari-

ables that affect transport processes and how these para-

meters can be controlled selectively. This means that it is

important to know the mechanisms underlining release be-

havior, and in turn to single out the major physico-chemical
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processes involved in control of the release rate as affected

by DDS architecture and drug–polymer composition.

Depending on polymer characteristics, one or more than

one mechanism can concur in regulating drug delivery rate.

Diffusion, degradation, osmosis, and dissolution can

be considered the main mechanisms driving drug release

from a polymeric DDS. Special emphasis should be given to

diffusion, a process encountered very often in elucidating a

delivery process.

It is worth to emphasize that once a DDS is designed,

whichmeans that the rate-controlling polymer is selected and

the drug level fixed, only device architecture (matrix or

reservoir), microstructure, and geometry can be manipulated

to attain specific delivery requirements, and in many cases

this is not enough. Since cyclodextrins (CDs) may form

inclusion complexes with different chemical entities and

in so doing alter their physico-chemical properties, it is

expected that CDs alter the release properties of a given

drug–polymer system. This approach is of utmost interest

since CDs can act as an additional tool to modulate (i.e.,

Figure 2. Possible architecture of a polymeric DDS and its expected time evolution and release

profile when in contact with a biological fluid. Main mechanisms underlining release as well as

controlling steps in drug release are reported. This schema does not report all the possible designs and

mechanisms for DDSs.
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Figure 1. Plasma concentration obtained after administration of a

conventional drug dosage form (squares), an extended DDS (filled

circles), a pulsatile DDS (open circles), and a delayed DDS

(triangles).
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speed up or slow down) drug release rate without changing

polymeric platform composition. For example, if a blend of

hydrophilic polymers displays optimal mucoadhesive prop-

erties for a specific application but is not capable of sustain-

ing the delivery rate as desired, one could use a specificCD to

modify the delivery rate, preserving the overall beneficial

properties of a DDS.

Nevertheless, the effect of CD addition in a polymeric

DDS depends strongly on theway a CD is introduced during

DDSmanufacturing and its effect on both drug and polymer

properties. For example, it is well documented that a CD can

form complexes with several drugs and increase their

dissolution rate as well as stabilize a drug toward chemical

or physical degradation, whereas much less is known on the

capability of CDs to complex polymers. In this chapter

we provide a critical review of the state of the art on

DDSs comprising CDs, with the special intention of

modulating drug delivery rate and attempting to suggest

their rational use.

2. BASIC CONCEPTS OF DRUG DIFFUSION IN

POLYMERIC SYSTEMS

Diffusion is probably the main mechanism involved in drug

delivery for several systems based on polymers with different

physico-chemical properties and thus behaving differently

once in contact with an aqueous fluid. For this reason, it is

treated separately here, and some basic concepts useful for

understanding the release behavior of different DDSs and

how CDs can eventually affect them, are noted.

Diffusion is a process by which molecules are transported

from inside a membrane to outside as a result of random

movements in the absence of mixing. A diffusive flux (J)

develops under a concentration gradient (qC=qx) as the

driving force according to Fick’s first law:

J ¼ D qC
qX

ð1Þ

The proportionality constant between the diffusional flux

and the diffusional potential is termed the diffusion coeffi-

cient (D) or diffusivity.

Solute diffusion in polymers is strictly dependent on the

polymer microstructure, which can be classified according to

Swan and Peppas [1] as macroporous (pore size in the range

0.1 to 1.0 mm), microporous (pore size in the range 10 to

50 nm), and nonporous. The diffusion coefficient for porous

systems is solely dependent on the pore structure, and for

nonporous systems, on the polymer network.

Nonporous polymers are constituted by a homogeneous

polymer phase or network. The space between macro-

molecular chains (mesh) is the only area available for the

diffusion of solutes (Fig. 3). In this case, solute transport is

presumed to occur by a process involving dissolution of

the solute within the polymer, followed by its diffusion in the

polymer. These mechanisms include a network of hydro-

phobic polymers with macromolecular meshes between

approximately 2 and 10 nm and most types of hydrogels

(i.e., water-swollen polymer networks). Any interaction

between the diffusant and the polymer macromolecule is

expected to affect diffusion coefficients since macromolec-

ular meshes create a screening effect on solute diffusion

through the polymer. For uncross-linked polymers, this

screening is provided by the meshes formed by entangled

chains, whereas in semicrystalline polymers the crystallites

act as physical cross-links. Thus, the degree of crystallinity,

glassy–rubbery state, degree of swelling, and mesh size must

all be considered.

Taking into account that the drug is in equilibriumwith the

respective surface layer of the membrane at both sides of

the membrane (Fig. 3A), a partition coefficient (K) can be

introduced in the equation as well as the membrane thickness

(l). At steady state, the number of molecules leaving the

membrane is constant with time, and equation (1) can be

integrated to give

J ¼ DKDC

l
ð2Þ

where DC is the difference in concentration between the

interior and exterior of the system. K can be expressed as

Cm(i)/C(i) and Cm(e)/C(e) at the upstream and downstream

surfaces and is assumed to be constant with time. D is a

function of the permeant mobility in the polymer and de-

pends on the size, nature, and membrane properties; the term

KDC indicates the number of permeant molecules diffusing

in the membrane; and l represents the distance that each

molecule must walk to leave the membrane. In biological

environments, passive drug absorption is also accounted for

byFick’s first lawand the biologicalmembrane considered as

a nonporous membrane.

For microporous membranes, Fick’s law cannot be di-

rectly applied since diffusion occurs in the water-filled

pores (Fig. 3B) [2]. In this case, the diffusion coefficient

estimated in a liquid lowers down, depending on the po-

rosity (void volume fraction, e), pore tortuosity (t), and
partition coefficient (the ratio of permeant concentration

inside the pore to that in the polymer, Kp). Thus, equation

(2) can be rewritten

J ¼ DpeKp

tl
DC ð3Þ

whereDp is the diffusion coefficient of the solute through the

solvent-filled pores. For microporous polymers, a term ac-

counting for additional steric hindrance and frictional resis-

tance of the pores (kr), which occurs when solute and pore
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sizes are of comparable magnitude, also needs to be

considered.

It is expected that when diffusion is the main mechanism

controlling delivery rate, each factor altering diffusion

coefficient can potentially contribute to affect the drug

release kinetics and overall DDS behavior in a biological

environment.

3. CD ADDITION IN POLYMERIC DRUG

DELIVERY SYSTEMS: THE STATE OF THE ART

3.1. Gels

Theword gel refers to a liquid that sets to a solidlike material

that does not flow but is elastic and retains some liquid

characteristics [3]. Gels can thereby be defined as semisolid

systems consisting of either suspensions made up of small

inorganic particles (two-phase gels, such as in the case of

bentonite or silica) or large organic molecules interpene-

trated by a liquid (single-phase gels). Single-phase gels

consist of organic hydrophilic macromolecules distributed

uniformly throughout a liquid so that no boundary exists

between the liquid and the dispersed macromolecules.

Single-phase gels comprise macromolecules capable of

extensive solvatation (protein, polysaccharide, synthetic

hydrophilic materials) to a liquid, which is generally water

rich (water and hydroalcoholic solutions are widely em-

ployed). Depending on polymer chemistry, sol–gel transition

(sol refers to a fluid phase containing dispersed or dissolved

macromolecules) and three-dimensional network formation

can occur upon an increase in polymer concentration, change

of pH or temperature, ion addition, and so on. Gels behave as

elastic solids at low stresses even though they consist pri-

marily of a liquid.

Physically bonded gels are reversible systems formed

primarily by natural polymers (proteins and polysaccharide),

semisynthetic derivatives of cellulose, and synthetic hydro-

philic materials (Table 1) [3]. A gel network is formed by

cooperative association of several polymer segments in

highly ordered regions called junction zones. A number of

junction zones dispersed throughout a network confer me-

chanical strength to the gel. Thus, the microstructure of such

a system is very complex and depends on the type of junction

zone formed. This is related to the chemical nature of the

polymer repeated unit, which in turn affects some physical

properties of the gel, such as rigidity. The junction zone can

be (1) microcrystalline, due to chain bundles present in a

polymer chain (carboxymethylcellulose) or in stereoregular

polymers (polyvinyl alcohol); (2) micelle-like, due

to supramolecular organization of hydrophobic polymer

Figure 3. Drug diffusion through a nonporous membrane (A) or microporous membranes (B) with

increasing tortuosity. Cm(i)/C(i) and Cm(e)/C(e) represent a partition coefficient [(K in equation (2)] at

the upstream and downstream surfaces, which are assumed to be constant with time.
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segments (methylcellulose or poloxamers); or (3) due to ion

bridging (egg-crate structure of alginate). Finally, some

physically bonded gel networks are held together by simple

entanglements occurring between polymer chains. As in

the case of hyaluronic acid or carbomers, above a critical

concentration, long chains are forced through the domain of

other chains because of their large molecular volume,

giving a highly intertwined network. In this last case,

molecular association between polymer segments takes

place through the cooperation of several intermolecular

forces, such as hydrogen bonding, van der Waals forces,

and electrostatic attractive=repulsive forces. Gelation of

a polymer solution occurs at a specific concentration or

under specific conditions. For example, sodium alginate

forms a gel by either reducing pH or by electrostatic

interaction with divalent cations such as calcium, whereas

poly(acrylic acid) undergoes gelation at pH 7 following

neutralization of the pendant carboxylic groups with alkali

such as thryethanolamine or sodium hydroxide. Further-

more, some gels are thermoreversible, as is true for xunthan

gum at concentrations above 0.5% or for hydroxypropyl

methylcellulose (HPMC) and methylcellulose at tempera-

tures above 50�C.

Every perturbation of junction zones is expected to affect

the macroscopic behavior of the gel. For this reason, drugs

can interfere with molecular bonds at junction zones and

there are several cases of drug-to-polymer interactions that

affect gelation properties [3]. On the other hand, CD can

promote gelation of polymer solutions, giving physically

bonded gel networks. In this regard, it has been reported that

poly(ethylene oxide) (PEO)/a-CD solutions undergo sol–gel

transition due to interaction of PEO chains with the hydro-

phobic CD cavity, forming necklace-like supramolecular

structures [4–7]. On the other hand, poloxamers, which are

block copolymers of PEO and poly(propylene oxide) (PPO)

with a PEO–PPO–PEO structure, are capable of interacting

with different cyclodextrins. More b-CD would selectively

thread the middle PPO block to form a polyrotaxane [8,9],

whereas smaller a-CD selectively includes the flanking PEO

block [10–13]. An extensive review of the formation of

polymer–CD supramolecular aggregates is provided by Li

and Li [14].

The clear expectation is that CD affect the macrosco-

pic–microscopic properties of a polymeric gel network due to

the perturbation of junction zones and in so doing alter some

of the features of the gel, such as release behavior. In this

sense, changes in solution turbidity, which are diagnostic of

changes in the hydration state of a polymer in solution, and in

turn of polymer–CD interactions, can be evaluated by cloud

point [15]. Actually, cloud point variations can be related to a

competition of additives, including CDs, with the polymer

for water binding and to changes in the conformation of

macromolecular chains [16]. In this respect, the presence of

b-CD or HP-b-CD did not significantly modify the cloud

point and cinematic viscosity of HPMC K4M dispersions,

suggesting that the hydrophilicity and water ”structure”

around the cellulose ether did not induce significant changes

in the system analyzed [17]. On the other hand, the apparent

viscosity of similar HPMC gels was decreased by the pres-

ence of b-CD and DM-b-CD as the shear stress in-

creased [18]. Analogously, Boulmedarat et al. [19] observed

that the addition of DM-b-CD in Carbopol 974P NF gels

determined a pronounced decrease in the zero-shear rate

viscosity as a function of DM-b-CD concentration. This

finding was attributed to the hydrophobic character of

DM-b-CD, which interacted with polymer chains, resulting

in a reduction in the polymer chain unfolding. This effect

modified polymer affinity for the hydration medium, hence

decreasing its swelling. In the same study it was observed

also that DM-b-CD had no effect on the same gels made in

HEPES/NaCl solution, suggesting that cationic electrolytes,

which arewell known to reduce gel thickening efficiency, did

not induce additional effects on viscosity decrease. Finally,

HP-b-CD decreased the viscosity, and also the bioadhesive

force, of a thermosensitive poloxamer gel containing a

rhEGF/HP-b-CD complex as a function of the protein/CD

ratio concentration in the gel only at temperatures above

Table 1. Polymers Used to Produce Gel and Their Gelling

Concentration

Hydrophilic Polymers

Gel-Forming

Concentrations

(wt%)

Required

Additive

Cellulose derivatives

Hypromellose

(hydroxypropyl

methylcellulose)

2–10

Hydroxypropylcellulose 8–10

Methylcellulose 2–4

Sodium carboxymethyl

cellulose

4–6 Sodium ions

10–25 Sodium ions

Noncellulosic

Gums/polysaccharides

K-carrageenan 1–2 Potassium ions

Guar gum 2.5–10

0.25 Borate iones

Gellum gum (low acetyl) 0.5–1 Calcium ions

Pectin (low methyloxy) 0.8–2 Calcium ions

Sodium alginate 0.5–1 Calcium ions

5–10 Sodium ions

Others

Carbomer 0.5–2

Poloxamer 15–50

Poly(vinyl alcohol) 10–20

Inorganic substances

Aluminum hydroxide 3–5

Bentonite 5

Source: Adapted from [98].
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critical gelation temperature [20]. The authors hypothesized

that the hydrogen bonding in a cross-linked reticular gel is

weaker in the presence of CD, due to perturbation of micelle

interactions.

Thus, when examining the effect of CD in polymeric gels,

at least two different aspects should be taken into account: the

effect on the physico-chemical properties of the drug (espe-

cially the apparent solubility), and perturbation of the poly-

mer network. It is worth noting that release results can vary

widely depending on the experimental setup employed to

perform experiments, which, of course, should reproduce

conditions close to those occurring in vivo. In this sense it has

been demonstrated that when drug release into the receptor

medium is consecutive to either drug diffusion in the gel or

gel erosion, drug diffusion is predominant in membrane

models, whereas polymer dissolution is the major mecha-

nism observed in membraneless models [21]. As a conse-

quence, the role of a CD as a release modulator can change

greatly, depending on experimental conditions and can be

suitably adapted if a specific effect is highlighted.

The first example of using CDs in polymeric gels to

modulate delivery rate dates back to 1994, when Samy and

Safwat introduced b-CD in various cellulosic and aerosol

gels [22]. The release of different nonsteroidal anti-inflam-

matory drugs speeded up or slowed down, depending on the

type of gel and physical state of the drug in the gel (solubilized

or dispersed). Similar resultswere obtainedwhen studying the

release of diclofenac sodium and sulfamethizole fromHPMC

gels [17]. In a recent study [23], it was observed that in gels

made of Carbopol 974 containing progesterone andb-CD, the
effect of CD addition depended on the drug solubility inside

the gel. Since progesterone is not completely soluble in

the gel, the effect of CD was mainly on drug dissolution

inside the gel and increased drug apparent solubility, which

in turn increases the number of diffusible species. Analo-

gously, Bilensoy et al. [24] found that the incorporation of a

clotrimazole/b-CD complex in a mucoadhesive thermosen-

sitive Pluronic F127/HPMC gel allowed to avoid drug pre-

cipitation and obtain a clear gel. Furthermore, besides the fact

that the addition of b-CD allowed the formation of a platform

gelling at 33�C, which is very close to body temperature, a

remarkable decrease in the release rate, independent of the

composition of the platform was observed. A decreased

delivery rate was observed again on poloxamer gels contain-

ing a soluble protein, rhEGF, and HP-b-CD as a preformed

complex [20]. The retarding effect of HP-b-CD was linearly

related to its amount in the complex. Nevertheless, the

introduction of a physical mixture did not have any significant

effect on the release profile. This effect was explained as-

suming that the effective diffusivity of the drug in the gel was

decreased upon CD addition.

From these data it is clear that CDs do not act in an

univocal fashion in polymeric gel since an accelerated or

reduced release rate is experienced depending on polymeric

platform composition, drug physico-chemical properties,

especially diffusivity and solubility, as well as drug–polymer

interactions.

3.2. Swellable and Swelling-Controlled Systems

According to the classification of Peppas [25], the category of

solvent-activated DDSs comprises two subcategories: swel-

lable and swelling-controlled devices, both showing amatrix

architecture. These systems are prepared by incorporation of

a drug into a hydrophilic, glassy polymer forming a nonpo-

rous solid of variable shape (film, tablets, spheres) and can be

swollen by contact with an aqueous fluid. The swelling may

or may not be the controlling mechanism for diffusional

release, depending on the magnitude of macromolecular

relaxation of the polymer. A schematic presentation of

processes occurring upon contact of a hydrophilic matrix

with an aqueous fluid is represented in Fig. 4. When brought

Not-erodible

Erodible

Dried
region

Bulk mediumSwollen region

Figure 4. Processes occurring upon contact of a hydrophilic matrix with an aqueous fluid. In the case

of a nonerodible matrix (hydrogel), the system swells up to equilibrium, the drug is solubilized in the

uptaken aqueous fluid and diffuses out in the bulk medium. At the end of release, an empty hydrogel

remains. In the case of erodiblematrices, thematrix swells, the drug is solubilized in the swollen layer,

and the drug is released due to diffusion and polymer erosion. At the end of release, drug and polymer

are solubilized in the medium.
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in contact with an aqueous medium, a distinct water-

penetration front (interface) is formed which separates the

glassy from the rubbery (gel-like) state of materials. Under

these conditions, macromolecular relaxation takes place and

controls the rate of diffusion of the dissolved drug. Swelling

proceeds up to equilibrium, depending on the water activity

and nature of the polymer. If the polymer is highly hydro-

philic and can solubilize inwater, as in the case of hydrophilic

erodible matrices, the equilibrium state is represented by a

polymer aqueous solution. If the polymer is cross-linked so

that chain entanglement can be maintained in the hydrated

state, as in the case of hydrogels, the equilibrium state is a

water-swollen polymer. The drug is immobile in the glassy

matrix but begins to solubilize and diffuse out as the polymer

swells in water.

Drug release thus depends on the rate of two simulta-

neously occurring processes: water migration in the matrix

and drug diffusion in the bulk medium through the gel layer.

Gel layer thickness evolves with time and generally offers a

significant resistance to transport, and the overall drug

release rate depends on both the rate of water uptake and

drug diffusion in the gel layer. To affect the right parameter

and modulate the delivery rate, it is important to knowwhich

mechanism plays a prominent role. For example, if release is

controlled by water penetration, it is unworthy to affect drug

diffusion in the gel.

3.2.1. Hydrogels Hydrogels can be defined as irreversible

gels constituting a covalently cross-linked three-dimensional

network made up of hydrophilic polymers [25]. Hydrogels

are generally prepared by covalent cross-linking of linear

or branched polymer chains in the presence of a cross-

linking agent. Cross-links can be biodegradable or not,

thus establishing biodegradable or nonbiodegradable net-

works. Hydrogels will be characterized by a number of

parameters—the equilibrium swelling ratio, the molecular

weight between cross-links (mesh size), and the cross-

linking density—all of them having a strong impact on

release behavior.

Drug release from a nonbiodegradable hydrogel occurs

according to the mechanism already described for hydro-

philic matrices, which involves water uptake and swelling of

the glassy polymer, drug solubilization in the gel layer, and its

diffusion in the external medium by walking through the

meshes of the swollen gel. The critical parameters affecting

the release process are in this case the rate of water uptake

and drug counterdiffusion. In general, the process with the

highest “characteristic time” is also the rate-limiting step for

drug release.

In the first contribution of our research group toward an

understanding of the applicability of CD as a modulator of

drug release, we investigated the influence of b-CD on the

release of nicardipine hydrochloride (NIC) from cross-linked

PEG monolithic devices [25]. b-CD formed an inclusion

complex with NIC, showing a low stability constant. Diffu-

sivity measurements performed on swollen membranes evi-

denced a much higher value of NIC diffusivity than that of

b-CD, probably due to the differences in molecular weight of

the two molecules. As shown in Fig. 5, release kinetics of

NIC from slabs loaded with pure NIC (below drug saturation

limit) or NIC/b-CD at different molar ratios (1:1, 1:2, 1:3)

were significantly dependent on the amount of loaded b-CD:
namely, the higher the amount of loaded b-CD the longer the

time to complete release. All the release curves referring to

NIC/b-CD loaded membranes first showed a faster release

regimen, followed by a slower stage. Drug release from the

slabs loaded with the drug alone were determined substan-

tially by the swelling kinetics, and the release kinetics strictly

followed the swelling profile. In the case of matrices loaded

with both NIC and b-CD, it was hypothesized that drug

complexation reduced the concentration of “free” drug mo-

lecules, resulting in a decrease in the average mobility of the

drug in the swollen matrix. Thus, the resulting overall drug

mobility depends on both the diffusivity of free species and

the diffusivity of the complex, which is lower than that of free

guest molecules.

Amathematical treatmentmade it possible to introduce an

effective drug diffusivity of NIC in the hydrogel when CD is

present, which is related in a simple way to the stability

constant of the complex (K) and the total CD concentration in

the gel (CD�):

Deff ¼ Ddr

1þK �CD* ð4Þ

The effective diffusivity was obviously equivalent to Ddr

when CD� or K are equal to zero. Deff decreased as K and/or

CD� increased. Thus, the characteristic time for diffusion

1.2

1

0.8

0.6

0.4

0.2

0
0 2 4

NIC

Time 1/2 [h1/2]

M
 (

t)
 M

 ∞
 

1:1
1:2

1:3

6 8 10

Figure 5. Nicardipine release from hydrogels made of cross-linked

PEO2000Da and containing pureNIC orNIC/CDat differentmolar

ratios (1:1, 1:2, 1:3). (From [26]. Copyright � Elsevier.)
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was lower the higher the CD concentration. This relationship

held true only when:

1. DCD � Ddr ðDcom � DdrÞ; which means that CD� is
constant.

2. K � Ddr � 1.

3. K�CD� � 1.

4. There is instantaneous equilibrium between the com-

plexed and free forms of drug–CD.

On this basis, it was hypothesized that if CD is present, due

to the effect of complexant on drug effective diffusivity that

we have discussed, NIC release was not complete when

swelling was over, and two release stages could be evi-

denced: an initial fast release and a slower second stage. It

was speculated that the fractional amount of drug released

during the first stagewas related to the fraction of freeNIC. In

fact, the relative amount of NIC released during the swelling

increased as theNIC/b-CD ratio decreased. Nevertheless, the

following release phase was dominated by an essentially

diffusive mechanism as affected by the amount of CD

present; namely, the higher the NIC/b-CD ratio, the lower

the release rate during this second stage.

However, it is worth noting that this mechanistic view of

drug release from hydrogel should also take into account the

interaction of both drug and CD with the polymer network,

which can strongly affect the effective drug diffusivity in

the gel and in turn suppress the role of CD as release

modulator [27].

3.2.2. Hydrophilic Erodible Matrices A matrix tablet is

the simplest and the most cost-effective way to fabricate a

sustained-release dosage form. In its simplest form, a typical

extended-release matrix formulation consists of a drug,

release-retardant polymer (hydrophilic or hydrophobic or

both), one or more excipients (as fillers or binders), flow aid

(glidants), and a lubricant. Other functional ingredients, such

as buffering agents, stabilizers, solubilizers, and surfactants

may also be included to improve or optimize the release and/

or stability performance of the formulation. Components are

mixed together, eventually granulated and then tabletted.

Table 2 shows a list of materials commonly used for fabri-

cation of matrices [28,29]. Various water-soluble or water-

swellable polymers with high molecular weight can be used

in hydrophilic matrices, such as HPMC, hydroxypropylcel-

lulose, and PEO. HPMC is identified as the most popular

polymer in matrix applications because of a number of key

features and advantages [30]. Hydrophobic materials can be

also used either alone (hydrophobic matrix systems) or in

combination with hydrophilic matrix systems (hydrophilic–

hydrophobic matrix systems).

The mechanism of drug release from hydrophilic matrix

tablets is based on diffusion of the drug through, and erosion

of, the outer hydrated polymer layer. Typically, when the

matrix is exposed to an aqueous solution, the surface of the

tablet is wetted and the polymer hydrates to form a gelly-like

structure around thematrix (the gel layer). This process leads

to relaxation and swelling of the matrix periphery, whereas

the core remains essentially dry at this stage. In the case of a

highly soluble drug, this phenomenon may lead to an initial

burst release due to the presence of the drug on the surface of

the matrix. The thickness of the gel layer increases with time

as more water permeates the core of the matrix, thereby

providing an evolving diffusional barrier to drug release.

Simultaneously, as the outer layer becomes fully hydrated,

the polymer chains become completely relaxed and can no

longer maintain the integrity of the gel layer, thereby

leading to disentanglement and erosion of the surface of

the matrix. Water continues to penetrate toward the core of

the tablet, through the gel layer, until it has been eroded

completely.

The key parameters affecting the drug release rate from

hydrophilic matrices, with special emphasis on those based

on HPMC, were recently reviewed by Tiwari and Rajabi-

Siahboomi [30]. Drug solubility and dose are the most

important factors to consider in the design of matrices. In

general, design of extended-release formulations for drugs

with extreme solubilities coupled with a high dose is chal-

lenging. For highly water-soluble drugs, dissolution within a

Table 2. Polymers Commonly Studied for the Fabrication of

Extended-Release Hydrophilic Matrices

Hydrophilic Polymers

Water-Insoluble and

Hydrophobic Polymers

Cellulosic Ethylcellulose

Methylcellulose Hypromellose acetate

succinate

Hypromellose

(hydroxypropylmethylcellulose)

Cellulose acetate

Hydroxypropylcellulose Cellulose acetate

propionate

Hydroxyethylcellulose Methycrylic acid

copolymers

Sodium carboxymethylcellulose Poly(vinyl acetate)

Noncellulosic

Gums/polysaccharides

Sodium alginate

Xanthan gum

Carrageenan

Chitosan

Guar gum

Pectin

Others

Polyethylene oxide

Homopolymers and

copolymers of acrylic acid

Source: Adapted from [30].
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gel layer (even with small amounts of free water) is fast and

sustained release too brief. On the other hand, drugswith very

low solubility may dissolve slowly and have slow diffusion

through the gel layer of a hydrophilic matrix. When drug

concentration in the gel layer is above the saturation level,

equilibrium is attained between solid and dissolved drug in

the hydratedmatrix. As a consequence, drug releasewould be

dictated mainly by erosion of the surface. In this case,

incomplete drug release is experienced due to the fact that

undissolved drug particles are released in the medium upon

matrix erosion.

Due to their ability to enhance drug solubility, it is

expected that CDs can be of help in formulating hydrophilic

matrices for poorly soluble drugs by increasing their disso-

lution rate in the gel layer, and give extensive release. In this

respect, many examples are available in the literature. The

use of CDs in a hydrophilic matrix with this strategy in mind

was first reported by the group of Conte [31,32], who

proposed b-CD and HP-b-CD as accelerators of the release

rate of naftazone or diazepam from tablets made of HPMC

(Methocel K4M andK15M). It was also found that due to CD

addition, a zero-order release rate was attained. In later

studies, the addition ofCDs in hydrophilic erodible platforms

containing poorly water-soluble drugs continued to be con-

sidered as an additional tool to modulate, and specifically

increase, the drug release rate.

A rationalization of the effect of CDs in hydrophilic

matrices for poorly soluble drugs was attempted by Sangalli

et al. [33] and Rao et al. [34], who clarified themechanism by

which CDs act in the matrix, analyzing the release behavior

of HPMC tablets in a variety of conditions (replacing CDs

with hydrophilic fillers or osmotic agents). The main con-

clusion drawn by Rao et al. was that increase in the drug

delivery rate in the presence of a sulfobutyl ether/b-CD
derivative (SBE-b-CD) was ascribed to an enhanced disso-

lution rate of the drug in the gel layer of the matrix due to in

situ complex formation, with only aminor effect of enhanced

water uptake. As a consequence of drug complexation inside

the hydrated polymericmatrix and depending on the polymer

network properties, CDs provided extensive and faster re-

leases of poorly soluble drugs by enhancing the concentra-

tion of diffusable species. Sangalli et al. [33] drew more or

less similar conclusions, although they found that the effi-

ciency of b-CD as a release modulator was much poorer than

that of SBE-b-CD, probably due to its lower solubility. On

the other hand, HPMC tablets containing b-CD showed a

higher hardness than that of tablets containing other exci-

pients, such as lactose, but also different b-CD derivatives,

which resulted in a slower water uptake and, in turn, a slower

release rate.

On this basis, later studies have focused on the use of a

more hydrophilic CD such as HP-b-CD as a release accel-

erator in hydrophilic matrices. Nevertheless, it was found

that the effect ofHP-b-CDdepended on the polymer platform

employed to produce thematrix. For example, HP-b-CDwas

found to be effective in increasing the delivery rate of

piroxicam from HPMC tablets, whereas no effect was ob-

served for HPMC/Carbopol 940 tablets [35]. Authors hy-

pothesized that in this case, a restricted diffusivity of pirox-

icam–CD complex occurred in the swollen external layer.

Thus, if the gel layer is strong or a less soluble CD is

employed, the overall release rate is unaffected by the

presence of CD.

The observations reported so far provide for the addition

of CD in the tablet as powder; that is, no drug–CD precom-

plexation is realized. However, another strategy to further

accelerate the delivery rate from hydrophilic matrices is to

prepare a drug–CDcomplexwhich is then incorporated in the

matrix along with retarding polymer and other excipients. It

has been observed that the higher the dissolution rate of the

complex, the higher the drug release rate from the tab-

let [17,34–41].

Thus, it is quite clear that the mechanism of release from

monolithic devices made of swellable and erodible polymers

loaded with poorly water-soluble drugs and CDs as a release

modulator is rather complex in view of several physical

phenomena involved. In fact, reliable predictive models of

drug delivery from these systems entail the solution of

moving boundary problems, which should take into account

(1) water penetration inside the tablet with concurrent swell-

ing, solubilization and erosion of the matrix, (2) dissolution

of both the drug and theCD in the swollen layer, (3) CD–drug

complex formation, and (4) counterdiffusion of drug, CD,

and complex in the swollen layer.

In our previous work we tried to explain the release

behavior of PEO tablets containing the poorly soluble drug

carvedilol (CAR) and HP-b-CD as a release modulator [38].

We found that when CARwas incorporated in PEO tablets in

the presence of HP-b-CD as a CAR/HP-b-CD physical

mixture (PM) or freeze-dried complex (FD), the CAR release

rate increased significantly (Fig. 6A). The release profile of

tablets withoutHP-b-CDwas linearwith time,whereas in the

case of HP-b-CD-containing tablets, linear behavior was

attained after a transient. Tablets loaded with both PM and

FD displayed similar HP-b-CD release profiles (Fig. 6A),

indicating that the same boundary conditions were estab-

lished for both systems in terms of external HP-b-CD con-

centration. As a consequence, the observed differences in

CAR release profiles for HP-b-CD-containing tablets could

be attributed to a different CAR solubility in the release

medium. The erosion profiles of the tablets based on PEO or

PEO/HP-b-CD (Fig. 6B) also highlighted the fact that the

presence of HP-b-CD speeded up the solubilization rate of

the matrix as whole, probably due to an increase in polymer

hydrophilicity [34]. On the basis of the behavior observed

experimentally, a qualitative view of a delivery process that

could supply a simplified approach for the interpretation of

results was provided. It was assumed that three relevant

CD ADDITION IN POLYMERIC DRUG DELIVERY SYSTEMS: THE STATE OF THE ART 73



moving fronts are established in a hydrophilic tablet in

contact with a water solution (Fig. 7): (1) the swelling front,

S, which separates the unpenetrated core from the swollen

and dissolving shell; (2) the erosion or solubilization front, E,

which separates the swollen polymer layer from the external

medium; and (3) the eventual drug dissolution front, D,

which separates an inner oversaturated region, where both

dispersed and solubilized drugs are present, from an outer

water-swollen polymer layer, where only solubilized drug is

present (this layer is superimposed on the S front in the case

of water-soluble species, as is the case with CD) [42]. The

moving rates of these fronts are substantially dependent on

the nature of the components and their concentration in the

tablet. After a transient, if the thickness of the tablet is large

enough, a pseudo-steady state is established when a syn-

chronization of S and E fronts occurs and a constant drug

profile is established in the swollen layer. The drug concen-

tration profile that develops in the swollen layer depends on

drug diffusivity and solubility and its dissolution rate in the

swollen polymer aswell as on the thickness of the developing

swollen layer.

On this basis, CAR release was contributed by both the

movement of E front and the diffusive flux related to the drug

concentration profile at the E interface. The rate of the E front

as well as the diffusive flux changed with time during

the initial transient to attain values constant with time at the

pseudo-steady state. The presence of HP-b-CD increased the

erosion rate as well as drug concentration at the D interface at

pseudo-steady state (C�) and in turn speeded up CAR release

rate, assuming that HP-b-CD does not affect the mobility of

the drug in the swollen layer (HP-b-CD, CAR, and their

complex have similar diffusivities in the gel layer). Hence,

the nonlinearity observed in the transient was due to the fact

that before the synchronization of E and D fronts, both

contributions to the release are time dependent. In the case

D ES(A) (B) ES  D

Figure 7. Moving fronts established in a hydrophilic tablet in

contact with a water solution: (A) drug profiles in CD-loaded tablets

at pseudo-steady state [total drug profile (dissolved and undis-

solved), solid line; dissolved drug profile, dashed line]; (B) CD

profile in the tablet (CD has been assumed as completely soluble in

the water-swollen layer). d represents the thickness of the swollen

layer. Profiles of drug, CD, and in situ–formed complex in the

swollen outer shell are assumed to be linear. (From [38]. Copyright

� Elsevier.)
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of HP-b-CD-containing tablets, the movement of the E front

was faster than for tablets without HP-b-CD (see Fig. 7).

Furthermore, a higher diffusive flux developed as a conse-

quence of the increase in dissolution rate operated by HP-

b-CD,which increased the amount ofmobile species. Both of

these effects resulted in an enhanced release rate of drug

compared to the case of tablets without HP-b-CD. The

further increase in delivery rate experienced when the tablet

was loaded with a preformed complex well fitted with this

view, highlighting the fact that an increase in the drug–CD

complex dissolution rate also takes place in the water-

swollen polymer.

It is worthy of note that acceleration of the drug release rate

can also occur when CD does not affect the drug dissolution

rate in a bulk medium. In this respect, we observed that PEO/

HP-b-CD hydrophilic matrices loaded with the sparingly

soluble drug diclofenac acid (DicH) showed an increased

drug release rate compared to tablets formulated in the

absence of HP-b-CD, although a lack of increase in the

dissolution rate of DicH/HP-b-CD physical mixtures was

observed in water. Since HP-b-CD operates in hydrophilic

matrices as rate-controlling agent in a swollen gel layer and

can be assumed to be instantaneously solubilized in a confined

hydrated gel, it is likely that its dissolution enhancer proper-

ties toward the drug could be amplified inside the tablet.

In summary, the introduction of CD in erodible

sustained-release tablets supplies an additive tool to tailor

the release rate of poorly soluble drugs by modulating its

dissolution rate in the swollen outer layer as well as matrix

erosion rate.

CD addition in films based on hydrophilic polymers was

also demonstrated to be useful to speed up the release rate of

poorly soluble drugs. Since release was performed through a

semipermeable membrane allowing only drug transport,

the effect of CD addition was in this case enlarged [43]. In

fact, films of poly(vinyl alcohol) and HPMC added with a

RAMEB–atenolol complex accelerated the release rate,

giving first-order kinetics, whereas only minor effects were

observed in HPMC films. An accelerating effect was again

obtained for chitosan films containing b-CD and

glimepiride [44].

CD addition also had an impact on the formulation of

hydrophilic matrices for highly water-soluble drugs (i.e.,

drugs that are completely solubilized inside the gel layer),

although much less is known in this respect. It has been

observed that the release rate of a hydrophilic drug from

erodible and swellable matrices of PEO or HPMC slightly

decreased or remained unaltered in the presence of

CD [17,45]. This behavior is analogous to that observed for

cross-linked PEO hydrogel described above and attributed to

the influence of CDs on the effective drug diffusivity in the

gel layer as a function of complex stability constant and the

loaded-drug/complexant ratio [26] as well as to the CD effect

on the properties of the gel layer.

3.2.3. Impact of CD-Containing Hydrophilic Matrices on
Drug Absorption Through a Buccal Membrane Buccal

administration of drugs is attracting considerable attention

since it has the advantage of giving high blood levels,

bypass first-pass metabolism and avoiding degradation in

the gastrointestinal tract by enzymes and bacteria [46].

Buccal systems are generally based on bioadhesive poly-

merswhich, once hydrated, adhere to the buccalmucosa and

withstand salivation, tongue movements, and swallowing

for a significant period of time. A successful design of a

buccal delivery system should guarantee, beside an intimate

contact with the mucosa for an adequate time interval,

proper release rates. Actually, before a drug passes through

the mucosal barrier and reaches blood circulation, it should

dissolve in the medium penetrating the buccal tablet and

then partition to mucosa. A contribution to drug transport

through buccal membrane is certainly given by the presence

of an unstirred water layer (UWL) lining the buccal epi-

thelium, formed mainly by mucin and water (�95%) and

with a thickness of approximately 70–100 mm. Considering

that the resistance to transport of UWL is higher than that

of the buccal membrane, transport through UWL substan-

tially controls drug absorption. The dissolution step is

generally critical for the buccal absorption of lipophilic

drugs, which although being well absorbed through oral

epithelia, exhibit too low fluxes due to a low chemical

potential gradient, which is the driving force for transport.

Since the addition of CDs in DDSs based on hydrophilic

polymers can allow a modulation of drug release rate, their

use as smart excipients in specific buccal systems has been

proposed to enhance the level of dissolved molecules

available for permeation. Therefore, the addition of a CD

in a buccal system can be expected to change the concen-

tration gradient between UWL and the membrane as well

as to alter the transport properties of a given drug in

UWL [47].

It was found that upon HP-b-CD addition in PEO buccal

tablets containing the poorly water-soluble drug CAR, drug

permeation through porcine buccal mucosa occurred at a

rate progressively higher as the CAR release rate from the

tablet increased [38]. This enhancing effect of HP-b-CD on

permeation was much more evident than that observed on

the drug release rate in an aqueous fluid. Similar results

were observed on PEO/HP-b-CD tablets containing the

sparingly soluble drug DicH [45]. Permeation experiments

performed on PEO tablets stuck to porcine buccal mucosa

clearly showed that PEO–CD–DicH tablets allowed a drug

flux higher than that observed for PEO–DicH tablets

(Fig. 8A upper graph). Very interestingly, when the drug

was incorporated in the tablet as freely soluble sodium salt

(DicNa), an opposite behavior was experienced (Fig. 8A,

lower graph). Although the presence of HP-b-CD in tablets

containing soluble DicNa did not significantly alter the drug

release rate, the drug flux through porcine mucosa from
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PEO–DicNa tablets was found to be lower when the tablet

contained HP-b-CD.
On the basis of a simplified mathematical treatment, the

different behavior experienced for the tablets containing

differently water-soluble forms of diclofenac was explained

as schematized in Fig. 8B. Assuming that (1) effective drug

concentration in the swollen gel (C�) is contributed by free

and complexed drug molecules, (2) HP-b-CD is freely

soluble in the swollen gel layer, (3) a drug/HP-b-CD complex

is formed, and (4) HP-b-CD concentration in the swollen gel

at themembrane interface can be considered constant since it

is unable to partition into themembrane, the only species that

can partition in the membrane is free drug. In the case of

PEO–CD–DicH tablets, the effective drug concentration in

the swollen gel (C*) was increased compared to PEO–DicH

tablets due to the formation of a soluble drug/HP-b-CD
complex in the swollen layer. If at every position and time,

the equilibrium between complexed and free drug molecules

exists and is attained instantaneously in the gel, the avail-

ability of drug molecules from the complex is faster than the

availability of drug molecules from the solid. Although

complexation does not alter the chemical potential (i.e., the

amount of free drug molecule that can partition into the

membrane), the presence of a drug/HP-b-CD soluble

“reservoir” allows faster transport of solubilized drug mo-

lecules to the membrane surface and results in an increased

drug flux. On the other hand, in PEO–CD–DicNa tablets,

the drug dissolution rate is high and the drug dissolves

rapidly in the gel layer. In this situation, the formation of

a Dic/HP-b-CD complex inside swollen PEO decreases C*.

Since the complex is unable to partition into the membrane,

an overall decrease in the drug cumulative flux is attained due

to the progressive increase in CD molecules at the gel layer/

mucosal membrane interface. It was concluded that the role

of CD is very relevant when the tablet is employed as a

transmucosal system since, different from solution condi-

tions, a very limited contribution to delivery derives from

matrix erosion. Thus, the usefulness of CDs in erodible

hydrophilic matrices depends strongly on the environment

where release occurs. Transferring these results to an in vivo

situation, in the case of gastrointestinal delivery, where

release occurs in a bulk fluid, HP-b-CD addition can be

suggested to accelerate the release rate of poorly soluble

drugs. On the other hand, when considering applications

where matrix is applied to a mucosal membrane, HP-b-CD
diffusion out of the system is very limited and drug transport

is accelerated for poorly soluble drugs and slowed down for

highly soluble drugs.
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Figure 8. Effect of HP-b-CD addition in adhesive tablets on permeation through buccal mucosa:

(A) permeation profiles through porcine buccal mucosa of diclofenac from PEO–DicH (&) and

PEO–CD–DicH (&) tablets (upper graph) and from PEO–DicNa () and PEO–CD–DicNa (*) (lower

graph); (B) drug partioning into a lipophilicmembrane at the tablet–membrane interface.Cv is the drug

concentration at the swollen tablet–membrane interface, km is the drug partition coefficient between

the vehicle and the membrane, kmCv represents the drug-amount partitioning in the membrane at the

donor side (Cm), and C� is the effective drug concentration in the swollen gel. (Adapted from [45].

Copyright � Elsevier.)
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It is worthy of note that an important prerequisite of a

CD-containing buccal DDS is that its overall mucoadhesive

properties, interdiffusion of polymer chains, and mucus

components at the interface are not impaired, which seems

to depend on polymer and CD type [38,44].

3.2.4. A Mechanistic Simplified Interpretation of the CD
Effect in Drug Delivery Systems Based on Hydrophilic
Polymers On the basis of previous findings and the model

proposed by Bibby et al. [48], the situation occurring in a gel

system can be depicted as reported in Fig. 9, assuming that

the effect of CD addition on drug-release features depends

mainly on drug loading of the matrix and both drug and CD

diffusivities in the hydrated polymer. A prediction of CD

effect could be done on the basis of knownnetwork properties

(porosity, mesh size, polymer solubility, etc.).

When drug concentration in the polymericmatrix is below

the saturation level (case I in Fig. 9), two situations can

occur: (1)when all the species have comparable diffusivities,

there is no change in drug diffusion rate, whereas (2) when

drug diffusivity is much higher than CD diffusivity, the

formation of drug–CDcomplex in the hydratedmatrix results

in a decrease of concentration gradient and, in turn, of the

drug release rate. On the other hand, when drug concentra-

tion in the polymeric matrix is above the saturation level

(case II of Fig. 9), an equilibrium is attained between solid

and dissolved drug in the hydrated matrix. Upon the addition

of CD in the hydrated matrix, the number of drug molecules

solubilized in the hydrated polymer increases and the final

effect on drug release will depend on drug and CD diffusiv-

ities inside the hydrated matrix. If drug diffusivity is similar

to CD diffusivity (Ddr � DCD), so that both free and com-

plexed drug can diffuse out of the matrix, the release rate is

increased. If the drug diffusivity is much higher than the CD

diffusivity (Ddr 	 DCD), complexed drug cannot diffuse out

of the polymeric matrix. Thus, the final effect depends on

how much CD improves the amount of free drug molecules

for systems with a drug level well above saturation and

decreases the amount of diffusable species due to complex-

ation in the hydrated polymer for systems with a drug level

below saturation.

3.3. Osmotic Systems

Osmotic systems utilize the principle of osmotic pressure for

the delivery of drugs and are generally called as osmotic

pumps. Osmosis refers to the process ofmovement of solvent

molecules from lower concentration to higher concentration

across a semipermeable membrane, that is, a membrane

permeable to water but completely impermeable to osmotic

agent. Thus, the basic architecture of an osmotic pump, in

particular an osmotic tablet, comprises a drug reservoir,

eventually containing an osmogen (electrolyte, sugar, etc.)

coated with a semipermeable membrane drilled with one or

more orifices (Fig. 10). When the system comes in contact

with a biological fluid, an osmotic pressure generates due to

imbibitions of fluid from external environment into the

dosage form,which regulates the delivery of the drug through

the orifice. The hydrostatic pressure can be created by

osmotic agents, the drug itself, or a tablet component, after
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X
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Figure 9. Equilibria occurring in a hydrated polymeric system with different diffusivity upon CD

addition. In case I, the drug level is below saturation, whereas in case II, the drug level is above

saturation. CD diffusivity (DCD) as compared to drug diffusivity (Ddr) differs depending on the

gel–hydrogel mesh size (i.e., CD mobility in the polymer network).
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water is imbibed across the semipermeable membrane. As a

colligative property, the osmotic pressure (P) of a solution is

dependent on the number of drug molecules present in the

solution:

P ¼ WCRT

where W is the osmotic coefficient of the solution, C the

molar concentration of osmogen in the solution, R the gas

constant, and T the absolute temperature. Experimental

measurements of osmolality (jm in Osm/kg) gives an accu-

rate description of solvent activity in the presence of solute.

As a consequence ofP, the osmotic water flow generated

through the semipermeable membrane is given by

dv

dt
¼ A QDP

L

where dv/dt is the water flow rate across the membrane of

area A, thickness L, and permeability Q, and DP is the

difference in osmotic pressure between the two solutions on

either side of the membrane.

The rate of drug delivery from an osmotic tablet is directly

proportional to the osmotic pressure according to

dMt

dt
¼ dV

dt
Cs

where Cs represents drug solubility.

Drug release from these systems is strongly dependent on

drug aqueous solubility and to a large extent independent of

pH and other physiological parameters. Thus, it is possible to

modulate the release characteristics by optimizing the prop-

erties of the drug and the device.

Since some CDs generate high osmotic pressures, their

use in osmotic DDS has been proposed in the double role

of both solubilizers and osmogens. In particular, Zannou

et al. [49] measured the osmolality of solutions with b- and
c-CD derivatives over a large concentration range relevant to

osmotic tablet formulations and developed a model capable

of describing the osmolality generated in CD solutions as a

function of concentration. The study was conducted in water

with eight CDs: HP-b-CD, HP-c-CD, SBE-b-CD, and SBE-
c-CD at various degrees of substitution.

In the evolution of osmotic tablets, the semipermeable

membrane contains leachable pore-formingmaterials. In this

system, the drug, after dissolution inside the core, is released

by hydrostatic pressure and diffusion through pores created

by the dissolution of pore-forming materials. Osmotically

active CD derivatives such as SBE-b-CD, also acting as drug
solubilizers, have been proposed as smart excipients in

controlled-porosity osmotic tablets [50] able to allow a

controlled and complete release of the drug dose for poorly

water-soluble drugs such as testosterone [51] and predniso-

lone [52] and pH-independent release for cationic drugs such

as chlorpromazine [53,54]. Appropriate composition ratios

of the osmotic systems allow excess drug/CDmolar ratios to

work properly.

Drug saturated solution

Semipermeable membrane

Hole

Core with osmogen, 
drug, other excipients

Drug saturated solution

Core with osmogen, 
drug, other excipients

Microporous membrane

OSMOTIC PUMP TABLET

CONTROLLED POROSITY-OSMOTIC PUMP TABLET

Figure 10. Osmotic tablets. In controlled-porosity osmotic tablets, drug flow occurs through

macropores generated in the semipermeable membrane upon contact with an aqueous medium.
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SBE-b-CDwas also used to formulate controlled-porosity

osmotic pellets for the delivery of prednisolone to achieve

both osmotic and solubilizing properties [54–58]. Pellet

performance could be designed to attain a desired delivery

rate by modifying the drug–CD ratio as well as the coating

thickness and coating composition.

3.4. Biodegradable Drug Delivery Systems Based on

Lipophilic Polymers

Biodegradable DDSs releasing the active ingredient at

controlled rates have been developed especially for paren-

teral administration to overcome the inconvenient surgical

insertion and removal of nondegradable systems. This

category of devices is formed by enzymatically or chem-

ically degradable and erodible materials [59,60]. For clar-

ity, it should be emphasized that the term degradation

indicates simply that a chain scission of polymer in shorter

chains occurs, whereas the term erosion refers to the

occurrence of material loss from the system. Depending

on the rate of water uptake in the system, erosion can

involve either the surface of the delivery system (surface

erosion) if the rate of polymer cleavage is higher than the

water intake rate, or occurs more or less homogeneously

throughout the system (bulk erosion) if the water penetra-

tion rate is higher than the polymer degradation rate

(Fig. 11) [61]. For surface-eroding DDSs, the device

shrinks with time and the drug is released in correspon-

dence to the disappearance of the surrounding polymer

matrix. Meanwhile, the inner structure (e.g., internal po-

rosity, relative drug content, and distribution) remains

essentially unaltered. For bulk-eroding DDS, the entire

device is rapidly wetted upon contact with aqueous medi-

um, the drug becomes mobile and diffuses out of the

device. Device dimensions remain nearly unaltered, where-

as the inner structure changes significantly since the po-

rosity increases and the drug concentration decreases.

Degradable and erodible DDSs may be developed by

making use of different polymers [59,60]. The polymer

nature and composition would directly dictate the DDS

physico-chemical properties, including bulk hydrophilicity,

morphology, structure, and thermal (i.e., transition and/or

melting temperature) and chemical (e.g., the presence of

charged groups) attributes. These properties will all influ-

ence the performance of the delivery system by changing

the mass transport and degradation rate of both the polymer

and the device. In addition, depending on polymer proper-

ties such as glass-transition temperature, crystallinity, hy-

drophilicity, and device shape and dimension, a surface

erosion rather than a bulk erosion can take place. A great

deal of work has been devoted to the development of safe

and effective DDSs based on synthetic polymers undergo-

ing hydrolytic degradation, characterized primarily by a

hydrophobic nature. Actually, the main advantage of these

synthetic materials is that they can be easily tailored to offer

properties for specific applications. Furthermore, as com-

pared to degradable polymers via enzymatic activity (e.g.,

chitosan, alginate), their release features are not dependent

on physiological factors; that is, the therapeutic response to

the drugs released would not depend on the level of enzyme

expression at the site of action, probably resulting in less

inter- and intraindividual variability.

Surface-eroding biodegradable DDS

Bulk-eroding biodegradable DDS
DDS cross-section 

at time t

t

t

Drug

Figure 11. Typical mechanisms governing material loss during polymer erosion. A surface-eroding

biodegradable DDS shrinks with time, but the inner structure (see the cross section) is unaltered. In

contrast, the shape of a bulk-eroding DDS remains approximately unaltered during erosion, whereas

the inner structure, in term of internal porosity, changes significantly with time.
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Drug release from biodegradable DDS is controlled by (1)

water uptake in the device, (2) drug solubilization inside the

hydrated system, (3) diffusion of dissolved drug through

internal pores and (4) degradation rate. Beyond the physico-

chemical properties of the polymer, additional factors,

such as shape/geometry, physical form, and size of the

delivery system will inevitably affect its release features. In

particular, the ratio “rate of polymer chain cleavage/rate of

water penetration” will inevitably influence the polymer

degradation rate, whereas the rate at which water enters the

system depends strongly on device shape and dimen-

sions [61]. Furthermore, the preparation technique will play

a crucial role in determining the internalmicrostructure of the

systems, essential in controlling the drug-release features. In

general, two different DDS architectures can be achieved:

biodegradable matrix DDSs, where a molecular solution or

dispersion of the drug throughout the polymer matrix is

realized, or multireservoir biodegradable DDS, where the

drug is confined within macropores formed throughout the

matrix during specific processing.Due to the low solubility of

drugs in the polymer, solid dispersions are often encountered

for matrix DDSs. A schematization of the possible device

designs is reported in Fig. 12.

Among synthetic biodegradable polymers, thermoplastic

aliphatic polyesters such as poly(lactic acid) and their deri-

vatives poly(lactic-co-glycolic acid) (PLGA) have generated

tremendous interest due to their excellent biocompatibility as

well as the possibility of tailoring their biodegradability

by varying the composition (e.g., lactide/glycolide ratio),

molecular weight, and chemical structure (e.g., capped or

uncapped end groups) [62]. Drug release from PLGA-based

DDSs is governed by a combined diffusion-erosion mecha-

nism. Upon immersion in an aqueous medium, polymer

hydration occurs and activates the diffusion of dissolved

drug through the innate micropores of PLGA and the even-

tual macroporous structure of the matrix. Since water pen-

etration into PLGA-based DDSs is much more rapid than the

subsequent polymer chain cleavage, these systems typically

undergo bulk erosion. As a consequence, matrix porosity

evolves over time, contributing strongly to the overall drug

release rate (Fig. 13). Since CDs are not soluble in the

polymer, it is expected that they are located in DDS internal

pores. After the hydration phase, free or complexed CDs

dissolve, diffuse, and are released through DDS intercon-

nected pores. Thus, their effect upon DDS release features

may be very different for systems characterized by different

microstructures and thus internal porosity.

3.4.1. Implants Biodegradable polymer depots, providing

local and sustained delivery of the active ingredient, may be

achieved by drug entrapmentwithin an implant, which can be

formed in situ or inserted within the body by surgical

intervention. Implant performance depends on many inter-

related factors, including device geometry, which is gener-

ally designed to fit the site of implantation.

Great research efforts have been devoted to the design and

development of PLGA-based cylindrical implants intended

for site-specific controlled release of cytotoxic agents [63].

Nonetheless, for hydrophobic drugs, such as most anticancer

drugs, direct incorporation within PLGA matrices is not

successful, since solid dispersions are generated, which

exhibit an extremely slow release of small drug quantities

due to drug low water solubility. These delivery features are

generally unsuitable since limited drug availability is

achieved at the tumor site throughout therapeutic treatment.

In analogy to the most intuitive application of CDs in DDSs,

drug complexation with different CDs has been shown to be a

useful strategy to accelerate the release kinetics of hydro-

phobic drugs from PLGA depots [64–66]. In particular, the

addition of CDs to PLGAmillirods for the controlled release

of poorly soluble cytotoxic agents (b-lapachone) resulted in a
convenient increase in the drug release rate [65,66]. Simi-

larly, the incorporation of HP-b-CD in injectable cylindrical

PLGA–lauryl ester implants for 2-methoxyestradiol reduced

the initial lag phase and moderately increased the drug

release rate [67]. CD complexation efficiency and CD water

solubility played a crucial role in determining the drug

release rate. In fact, a faster release was observed for b-
lapachone/HP-b-CD than for b-lapachone/aCD and b-lapa-
chone/c-CD complexes, due to the lower binding affinity of

CD for drug (HP-b-CD> c-CD>a-CD). At the same time,

the higher release rate observed for HP-b-CD-containing
than for b-CD-containing formulations was ascribable pri-

marily to their considerably different water solubilities [65].

3.4.2. Microspheres Injectable biodegradable and bio-

compatible microspheres less than 250 mm in size releasing

Matrix architecture Multireservoir 

architecture

Solid dispersionMolecular solution

Figure 12. Typical architectures of biodegradable DDSs. For a

matrix DDS, hydrophobic drugs (black dots) can be dissolved

(molecular solution) in the polymer matrix, whereas hydrophilic

and hydrophobic drugs can be dispersed in solid form within the

polymer matrix (solid dispersion). The CD is expected to locate

preferentially within polymer micropores (white solid lines). For a

multireservoir DDS, hydrophilic drug and CD are located mainly

within the DDS macroporosity (white solid circles).
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small drugs or macromolecules at controlled rates have been

especially developed to overcome the inconvenient surgical

insertion of large implants. The first studies on the role

of CDs in microparticle preparation were carried out

by Loftsson et al. on nonbiodegradable polymers (e.g.,

ethylcellulose) (see citations in [68]). Since they aimed to

obtain slow-release oral dosage forms, most of the drugs

tested displayed a lipophilic character (e.g., hydrocortisone,

17b-estradiol, carboplatin). This resulted in an easy micro-

encapsulation process, but also in a release dependingmainly

on water solubility of the drug, which obviously could be

accelerated by selecting the proper CD type.

The co-encapsulation of CDs has been recently attempted

in biodegradable microspheres, with particular regard to

PLGA microspheres. Actually, drug encapsulation within

PLGA copolymers is regarded as a powerful means of

achieving its sustained release for long time frames and, in

the case of labile drugs, effectively protecting the molecule

from in vivo degradation occurring at the administration

site [69–72].

CD incorporation in PLGA microspheres was first at-

tempted to control the encapsulation efficiency and release

rate of low-molecular-weight drugs [73–75], where the CD

seems to play a role in controlling the release of both

hydrophilic and hydrophobic species. The encapsulation

of rhodium citrate/HP-b-CD complexes in a multireservoir

device was useful to improve encapsulation efficiency and

prolong the release duration of the hydrophilic antitumor

agent from the particles as compared to PLGA micro-

spheres containing rhodium citrate alone [73]. Using a CD

of different lipophilicity (e.g., HP-b-CD and M-b-CD),
the same authors successfully controlled encapsulation

efficiency and release properties of PLGA microspheres

containing different chlorexidine derivatives (e.g., poorly

water-soluble chlorhexidine free base and its water-soluble

digluconate derivative) [74]. Not only CD physico-chemical

properties, but also formulation conditions would deter-

mine the effect of CD addition on microsphere release

features [75]. In particular, a more rapid release of zolpidem

from HP-b-CD-containing PLGA microspheres with a
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Figure 13. Mechanism of drug release from a PLGA-based DDS. (A) Drug is released by diffusion

through a porous microenvironment formed by intrinsic copolymer micropores, evolving in meso-

pores upon polymer degradation, and eventual macropores derived from the preparation process.

(B) After a hydration phase, drug diffusion out of water-filled pores and progressive PLGA bulk

erosion (i.e., progressive increase of the internal pore diameter) are activated. This mechanism will

result in a typical triphasic drug release profile (C). After an initial burst, due to the rapid dissolution of

drugmolecules localized on a pore close to the surface, a second slowdiffusive/erosive release phase is

expected, during which a continuous loss of PLGAweight occurs. When massive PLGA degradation

occurs, a third rapid drug release phase should be observed (i.e., a pure erosion phase). (Adapted

from [99]. Copyright � John Wiley and Sons, Inc.)
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macroporous interior (i.e., multireservoir architecture) was

achieved when a zolpidem/HP-b-CD solid complex was

encapsulated directly within the macropores compared to

microspheres bearing drug and excipient separately, located

in PLGA micro- and macropores, respectively [75].

A particular effect of CDs on particle microstructure

derives from their osmotic properties in aqueous solution,

which depend on the CD chemical structure and total degree

of substitution [49]. Actually, the addition of free HP-b-CD
in the preparation of macroporous microspheres from aque-

ous dispersions—a multiple emulsion—may give rise to

typically porous microspheres [75–77]. As described above,

this effect will inevitably affect microsphere technological

features in terms of both encapsulation efficiency and release

properties. A deep technological study performed on insulin-

loaded PLGA microspheres elucidated this phenome-

non [76]. It was found that the combination of appropriate

amounts of HP-b-CD with insulin (bearing osmotic proper-

ties as well) was essential to achieve large and highly porous

microspheres. This obviously resulted in a reduction of

encapsulation efficiency and an overall increase in drug

release rate. Interestingly, a contemporary release of insulin

andHP-b-CD from the systemcould be achievedby selecting

appropriate formulation conditions, highlighting the fact that

the microparticles prepared have the potential of acting in

vivo as a sustained delivery systems of insulin/HP-b-CD
complexes. Taking advantage of this effect, large porous

particles with flow properties and size suitable for aerosol-

ization and deposition in deep regions of the lung have been

developed [77]. Notably, PLGA/HP-b-CD/insulin large

porous particles (LPPs) reach alveoli and release insulin,

which is absorbed in its bioactive form, thus representing a

new frontier in the development of sustained-release dry

powders for pulmonary delivery.

CDs have also been used into PLGAmicroparticles for the

controlled release of proteins to stabilize and/or solubilize

the macromolecule, improving its therapeutic efficacy

[78–82]. Once CDs form complexes with proteins by includ-

ing hydrophobic side chains inside their cone-shaped cavity,

protein three-dimensional structure and chemical–biological

properties, comprising stability, can be affected [83]. Proper

selection of both the CD derivative to be used and the

microencapsulation technique to be adopted is essential to

improve the properties of protein-loaded PLGA micro-

spheres [84]. For protein microencapsulation in the solid

form, which allows formation of a PLGA solid dispersion,

the main determinant of protein stabilization was found to be

formation of the solid complex by freeze-drying prior to

encapsulation. As a matter of fact, when solid a-chymotryp-

sin was simply suspended in a M-b-CD-containing organic

phase, protein integrity was not preserved upon microencap-

sulation. More than to a M-b-CD-mediated lyoprotectant

mechanism, the authors ascribe the results to the fact that the

a-chymotrypsin/M-b-CD complex might decrease protein

aggregation at the hydrophobic interfaces formed during

encapsulation. The effect of the CD chemical structure

(i.e., HP-b-CD or M-b-CD) and amount added to the for-

mulation (i.e., 1:4 and 1:20 mass ratios) on the overall

properties of the particles was also investigated. In each

case, the use of a CD resulted in a significant decrease in

particle size, due to the micronization of the solid protein

resulting from the co-lyophilization with the excipient (i.e.,

very fine solid in oil suspensions). CD addition to the

formulation did not directly affect microsphere release prop-

erties, independently of type and amount of CD used.

Besides stability issues, we have recently demonstrated

that the protein–CD complex formation plays a crucial role in

determining the release features of the particles and thus can

offer an additional tool to modulate the protein release rate

from PLGAmicrospheres achieved by spray-drying [85,86].

Different formulation designs were adopted so as to achieve

typical matrix and multireservoir systems [86]. In both

cases we observed that the addition of HP-b-CD to micro-

spheres allowed full optimization of the insulin release

profile, affording constant amounts of released peptide up

to 45 days. For a better understanding of the mechanisms by

which the co-encapsulation of HP-b-CD affects the protein

release rate, protein–CD interactions directly within

PLGA-based particles prepared by spray-drying after

microencapsulation and during release were assessed by

Fourier transform infrared (FTIR) spectroscopy [85]. In-

dependent of the formulation design, FTIR spectra acquired

on nonhydrated particles clearly showed a rearrangement of

insulin b-structures upon addition of HP-b-CD within the

initial formulation, probably due to complex formation.

Nonetheless, release studies clearly showed that the mod-

ulator effect of HP-b-CD depended on the initial formula-

tion conditions. In the case of microspheres with a macro-

porous interior, HP-b-CD was able to reduce insulin burst,

whereas when a homogeneous dispersion of the complex

was achieved within the PLGA matrix (i.e., matrix archi-

tecture), the overall insulin release rate slowed down

(Fig. 14A). This effect corresponded to a difference in the

relative concentration of b-sheet components (i.e., insulin/

HP-b-CD interactions during the release stage), as sug-

gested by FTIR spectra of hydrated microspheres

(Fig. 14B). Thus, the control of the CD loading and release

rate by an appropriate formulation choice, modifying final

polymer micro- and macroporosity, was crucial for an

effective modulation of protein release rate.

From these data it is clear that the effect of CD on drug-

loaded PLGA microspheres is not univocal and always

foreseeable but results from the complex interplay of many

factors, such as drug physico-chemical properties (e.g.,

solubility, molecular weight), drug–CD affinity, and formu-

lation design (e.g., encapsulation technique, formulation

conditions), which strongly affect the architecture and mi-

crostructure of the particles.
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3.4.3. Nanoparticles Nanoparticles are submicrometer-

sized polymeric colloidal particles bearing a therapeutic

agent, which can be entrapped within the polymer matrix

or adsorbed or conjugated onto a particle surface. Due to

their submicrometer dimensions, nanoparticles offer a

number of advantages over microparticulate systems, the

most important being their ability to provide targeted drug

delivery at the tissue and even cellular levels. Biodegrad-

able nanoparticles based on different polymers, such as

poly(alkyl cyanoacrylates) (PACA) or PLGA copolymers,

have been investigated extensively for sustained and tar-

geted/localized delivery of various agents, including plas-

mid DNA, peptides, proteins, and low-molecular-weight

compounds [87–90]. In particular, numerous studies have

shown that submicrometer colloidal systems represent the

choice to control both tissue and cell distribution of

anticancer drugs, thus strongly increasing their therapeutic

efficacy [68].

In light of their complexing properties, CD co-encapsu-

lation in biodegradable nanoparticles has recently been

investigated to improve the properties of the particles in

many different ways. Some work has been done on PACA

nanoparticles by Duchêne and colleagues [68]. PACAs have

gained increasing research interest not only because of their

biodegradability, but also for their simple polymerization

process, occurring in an aqueous medium without any ini-

tiator. Despite these advantages, the major drawback of

PACA-based nanoparticles is related to the encapsulation

of hydrophobic drugs, such as the cytotoxic agents common-

ly used in cancer treatment, which can be dissolved only

difficulty in a polymerization aqueous medium. Choosing

progesterone as a model hydrophobic molecule, da Silveira

et al. [91] succeeded in achieving a 50-fold increase in

encapsulation efficiency when HP-b-CD was added to the

polymerization medium. Along this direction, poly(ethyl

cyanoacrylate) (PECA) nanoparticles were prepared in the
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Figure 14. Effect of HP-b-CD on the release properties of spray-dried insulin-loaded PLGA

microspheres with a porous interior. The addition of HP-b-CD within the particles (i.e., sol/CD

formulations) allows a modulation of insulin release rate (A) as compared to PLGA microspheres

prepared in the absence of HP-b-CD (B). FTIR spectra of insulin within HP-b-CD-containing
hydrated particles show differences in the relative concentration of b-sheet components (band at

1642 nm) indicating insulin/HP-b-CD interactions during the release stage (C). (From [85] with

permission. Copyright � Elsevier.)
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presence of HPßCD to improve acyclovir solubility in the

polymerization medium [92]. Notably, the amount of drug

entrapped was not influenced by the preparation conditions,

highlighting the fact that the drug-loading capacity of PECA

nanoparticles depended also on drug physicochemical

characteristics and drug–polymeric matrix affinity and

interaction.

To increase the encapsulation efficiency of nanoparticles,

CDs have recently been tested also in nanoparticles based on

preformed polymers, such as PLGA, developed to control

release of the tripeptide dalargin [93]. Since incorporation of

an ionic drug (dalargin was cationically charged under the

experimental conditions adopted) can be increased appro-

priately tailoring polymer opposite charges, anionic sulfo-

butyl ether-b-cyclodextrin (SB-b-CD) was added in the

nanoparticle formulation. A twofold increase in entrapment

efficiency was observed, even if limited compared to that

achieved by highly charged anionic polymers such as dextran

Figure 15. Expected effect of CD addition on the release properties of biodegradable DDS based on

hydrophobic polymers such as PLGA. The different cases of molecular solution (case I), solid

dispersion (case II), and multireservoir (case III) DDS architectures are analyzed. In a molecular

solution, CD ismainly located primarily insidemicropores and increases the apparent solubility of the

entrapped hydrophobic drug—dispersed in the amorphous region of the polymer—increasing the

amount of diffusible species. In the case of a solid dispersion for a hydrophobic drug, the effect of CD

addition is similar to that reported in case I. In the case of hydrophilic drugs, both drug and CD are

located within the porosity and the overall effect on drug release will depend on the effect of complex

formation on drug diffusivity. For a multireservoir system, both drug and CD are located inside the

porosity. Surface porosity can increase for osmotic CD, and an increase in the drug release rate is

expected.
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sulfate. Interestingly, no significant difference on dalargin

release profiles from nanoparticles was observed when a CD

was added to the formulation. Making use of polymer–CD

interactions, Alonso’s group has developed a novel technique

to produce chitosan nanoparticles cross-linked with carbox-

ymethyl-b-cyclodextrin for the fast or slow delivery of

macromolecules [94–96].

In the light of these few results, it can be concluded that the

CD potential in the formulation of biodegradable nanopar-

ticles has not yet been fully elucidated. CDs remain choice

excipients to increase nanoparticle encapsulation efficiency,

butwhetherCDs can play a role in nanoparticle technological

and consequent release features is still unknown.

3.4.4. Mechanistic Simplified Interpretation of the CD
Effect in DDSs Based on Hydrophobic Biodegradable
Polymers In the light of the literature findings described

above and current knowledge on parameters controlling

drug release from DDS based on biodegradable polymers,

especially PLGA, a simplified mechanistic interpretation of

physical and chemical phenomena governing the CD effect

on release properties of this class of DDS has been

attempted (Fig. 15). The CD effect could be predicted on

the basis of fixed parameters (i.e., DDS architecture, drug

physicochemical properties). To simplify the interpretation,

the effect of CDs in the early release stage is highlighted,

whereas the contribute of progressive polymer erosion

to DDS interior porosity, and thus in the later release stage,

is neglected.

When molecular solutions (case I) or solid dispersions

(case IIa) of a hydrophobic drug within the polymer matrix

are produced, drug dissolved in the hydrated matrix (i.e.,

after the hydration step) can be released by (1) direct

partitioning from polymer to release medium and (2) disso-

lution in water-filled micropores and subsequent diffusion

out of the system. When CD is added, instant in situ forma-

tion of drug–CD inclusion complexes within pores increases

drug water solubility. If the drug diffusivity is similar to that

of the drug–CD complex (Ddr ffi DCD), the release rate is

increased. For solid dispersions, a concomitant factor may

contribute to accelerate drug release from a DDS: that is, the

enhancement of pore formation within the polymer matrix

operated by the CD. Actually, free hydrophilic CD mole-

cules, which dissolve rapidly in the hydration medium, may

be released rapidly from the DDS, thus leaving open pores in

the matrix which facilitate drug release.

When a solid dispersion of a hydrophilic drug within a

polymer matrix is attained (case IIb), drug dissolves rapidly

within PLGA micropores and, depending on its molecular

volume, may diffuse out of the DDS. ACD can play a role in

the drug release rate only if the drug diffusivity is much

higher than the CD diffusivity (Ddr 	 DCD); that is, the drug

release rate will depend on the complex molecular volume/

pore diameter ratio. This phenomenon is expected to

decrease the drug release rate, with particular regard to the

initial diffusion phase.

The same phenomenon may also occur in multireservoir

biodegradable DDS (case III), where hydrophilic species

are located within the polymer macroporosity. Nonetheless,

the release properties of CD-containing DDSs would also

depend on the formulation design and, in particular, on the

nature and concentration of the CD used. Actually, a CD

displaying osmotic properties in water may act as a pore-

forming agent during DDS preparation, thus increasing

the surface porosity. This phenomenon is expected to

increase the drug release rate. On the other hand, for CDs

which are not osmogens, the effect on the release rate will

again depend on the complex molecular volume/pore

diameter ratio.

Nevertheless, the presence of CD–polymer interactions

should also be taken into account since it is well established

that some biodegradable polymers can complex CD and in so

doing vary some physico-chemical properties [97].

4. CONCLUSIONS

A few years ago it was realized that CDs can be used as aid-

excipients in polymeric DDSs to increase drug loading and

modify release properties. This effect has been ascribed

primarily to CDs complexation ability toward poorly soluble

drugs and consequent improvement of their dissolution

properties inside a DDS. From a look at the literature

produced so far, it is immediately clear that this concept has

severely limited their application in drug delivery technol-

ogies, in some cases prompting toward “evidence-based”

rather than rationalized use. In this chapter, we have clarified

the effect ofCD introduction in different DDSs on the basis of

their possible interactions with both drug and polymer, thus

providing a strong rationale to CD selection and proper use.

Thus, the achievement of a speeding-up or slowing-down

effect on the drug release rate upon CD addition could be less

fortuitous and designed ab initio. This approach, in our

opinion, could contribute to a more extensive and systematic

use of CDs in DDS engineering and possibly highlight their

great potential in this field.
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5
RECENT FINDINGS ON SAFETY PROFILES OF
CYCLODEXTRINS, CYCLODEXTRIN CONJUGATES,
AND POLYPSEUDOROTAXANES

HIDETOSHI ARIMA, KEIICHI MOTOYAMA, AND TETSUMI IRIE

Graduate School of Pharmaceutical Sciences, Kumamoto University, Kumamoto, Japan

1. INTRODUCTION

Cyclodextrins (CDs, Fig. 1), cyclic oligosaccharides con-

sisting of several glucopyranose units, are host molecules

that form inclusion complexes. The benefits of the use of CDs

and their complexes can be employed in the formulation of

food, cosmetics, and pharmaceuticals [1–3]. So far, the

usefulness of three parent CDs (a-CD, b-CD, and c-CD,
Fig. 1) in drug delivery has been reportedwith respect to drug

stabilization, improvement, and modulation in drug release

and enhancement of drug bioavailability and alleviation of

local irritation [4–6]. In addition, the structural and physi-

cochemical properties of macrocyclic CDs such as d-CD and

e-CD have been characterized [7].

Various types of chemicallymodifiedCD derivatives have

been prepared to extend the physicochemical properties and

inclusion capacity of parent CDs [8,9]. Table 1 summarizes

the pharmaceutically useful b-CD derivatives, classified into

hydrophilic, hydrophobic, and ionizable derivatives [10].

Among these compounds, methylated CDs such as 2,6,-di-

O-methy-b-CD (DM-b-CD) and 2,3,6-tri-O-methyl-b-CD
(TM-b-CD) are surface-active and have superior inclusion

ability to b-CD. In addition, methyl-b-CD (M-b-CD) has the
high solubilizing ability of cholesterol and is usedwidely as a

lipid raft–disrupting agent, as described below. Hydroxypro-

pyl-b-CD (HP-b-CD) and branched b-CD have received

special attention because their toxicity is extremely low and

their aqueous solubility is very high, promising parenteral

use [11–13]. Among branched CDs, a glucuronyl-glucosyl-

b-CD (GUG-b-CD) is a new entry in the branchedCDswhich

contains a carboxyl group in the glucuronyl group and is

known to have a molecular chaperonlike activity for protein

aggregation [11]. Notably, CD derivatives having a targeting

ability for cell-specific drug delivery have been developed.

For example, heterobranched CDs having a galactose, fu-

cose, or mannose moiety to target CDs toward lectin on cell

surfaces have been reported [14–16], as well as folate-

appended CD derivatives to deliver drugs to tumor cells that

overexpress folate receptors on cell surfaces [17,18]. The

potential use of various new CD derivatives as drug carriers

has also been reported [19]. The hydrophobic CDs include

both alkylated and acylated CDs. Of the alkylated CDs,

ethylated CDs such as 2,6-di-O-ethyl-b-CD (DE-b-CD),
which can retard the dissolution rate of water-soluble drugs,

may serve as sustained release carriers for water-soluble

drugs, including peptides and proteins. Of the acylated CDs,

tri-O-valeryl-b-CD (TV-b-CD) is known to form an adhesive

film, and films that include water-soluble drugs such as

molsidomine and isosorbide dinitrate have the potential to

be prolonged-release systems [20]. Furthermore, the ioniz-

able CDs include sulfobutyl ether b-CD (SBE7-b-CD) hav-
ing a degree of substitution of a sulfobutyl ether group of

approximately 7, especially Captisol, which can improve the

inclusion capacity, a modification of dissolution rate, and the

alleviation of local irritation by drugs. Thus, these CDs are

known to alter various properties of drugs, pharmaceutical

formulations, and biomembranes, resulting in enhancement

and/or modulation of bioavailability in various routes

Cyclodextrins in Pharmaceutics, Cosmetics, and Biomedicine: Current and Future Industrial Applications, First Edition. Edited by Erem Bilensoy.
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Figure 1. Structures and properties of natural CDs.

Table 1. Pharmaceutically Useful b-CD Derivatives

Derivativea Characteristic

Hydrophilic derivatives

Methylated b-CD Soluble in cold water and in organic solvents, surface-active,

hemolytic

Oral, dermal, mucosalb

DM-b-CD
TM-b-CD
DMA-b-CD Soluble in water, poorly hemolytic Parenteral

Hydroxyalkylated b-CD
2-HE-b-CD
2-HP-b-CD
3-HP-b-CD
2,3-DHP-b-CD
2-HB-b-CD

Amorphous mixture with different degrees of substitution,

highly water-soluble (>50%), low toxicity

Oral, dermal, mucosal,

parenteral (intravenous)

Branched b-CD
G1-b-CD
G2-b-CD
GUG-b-CD

Highly water-soluble (>50%), low toxicity Oral, mucosal, parenteral

(intravenous)

Hydrophobic derivatives

Alkylated b-CD
DE-b-CD Poorly water-soluble, soluble in organic solvents,

surface-active

Oral, parenteral (subcutaneous)

(slow release)
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[21–24]. Actually, it is estimated that there are over 30 CD-

containing commercially available pharmaceutical products

(Table 2). It should be noted that drug complexes with HP-

b-CD and SBE7-b-CD can be widely prescribed, and those

containing randomly methyl-b-CD (RM-b-CD) and hydro-

xypropyl-c-CD (HP-c-CD) have been used in hospitals

as well.

The conjugates of CDs with drugs or polymers have been

designed and evaluated. CD complex is in equilibrium with

guest and hostmolecules in aqueous solution,with the degree

Table 1. (Continued )

Derivativea Characteristic

TE-b-CD
Acylated b-CD(C2–C18)

TA-b-CD Poorly water-soluble, soluble in organic solvents Oral, dermal (slow release)

TV-b-CD Film formation

Ionizable derivatives

Anionic b-CD
CME-b-CD pKa¼ 3 to 4, soluble at pH> 4

S-b-CD pKa> 1, water soluble

SBE-b-CD
b-CD-phosphate
Aluminium-b-CD�sulfate Water-insoluble

aDM, 2,6-di-O-methyl; TM, per-O-methyl; DMA, acetylated DM-b-CD;2-HE, 2-hydroxyethyl; 2-HP,2-hydroxypropyl; 3-HP, 3-hydroxypropyl; 2,3-DHP,2,3-

dihydroxypropyl; 2-HB,2-hydroxybutyl; G1, glucosyl; G2, maltosyl; GUG, glucuronyl–glucosyl; DE, 2, 6-di-O-ethyl; TE, per-O-ethyl; TA, per-O-acetyl, TV,

per-O-valeryl; CME, O-carboxymethyl–O-ethyl; S, sulfate; SBE, sulfobutyl ether.
bMucosal; nasal, sublingual, ophthalmic, pulmonary, rectal, vaginal, etc.

Table 2. Marketed Pharmaceutical Products Containing CDs

Drugs Trade Name Formulation Company/Country

a-CD
Alprostadil (PGE) Prostavastin, Caverject, Edex Intravenous Ono/Japan, Pfizer/U.S. Schwarts/EU

Cefotiam hexetil HCI Pansporin T Tablet Takeda/Japan

Limaprost Opalmon Tablet Ono/Japan

b-CD
Benexate HCl Ulgut, Lonmiel Capsule Teikoku/Japan, Shionogi/Japan

Betahistidine Betahist Tablet Geno Pharmaceuticals/India

Cephalosporin Meiact Tablet Meiji Seikai/Japan

Cetirizine Cetirizine Chewing tablet Losan Pharma/Germany

Chlordiazepoxide Transillium Tablet Gador/Argentina

Dexamethasone Glymesason Ointment, tablet Fujinaga/Japan

Dextromethorphan Rynathisol Tablet Synthelabo/EU

Dinoprostone (PGE2) Prostarmon E Sublingual tablet Ono/Japan

Diphenhydramin,

chlortheophyllin

Stada-Travel Chewing tablet Stada/EU

Flunarizine Fluner Tablet Geno Pharmaceuticals/India

Garlic oil Xund, Tegra Dragée Bipharm, Hermes/EU

Iodine Mena-Gargle Solution Kyushin/Japan

Meloxicam Mobitil Tablet, suppository Medical Union Phamaceuticals/Egypt

Nicotine Nicorette Sublingual tablet Pfizer/EU

Nimesulide Nimedex, Mesulid Tablet Novartis/EU

Nitroglycerin Nitropen Sublingual tablet Nihon Kayakui/Japan

Omeprazole Omebeta Tablet Betafarm/EU

Piroxicam Brexin, Cicladol, Flogene Tablet, suppository Chiesi/EU, Ranbaxy/India, Aché/Brazil

Rofecoxib Rofizgel Tablet Wockhardt/India

Tiaprofenic acid Surgamyl Tablet Roussel-Maestrell/EU
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of dissociation being dependent on the magnitude of the

stability constants of the complex. This property is desir-

able because the complex dissociates to give free CD and

drug at the absorption site, and thus only drug in a free

form enters the systemic circulation. However, the inclu-

sion equilibrium is sometimes disadvantageous when drug

targeting is to be attempted, because the complex dissoci-

ates before it reaches the organ or tissues to which it is to

be delivered. Meanwhile, CDs interact only very slightly

with nucleic acid drugs such as plasmid DNA, antisense

DNA, decoy DNA, small interfering RNA (siRNA), and

micro-RNA (miRNA). Thus, CDs deliver nucleic acid

drugs into cells inefficiently. To overcome these problems,

a method used to prevent dissociation is to bind a drug or a

carrier covalently to CD. Therefore, the CD conjugate

approach can provide a versatile means of drug delivery.

That is, CD–drug conjugates have the potential to act as a

colon-targeting system of drugs, including a steroid

drug [25–27], nonsteroidal anti-inflammatory drugs

(NSAIDs) [28,29], and butyric acid [30]. Meanwhile,

CD–cationic polymer conjugatesmay be novel candidates for

nonviral vectors to enhance gene and siRNA transfer [31–36]

and bioconjugates of folic acid (FA) to b-CDs through a poly
(ethylene glycol) spacer (CD–PEG–FA) and to delivery drugs

totumorcells[17,18].Furthermore,wehavedemonstratedthat

polypseudorotaxanes of CDs with pegylated proteins can be

used as a sustained system of proteins [37,38]. Also, poly-

pseudorotaxanes ofCDswith PEGhavebeen reported towork

as sustained-release carriers forproteins,DNA,andRNA[39].

In this review,we introduceprimarily the safetyprofilesofCD;

CD derivatives, including Sugammadex; CD conjugates with

drugs and polymers; and polypseudorotaxanes containing

CDs.

2. SAFETY PROFILES OF CDs IN VITRO

2.1. Hemolysis

One of the most substantial requirements for drug carriers is

that they have either no or acceptably low levels of intrinsic

cytotoxicity. The hemolytic data are known to prove a simple

and reliable measure for the estimation of CD-induced

membrane damage or cytotoxicity, because the interaction

of CDswith plasmamembranesmust be the initial step in cell

damage. In contrast, CDs are well known to suppress hemo-

lysis induced by amphiphilic drugs such as phenothiazine

neuroleptics, flufenamic acid, imipramine, bile acids, and

DY-9760e through the inclusion complexation of drugs with

CDs, depending on themagnitude of the stability constants of

the complexes [40–45]. Actually, at first step CDs induce

morphological changes in erythrocytes followed by hemo-

lysis. Parent CDs at higher concentrations cause hemolysis of

human and rabbit erythrocytes in the order c-CD<a-CD<
b-CD in isotonic solution, and macrocyclic CDs over c-CD
have lower hemolytic activity than c-CD. The potencies of

CDs for solubilizing various components of erythrocytes

were a-CD greater than b-CD much greater than c-CD for

phospholipids, b-CD much greater than c-CD greater than

a-CD for cholesterol, and b-CD much greater than c-CD
greater than a-CD for proteins. It is of importance that the

Table 2. (Continued )

Drugs Trade Name Formulation Company/Country

c-CD
Minoxidil Alopexy Solution Pierre Fabre/lJK

Morphine Moraxen Suppository Schwarz/UK

Hydroxypropyl-b-CD
Cisapride Propulsid Suppository Janssen/EU

Hydrocortisone Dexocort Solution Actavis/EU

Indomethacin Indocid Eyedrops Chauvin/EU

Itraconazole Sporanox Oral, intravenous Janssen/EU, U.S., Japan

Mitomycin MitoExtra, Mitozytrex Intravenous Novartis/EU, SuperGen/U.S.

Hydraxypropyl-c-CD
Dicrofenac sodium Voltaren optha Eyedrops Novartis/EU

Tc-99m teoboroxime CardioTec Intravenous solution Bracco/U.S.

Aripiprazole Abilify intramuscular solution Bristol-Myers Squibb/U.S.,

Otsuka Pharm/Japan, U.S.

Sutfobutyl ether-b-CD
Maropitant Cerenia Parenteral solution Pfizer AnimaI Health/U.S.

Voliconazole Vfend Intravenous solution Pfizer/U.S., EU, Japan

Ziprasidone mesylate Geodon, Zeldox intramuscular solution Pfizer/Europe, U.S.

Methyl b-CD
Chloramphenicol Clorocil Eyedrops Oftalder/EU

17b-Estradiol Aerodiol Nasal spray Servier/EU
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foregoing processes occurred without entry of the solubilizer

into the membrane, since (1) [14C]b-CD did not bind to

erythrocytes and (2) CDs did not enter the cholesterol

monolayer [46]. A study of [3H]cholesterol transport be-

tween erythrocytes indicated that b-CD extracted this lipid

from membrane into a new compartment located in the

aqueous phase which could equilibrate rapidly with addi-

tional erythrocytes. Therefore, the effects of CDs differ from

those of detergents, which first incorporate themselves into

membranes, then extract membrane components into supra-

molecular micelles [46]. Interestingly, per(6-deoxy)b-CD,
which is removed from an internal crown consisting of six

primary alcohol groups, formed no complex with membrane

components but interacted with the surface of themembrane,

suggesting the different hemolytic mechanism of per(6-

deoxy)b-CD from that of b-CD [47]. Figure 2 shows the

hemolysis curves of hydrophilic b-CD derivatives on rabbit

erythrocytes. Of various b-CD derivatives, methylated CD

derivatives have strong hemolytic activity. Hemolytic activ-

ity of hydrophobic CDs cannot be shown here because of low

solubility in aqueous solution and buffer. In the series of

a-CDs, the hemolytic activity increased in the order hydro-

xypropyl-a-CD (HP-a-CD)<a-CD< 2,6-di-O-methyl-

a-CD (DM-a-CD). Similarly, in the b-CD series, the activity

increased in the order polysulfated CD ’ b-CD sulfate (S-

b-CD) ’ 2,6-di-O-methyl-3-O-acetyl-b-CD, having a de-

gree of substitution of an acetyl group of 7 (DMA7-b-CD)
< SBE7-b-CD< dihydroxypropyl-b-CD (DHP-b-CD) ’
hydroxyethyl-b-CD (HE-b-CD)� 6-O-a-D-di-maltosyl-CD

[(G2)2-b-CD] � 6-O-a-D-maltosyl-CD (G2-b-CD) � 6-O-

a-D-glucosyl-CD (G1-b-CD) � 3-hydroxypropyl-b-CD (3-

HP-b-CD) � HP-b-CD< b-CD<methyl-b-CD (M-b-CD)
� 2,3,6-tri-O-methyl-b-CD (TM-b-CD)< 2,6-di-O-methyl-

b-CD (DM-b-CD) [48–53]. Additionally, the hemolytic

activities of heterogeneous and homogeneous branched CDs

were lower than those of each parent nonbranched CD, and

the hemolytic activity became weaker in the order non-

branched CD> 6-O-a-D-mannosyl-CD>G1-b-CD> 6-O-

a-D-galactosyl-CD in each series of a-, b-, and c-CDs [54].
Furthermore, the hemolytic activity of 6(1),6(3),6(5)-tri-O-

a-maltosyl-CD and 6(I),6(n)-di-O-(b-L-fucopyranosyl)-CD
was lower than b-CD [16,55]. Also, Attioui et al. [56]

reported that the substitutions of the b-CD ring by sugar

antennas reduced the undesirable physicochemical proper-

ties of the b-CD (i.e., their hemolytic activities). In the

series of c-CD derivatives, the activity increased in the order

HP-c-CD< c-CD<TM-c-CD, but not enough data from

the c-CD series have yet been reported [49]. Taken together,

any methylated CDs have the strongest hemolytic activity.

It is evident that these differences are ascribed to the

differential solubilization effects of membrane components

by each CD rather than their intrinsic solubility or surface

activity [49,57].

The pattern of morphological changes in erythrocytes

induced by CDs may provide crucial information regarding

the cytotoxicity of CDs. Two types ofmorphological changes

are well known: stomatocyte and echinocyte formations.

Under physiological conditions, erythrocytes show disco-

cyte, but erythrocytes change to either stomatocyte or echi-

nocyte through various stimulations. Figure 3 shows the

proposed mechanism of morphological changes in erythro-

cytes induced by methylated CDs. DM-a-CD-induced mor-

phological changes in rabbit erythrocytes from discocyte to

stomatocyte [50], while M-b-CD and DM-b-CD induced

changes from discocyte to echinocyte, indicating the totally

different morphological types, depending on the cavity sizes

of CDs [51]. It is likely that these differences can be ascribed

to the distinct interaction mode between CDs and membrane

components.

To gain insight into themechanism bywhich CDs induced

the differential morphological changes, we envisaged that

CDs interact with different lipid rafts, depending on the

cavity size of the CDs. Lipid rafts are characterized by their

insolubility in nonionic detergents such as Triton X-100 at

4�C, and are microdomains in the cell membranes, which

contain cholesterol, glycolipids, and sphingomyelin. Caveo-

lae are relatively stable because caveolin, an integral protein,

supports the structure. On the other hand, lipid rafts are

considered to be unstable and dynamically produced and

degraded. Recent studies have reported that lipid rafts con-

tain many signaling molecules, such as GPI-anchored pro-

teins, acylated proteins, G-protein-coupled receptors, and

trimeric and small G-proteins and their effectors, suggesting

that the lipid rafts have an important role in receptor-medi-

ated signal transduction [58]. Interestingly, lipid rafts on cell

membranes have heterogeneity such as cholesterol-rich mi-

crodomains and sphingolipid-rich microdomains [51,59].

Considering the findings, we envisaged the following
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Figure 2. Hemolytic curves of hydrophilic b-CDs on rabbit ery-

throcytes in 0.1M phosphate buffer solution (pH 7.4) at 37�C.*,

b-CD; ., DM-b-CD; &, G2-b-CD; ~, HP-b-CD (DS 4.8); ^, M-

b-CD;&, SBE-b-CD (DS 6.3);^, DMA-b-CD (DS 7.0);!, GUG-

b-CD. Each point represents the mean� S.E. of three to seven

experiments.
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mechanism for the different morphological changes induced

by methylated CDs. The morphological changes induced by

DM-a-CD may be due to extraction of sphingolipids from

sphingolipid-rich lipid rafts of erythrocytemembranes, while

those induced by M-b-CD and DM-b-CD may be due to the

extraction of both cholesterol and proteins from cholesterol-

rich lipid rafts of erythrocyte membranes. This hypothesis

may be supported by the following findings. Fauvelle

et al. [60] reported that the interaction of CDs with the lipid

components of erythrocyte membranes is the determining

factor in the hemolysis induced by these cyclic oligosacchar-

ides, and a-CD has the strongest affinity with phosphatidy-

linositol among membrane lipids. In addition, we reported

that there is a positive correlation between the hemolytic

activity of several CDs and their capacity to solubilize

cholesterol, which acts as the main rigidifier in a lipid

bilayer [49]. Furthermore, M-b-CD is well known to be not

only a cholesterol-depleting agent but also a lipid raft–

disrupting agent. Collectively, CDs, especially methylated

CDs, act on lipid rafts of plasma membrane in a different

mode, depending on the cavity sizes of CDs.

2.2. Cytotoxicity

A cell culture system is very useful in evaluating the safety

profile of drugs and excipients. Recently, the effects of CDs

not only on eukaryotic cells but also on prokaryotic cells have

also been studied using a cell culture system of eukaryotic

DM-αα-CyD M-β-CyD

sphingomyelincholesterol

DM-β-CyD

Extraction of 
phospholipids

Lipid rafts (cholesterol rich) 

Extraction of 
cholesterol and 
phospholipids

phosphatidylcholine
phosphatidylserine

Extraction of 
cholesterol

Lipid rafts (sphingolipids rich) 

cholesterol

Stomatocyte Echinocyte

Figure 3. Mechanism proposed for morphological changes in red blood cells induced by methylated

CDs. (See insert for color representation of the figure.)
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cells. Evidently, CDs are known to induce not only hemolysis

but also cytotoxicity at high concentrations. Generally, cy-

totoxic activity of CDs increased in the order c-CD< b-
CD<a-CD. For example, in an in vitro model of the blood–

brain barrier (BBB), the cytotoxicity of native CDs increased

in the order c-CD< b-CD<a-CD. Here a-CD removed

phospholipids and b-CD extracted phospholipids and cho-

lesterol, and c-CD was less lipid selective than the other

CDs [61]. Thus, the magnitude of the cytotoxicity of parent

CDs is inconsistent with the order of magnitude of hemolytic

activity. This difference could be ascribed to the differential

cholesterol content because the content of cholesterol in

erythrocytes is markedly higher than in other cells. Methyl-

ated CDs induced cell death in various cells, but HP-CDs or

SBE7-b-CD did not, being proportional to the magnitude of

the hemolytic activity of each CD. Figure 4 shows the

cytotoxicity of CDs and Tween 20 in Caco-2 cells and

vinblastin-resistant Caco-2 (Caco-2R) cells by the WST-1

method. As the tentative measure of cytotoxicity, a typical

nonionic surfactant Tween 20 was used as a positive control,

which induced almost complete cell death even at 2mM.

Methylated CDs at concentrations higher than 25mM

Figure 4. Cytotoxicity of CDs and Tween 20 in Caco-2 (A) and Caco-2R (B) cells in HBSS at 37�C.
These Caco-2 cells were washed three times with HBSS (pH 7.4) and then incubated for 60min with

100mL of HBSS containing CDs (*, DM-a-CD;., DM-b-CD;~, M-b-CD;~, HP-a-CD; &, HP-

b-CD;&, HP-c-CD;!, SBE4-b-CD;!, SBE7-b-CD) and Tween 20 (}) at various concentrations at

37�C. After three washes with HBSS to remove CDs and Tween 20 again, cell viability was assayed

using the WST-1 method. Each point represents the mean� S.E. of six experiments.
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provide cytotoxicity, the cytotoxic effects of which were

weaker than those of Tween 20. In contrast to methylated

CDs, other CDs were fairly bioadaptable even at higher

concentrations [62]. Similarly, higher cytotoxic activity in

methylated CDs than in parent CDs and other CD derivatives

can be demonstrated in other cells, such as TR146 and PC-12

cells [63–65]. Most recently, we reported a mechanism for

cell death induced by methylated CDs: DM-b-CD and TM-

b-CD causedmarked apoptosis in NR8383, A549, and Jurkat

cells, through cholesterol depletion in cell membranes [66].

Interestingly, cell death induced byDM-b-CD and TM-b-CD
was found to be apoptosis, resulting from inhibition of the

activation of the PI3K-Akt-Bad pathway (Fig. 5). In sharp

contrast, DM-a-CD induced cell death in a nonapoptotic

mechanism, probably a necrosis [66]. A similar finding

regarding cell death induced by methylated CDs was re-

ported by Ulloth et al. [67] and Hipler et al. [68]. That is,

nerve growth factor–differentiated PC12 cells exposed to

0.25% M-b-CD died via apoptosis [67]. Also, M-b-CD
triggers the activity of the effectors caspase-3 and cas-

pase-7 in HaCaT keratinocytes, indicating an apoptotic cell

death [68]. From the findings described above, we presumed

that the apoptosis and necrosis induced by CDs may be

attributed to a different interaction of methylated CDs with

cholesterol-rich lipid rafts than with sphingolipid-rich lipid

rafts, respectively. Collectively, these findings suggest that

similar to erythrocytes, lipid rafts on the plasmamembrane of

cells would be involved in cell death and cellular function. In

fact, thewidespread use ofM-b-CD has been made to disrupt

the function of caveolae and lipid rafts (e.g., aelolysin

oligomerization) [69,70]; Ca2þ mobilization leading to

airway smooth muscle contraction induced by submaximal

concentrations of acetylcholine [71]; oxidative stress–

induced signal transduction in human renal proximal tubule

cells [72]; the relationship between CD36 function, nitric

oxide synthase activation, caveolae integrity, and blood

Figure 5. Mechanism proposed for apoptosis induced by DM-b-CD.
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pressure regulation [73]; neurological symptoms and liver

cholesterol storage [74]; invasion and metastatic poten-

tials [75]; and atherogenesis [76].

However, it is clear that the magnitude of cytotoxicity of

CDs depends on the experimental conditions (i.e., the cell

type and CD concentrations and incubation time with CDs).

For example, the toxicity of RM-b-CD on buccal mucosa

using a reconstituted human oral epithelium model com-

posed of TR146 cells is concentration dependent. In fact,

10% RM-b-CD shows cytotoxic and inflammatory effects

depending on time exposure, whereas 2% and 5%RM-b-CD
do not induce tissue damage even after 5 days of repeated

exposure. Consequently, the highly water-soluble RM-b-CD
is thought to be a safe candidate as an excipient for buccal

mucosal drug delivery [64]. Meanwhile, branched CDs and

anionic CDs show low hemolytic activity and cytotoxicity.

Ono et al. [63] reported that the cytotoxicity of CDs at the

same concentration increased in the order c-CD<G2-b-CD
<G2-a-CD<<a-CD in Caco-2 cells. In addition, SBE7-

b-CD and DMA7-b-CD show no cytotoxicity up to a con-

centration of 10mMof the CD inRAW264.7 cells [77]. Also,

Kiss et al. [65] demonstrated that in HeLa cells the cytotox-

icity decreased in the order DM-b-CD>TM-b-CD> or¼
RM-b-CD> (2-hydroxy-3-N,N,N-trimethylamino)propyl-

b-CD> carboxymethyl-b-CD (CM-b-CD) [degree of sub-

stitution (DS)¼ 3.5], and that the cationic quaternary amino-

b-CD was less toxic than the methylated CDs. Most of the

second-generation CD derivatives, which a contain ionic

substituent in addition to the methyl groups, show less

cytotoxicity than do the parent compounds.

Importantly, CDs change the membrane permeability of

drugs, nutrition, and ions, mediated by transporters or not

without cytotoxicity. Totterman et al. [78] reported that

exposure to HP-b-CD and SBE-b-CD solutions had only

minor effects on the integrity of Caco-2 cell monolayers. In

contrast, DM-b-CD clearly increased the epithelial perme-

ability for the hydrophilic marker [14C]mannitol across

Caco-2 monolayers, decreased transepithelial electrical

resistance (TEER), and showed a dose-dependent cytotox-

icity. Histological observations revealed that DM-b-CD
increased the permeability of the apical cell membrane

without discernible effects on cytoskeletal actin. Thus,

HP-b-CD and SBE-b-CD appear to be safer additives for

use in enteral spironolactone preparations with respect to

their acute local effects on epithelial integrity [78]. Inter-

estingly, hydrophilic CDs may increase the permeability of

nucleic acid drugs. Zhao et al. [79] reported that HP-b-CD,
HE-b-CD, and a mixture of various HP-b-CDs (e.g., En-

capsin) increased in phosphorothioate oligodeoxynucleo-

tide uptake up to two- to threefold in 48 h. Under the

experimental conditions, CD itself was not toxic at the

concentration used. These studies suggest that CDs and

their analogs might be used successfully as carriers for

hydrophilic drugs and oligonucleotides.

In cancer chemotherapy the side effects of antineoplastic

agents and drug resistance are major problems, so new ideas

and methodologies have been developed. Two major ideas

utilizing CDs for improvement of cancer therapy will be

introduced: (1) the enhancing effects of CDs on anticancer

drugs through an increase inmembrane permeability, and (2)

the inhibitory effects of CDs on efflux transporters such

as P-glycoprotein (P-Gp). Regarding the first idea, when

M-b-CD was used at 500 and 1000 mM in combination with

doxorubicin (DOX), M-b-CD significantly potentiated the

activity of DOX on both sensitive and multidrug-resistant

cell lines (HL-60 S and HL-60 R); 50% growth-inhibitory

(IC50) ratios (IC50M-b-CD-DOX/IC50 DOX) were about

3 : 4 and 1.6 : 4 for HL-60 S and HL-60 R, respectively.

Similar results were obtained using other paired MCF 7

sensitive and resistant cell lines. These data provide a basis

for the potential therapeutic application ofM-b-CD in cancer

therapy [80]. Additionally, the increase in cytotoxicity of

camptothecin (CPT) in the presence of CDs has been dem-

onstrated through an increase in its stability [81]. Regarding

the second idea, CDs increase the membrane permeability of

drugs through the inhibition of efflux transporters. Figure 6

shows a scheme for a possible inhibitory mechanism of DM-

b-CD on P-Gp andmultidrug resistance–associated protein 2

(MRP2) in Caco-2 cell monolayers. In both Caco-2 as well as

vinblastine-resistant Caco-2 (Caco-2R) cell monolayers,

pretreatment of the apical membranes of the monolayers

with DM-b-CD decreased the efflux of tacrolimus and

rhodamine 123 without any associated cytotoxicity. DM-

b-CD decreased the P-Gp level in the apical membranes of

both Caco-2 and Caco-2R cell monolayers, probably by

allowing the release of P-Gp from the apical membrane into

the medium buffer. Under the experimental conditions, DM-

b-CD, however, did not decrease MDR1 gene expression in

Caco-2 or Caco-2R cells [62]. Additionally, DM-b-CD was

found to impair significantly the efflux activity not only of P-

Gp but also of multidrug resistance–associated protein 2

(MRP2). Interestingly, DM-b-CD released P-Gp and MRP2

from the monolayers into the apical side medium buffer and

decreased the contents of cholesterol as well as P-Gp and

MRP2 in caveolae of Caco-2 cell monolayers, but not caveo-

lin and flotillin-1, without cytotoxicity. Therefore, these

results suggest that the inhibitory effect of DM-b-CD on P-

Gp andMRP2 function, at least in part, could be attributed to

the release of these transporters from the apical membranes

into the medium as secondary effects through cholesterol

depletion in caveolae after treatment of Caco-2 cell mono-

layers with DM-b-CD [82]. The similar results were reported

by Fenyvesi et al. [83]; P-Gp inhibition by CD treatments

arises throughmodulationof itsmembranemicroenvironment

rather than as a result of concomitant cytotoxicity.

As described above, CDs, especially methylated CDs,

inhibit the function of efflux transporters. These lines of

evidencemake it tempting to speculate that theseCDs change
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the other transports and/or channels. For example, localiza-

tion of cardiac L-type Ca2þ channels to a caveolar macro-

molecular signaling complex is required for b2-adrenergic
regulation [84]. Also, the inhibitory effects of CDs on N-

methyl-D-aspartic acid (NMDA) receptor resulted in neuro-

protection of cortical neuronal cultures against ischemic and

exitotoxic insults. Since cholesterol-richmembrane domains

exist in neuronal postsynaptic densities, these results imply

that synaptic NMDA receptor subpopulations underlie ex-

citotoxicity, which can be targeted by CDs without affecting

overall neuronal Ca2þ levels [85]. Additionally, M-b-CD
added apically to mouse cortical collecting duct [(MPK)

CCD(14)] cells resulted in a slow decline in amiloride-

sensitive sodium transport with short-circuit current reduc-

tions of 38.1� 9.6% after 60min, suggesting that M-b-CD
inhibits the epithelial sodium channel in lipid rafts [86].

Moreover, DM-b-CD, TM-b-CD, and M-b-CD inhibited the

function of peptide transporter 1 (PepT-1), L-type amino acid

transporter 1 (LAT-1), and sodium-coupled glucose co-trans-

porter (SGLT-1) in Caco-2 and Coco-2R cells. On the

contrary, a few reports demonstrated that CDs can no longer

increase the permeability of drugs. Ahsan et al. [87] reported

that addition of [125I]insulin to the apical side of 16HBE14o�

cells in the absence or presence of 1% DM-b-CD resulted in

little or no [125I]insulinmovement to the basolateral chamber

or degradation in the apical chamber, suggesting that DM-

b-CD is not sufficient to stimulate transepithelial insulin

movement. Monnaert et al. [88] demonstrated that in an

in vitro model of the BBB, endothelial permeability of DOX

was relatively low, and addition of c-CD or HP-c-CD, up to

15 and 35mM, respectively, decreased the DOX delivery,

probably due to the low complex penetration across the BBB

and the decrease in free DOX concentration. Additionally,

higher CD concentrations increased the DOX delivery to the

brain, but this effect is due to a loss of BBB integrity. Hence,

CDs are not able to increase the delivery of DOX across our

in vitro model of BBB. Taken together, the effects of CDs on

themembrane permeability of drugsmay depend on cell types

and CD concentrations, so further investigation is required.

Considering the safety profile of CDs, the effects of CDs

on immune response andmicroorganisms should be clarified.

There are several reports regarding the effects of CDs on

Figure 6. Scheme for possible inhibitorymechanism ofDM-b-CD on P-Gp andMRP2 in Caco-2 cell

monolayers.
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prokaryotic cells. For example, Bar et al. [89] demonstrated

that CDs provided the bacterial toxicity and Zhang et al. [90]

reported that growth of alkaliphilic Bacillus halodurans

C-125 both on agar plates and in liquid culture was inhibited

by M-b-CD and a-CD. In sharp contrast, the inhibition was

not observed with gram-negative and gram-positive bacteria

except for Bacillus strains through disruption of cell mem-

branes by M-b-CD. On the other hand, the presence of b-CD
derivatives resulted in a fourfold increment of the transfor-

mation rate for in-house cells. Since CDs have little or no

effect on DNA uptake by noncompetent cells or no interac-

tions between CDs and DNA-like molecules, the effects of

CDs should be related to interaction with the bacterial cell

wall [91]. Also, M-b-CDs have been shown to enhance sterol
conversion to 4-androstene-3,17-dione (AD) and 1,4-andros-

tadiene-3,17-dione (ADD) by growing Mycobacterium

supernatants [92].

It is well known that various toxins exhibit toxic activity in

lipid rafts on plasma membrane of eukaryotic cells. CDs

interact with both bacterial toxins and bacteria and suppress

their toxin activity in most cases. M-b-CD reduced the

cytotoxicity of Clostridium septicum a-toxin through inhi-

bition of its oligomerization [93], and M-b-CD suppressed

the binding and internalization of Clostridium perfringens

i-toxin in lipid rafts [94]. Several amino acid derivatives of

b-CD inhibit the activity of S. aureus a-hemolysin and B.

anthraces lethal toxin in cell-based assays at lowmicromolar

concentrations [95]. Moreover, many toxins and bacteria are

associated with lipid rafts: Clostridium difficile toxin A [96],

Clostridium perfringens e-toxin [97], Cry1A toxin [98],

Actinobacillus actinomycetemcomitans cytolethal-distend-

ing toxin [99], Shigella [100], BK virus [101], P. aeruginosa

[102], and uropathogenic Escherichia coli [103]. In fact,

Helicobacter pylori vacuolating toxin, which is associated

with lipid rafts, should be inhibited by the addition of M-

b-CD [104,105]. Therefore, M-b-CD should affect the

activity of the toxin through disrupting lipid raft structure.

However, it should be noted that M-b-CD enhances the

activity of Botulinum neurotoxin serotype A (BoNT/A), one

of seven serotypes of botulinum neurotoxin [106]. To develop

potent antianthrax drugs, CD-based inhibitors of anthrax

toxins were searched. As a result, per-6-(3-aminopro-

pylthio)-b-CD interacts strongly with the protective antigen

(PA) pore lumen, blocking PA-induced transport at subna-

nomolar concentrations and completely protecting the highly

susceptible Fischer F344 rats from lethal toxin [107,108].

Also, per-6-(3-aminopropylthio)-b-CD was shown to inhibit

the toxicity of lethal factor (LF) in vitro and in vivo. Taken

together, these data suggest the potential usefulness of per-6-

(3-aminopropylthio)-b-CD in combination with a catalytical-

ly inactive fragment of LF-decorated liposomes loaded with

the fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonic acid

and antianthrax drugs against intracellular targets [109].

CDs affect Toll-like receptor (TLR) activity. Innate im-

mune receptors are promising targets to regulate the complex

cascade that will lead to cytokine production [110]. These

receptors recognize not only pathogenic but also endogenous

ligands through their molecular pattern and then use several

signaling pathways to alter gene expression. TLRs are a

family of innate immune-recognition receptors that recog-

nize molecular patterns associated with microbial pathogens

and induce antimicrobial immune responses [111]. At least

11 TLRs have been identified in the mammalian genome and

are classified by the ligands that initially activate TLR-

dependent signaling, including highly conserved pathogen

proteins, cell wall components, and nucleic acids [112]. CDs

may inhibit TLR signaling in a different mechanism. We

demonstrated that DM-a-CD inhibited excess activation of

macrophages stimulated with LPS (TLR4 ligand) and poly

I : C (TLR3 ligand), but not CpG DNA (TLR9 signaling), by

which DM-a-CD acted to lipid rafts, possibly sphingolipid-

rich lipid rafts (Fig. 7) [113]. In contrast, DMA7-b-CD had

Figure 7. Inhibitory mechanism proposed for LPS binding to LPS receptors by DM-a-CD and

DMA7-b-CD.
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greater inhibitory activity than other CDs against the pro-

duction of nitric oxide (NO) and various proinflammatory

cytokines, including TNF-a in murine macrophages stimu-

lated with two serotypes of LPS and lipid A through com-

plexation with LPS, resulting in suppression of the binding of

LPS to an LPS receptor on macrophages (Fig. 7). Thus,

DMA7-b-CD may have promise as a new therapeutic agent

for endotoxin shock induced by LPS [114].

CDs can be useful as amedium component for cell culture

and remediation of pollution. For example, DM-b-CD en-

hanced pertussis toxin production 100 times more in syn-

thetic media, such as Stainer–Scholte medium, than in DM-

b-CD-free medium in 2-day shake cultures [115]. In addi-

tion, growth medium containing CDs and a low concentra-

tion of horse serum for cultivation of H. pylori [116], and

Brucella broth supplemented with CDs is an improved

medium for bacterial culture and industrial production of

H. pylori antigens [117]. Also, the use of HP-CDs in the

remediation of environmental pollution has been

attempted [118].

3. IN VIVO SAFETY PROFILE OF CDs

b-CD and other CDs have utility for solubilizing and stabi-

lizing drugs, however, some are nephrotoxic when admin-

istered parenterally. A number of workers have attempted to

identify, prepare, and evaluate various CD derivatives with

superior inclusion complexation and maximal in vivo safety

for various biomedical uses. A systematic study led to SBE7-

b-CD and HP-b-CD. SBE7-b-CD and HP-b-CD have un-

dergone extensive safety studies and are currently used in six

products approved by the U.S. Food and Drug Administra-

tion (four for SBE7-b-CD and two for HP-b-CD). They are

also in use in numerous clinical and preclinical studies.

SBE7-b-CD interacts very well with neutral drugs to facil-

itate solubility and chemical stability, and because of its

polyanionic nature, it interacts particularlywell with cationic

drugs. Complexes between SBE7-b-CD and HP-b-CD and

various drugs have been shown to dissociate rapidly after

parenteral drug administration, to have no tissue-irritating

effects after intramuscular dosing, and to result in superior

oral bioavailability of poorly water-soluble drugs. In addi-

tion, SBE7-b-CD and HP-b-CD arewell tolerated in humans

and have no adverse effects on the kidneys or other organs

following either oral or intravenous administration [119].

Excellent reviews on safety profiles of HP-b-CD and SBE7-

b-CD are available [5,9,119,120].

3.1. Parenteral Route

In a parenteral route, muscle tissue damage study has fre-

quently been used to evaluate local irritation of drugs and

excipients. When the muscle tissue damage after the

intramuscular injection (100mg/mL) of hydrophilic CDs

into the M. vastus lateralis of rabbits was compared with

that of mannitol and nonionic surfactants, a-CD and DM-

b-CD showed a relatively high irritation reaction, the degree

of which corresponded to that of Tween 80. On the other

hand, G2-b-CD, HP-b-CD, SBE-b-CD, DMA-b-CD, and S-

b-CD showed no or only slight irritation reaction, the degree

of which was comparable to those of c-CD, mannitol, and

HCO-60 [121]. Meanwhile, the most critical issues of the

parent CDs for parenteral use are their toxic effect on the

kidneys, which is the main organ for the excretion of CDs

from systemic circulation and for concentrating CDs in the

proximal convoluted tubule after glomerular filtration. The

nephrotoxicity of a- and b-CDs is manifested as a series of

alterations in the vacuolar organelles of the proximal tu-

bule [122]. For acute intravenous administration, c-CD is

safer thana- andb-CDs; that is, the intravenous doses that are
lethal to 50% of population (LD50 values) are 1000, 788, and

>3750mg/kg for a-, b- and c-CDs, respectively, in rats.

Meanwhile, subcutaneous injection of b-CD increased the

number and size of renal tubular cell tumors in inbredWistar

rats treated with 1000 ppm of N-ethyl-N-hydroxyethylnitro-

samine (EHEN). The incidence of renal tumors at the end of

the 32-week experiment was 50% in rats treated with

1000 ppm EHEN for 2 weeks and 100% in rats treated with

1000 ppm EHEN for 2 weeks and then given daily subcuta-

neous injections of b-CD for 1week. The incidence of renal

tumors more than 3mm in diameter was 70% in rats treated

with 1000 ppm EHEN before b-CD, but 0% in rats treated

with EHEN alone. In addition, b-CD promoted the devel-

opment of renal tumors in rats treated with 500 ppm EHEN,

which is a subthreshold dose for renal tubular cell tumori-

genesis. These results show that b-CD promotes EHEN-

induced renal tubular cell tumorigenesis [123].

In an attempt to alleviate these properties of parent CDs,

various CD derivatives have been developed. Among various

CD derivatives, HP-b-CD and SBE7-b-CD can be used for

solubilizing excipients. Gould and Scott [120] reviewed the

toxicity of HP-b-CD, using both literature information and

novel data, and presented new information. That is, HP-b-CD
is well tolerated in the animal species tested (rats, mice, and

dogs), particularlywhen dosed orally, and shows only limited

toxicity. When dosed intravenously, histopathological

changes were seen in the lungs, liver, and kidney, but all

findings were reversible and no effect levels were achieved.

The carcinogenicity studies showed an increase in tumors in

rats in the pancreas and intestines, which are both considered

to be rat specific. No noncarcinogenic changes were noted in

the urinary tract, but these changes were also reversible and

did not impair renal function. There were no effects on

embryo–fetal development in either rats or rabbits. Most

important, HP-b-CD has been shown to be well tolerated in

humans, the main adverse event being diarrhea, and no

adverse events on kidney function have been documented
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to date [120]. Meanwhile, the sulfoalkyl ether-CD (SAE-

b-CD) derivatives did not produce mortality in mice

following intraperitoneal injection at doses exceeding

5.45mmol/kg. No significant histological lesions were ob-

served in the kidney tissue of mice receiving the CD deri-

vatives. The SAE-b-CD derivatives were excreted faster and

to a greater extent than were b-CD derivatives, and at rates

comparable to those for HP-b-CD. The hemolytic potential

of these derivatives was less than that of b-CD and compa-

rable to or better than that of HP-b-CD. The SAE-b-CD
derivatives did not increase APTT clotting times, indicating

that these derivatives have no significant anticoagulant ac-

tivity. The toxicological profile of these derivatives suggests

that these molecules may have applications as biologically

safe b-CD derivatives [124]. The intravenous application of

SBE7-b-CD complex with drugs is known well: voricona-

zole [125], etomidate [126], maropitant, and ziprasidone

mesylate [127]. Among methylated CDs, DMA7-b-CD can

be used parenterally. Simultaneous administration ofDMA7-

b-CD at a dose of approximately 4 g/kg not only intraper-

itoneally but also intravenously, and intraperitoneal injection

of aqueous solution containing LPS (50 ng) and D-galactos-

amine (1.25 g/kg) in murine endotoxin shock model sup-

pressed fatality. Also, DMA7-b-CD decreased the blood

level of TNFa as well as serum levels of aspartate transam-

inase (AST) and alanine transaminase (ALT) in mice. Thus,

DMA7-b-CD may have promise as a new therapeutic agent

for endotoxin shock induced by LPS [114]. Other routes,

except intravenous application of CD derivatives, are well

known. HP-b-CD increases the solubility of molecules by

inclusion of the agent in the lipophilic interior of the ring.

This property is of particular use for the administration of

molecules by the intracerebral or intrathecal routes, indicat-

ing the utility of complexation with HP-b-CD for intracere-

bral drug delivery and compatibility with brain and spinal

tissue [128].

Recently, various hydrophilic and ionizable CD deriva-

tives have been prepared and evaluated for practical use in

various fields. Per(3,6-anhydro-2-O-carboxymethyl)-a-CD
is a polydentate analog of EDTA, a well-known cation

chelating reagent, is not hemolytic, and exhibits no lethal

properties in mice (LD50¼ 42mM). In vivo injection at

supralethal amounts of uranyl complex of this CD prevents

immediate death in mice but is unable to protect against later

death [129].

Sugammadex (designationOrg25969, Bridion, Fig. 8) is a

novel agent for reversal of neuromuscular blockade by the

agent rocuronium in general anesthesia and is the first

selective relaxant binding agent (SRBA) [130]. Interestingly,

the intravenous administration of sugammadex creates a

concentration gradient favoring the movement of rocuro-

nium molecules from the neuromuscular junction back into

the plasma, which results in a fast recovery of neuromuscular

function. Sugammadex is biologically inactive, does not bind

to plasma proteins, and appears to be safe and well tolerated.

Additionally, it has no effect on acetylcholinesterase or any

receptor system in the body. The efficacy of the compound as

an antagonist does not appear to rely on renal excretion of the

CD–relaxant complex. Human and animal studies have dem-

onstrated that sugammadex can reverse very deep neuromus-

cular blockade induced by rocuroniumwithout muscle weak-

ness [130]. Actually, when sugammadex 2.0mg/kg was

administered by intravenous bolus injection in patients,

mean recovery time was 1.8min after both propofol and

sevoflurane anesthesia, and the 95% confidence interval for

the difference in recovery time between the two groups was

wellwithin thepredefinedequivalence interval, indicating that

recovery from the neuromuscular blockadewas unaffected by

maintenanceanesthesia. Importantly, therewereno treatment-

related serious adverse events and no discontinuations or

deaths and no residual paralysis occurred. Also, sugammadex

provides a rapid and dose-dependent reversal of profound

neuromuscular blockade induced by high-dose rocuronium

(1.0 or 1.2mg/kg) in adult surgical patients [131–134].

3.2. Oral Route

Since the data available suggest that CDs given orally are not

absorbed intact and the products of whatever limited diges-

tion that may take place are probably single and multiple

units of glucose, all CDs are likely to be safe when taken

orally. Table 3 summarizes the results of a global safety

assessment of parent CDs for food applications. As shown in

the table, a- and c-CD are not specified, but b-CD is

specified. a-CD does not pose a safety concern at the

proposed use levels and resulting predicted consumption as

a food ingredient and food additive. The acceptable daily

intake (ADI) established in 2001 specified a-CD for use as a

carrier and stabilizer for flavors, colors, and sweeteners; as a

water solubilizer for fatty acids and certain vitamins; as a

flavor modifier in soya milk; and as an absorbent in

Figure 8. Structure of sugammadex.
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confectionery (Table 3). For example, the toxicity of a-CD
was examined in a 4-week range finding study and a 13-week

oral toxicity study in rats. As a result, the ingestion of a-CD
for 13 weeks at dietary levels of up to 20% (corresponding to

intakes of 12.6 and 13.9 g/kg bodyweight per day inmale and

female rats, respectively) did not produce any signs of

toxicity or adverse effects [135]. In addition, when a-CD
was fed at dietary concentrations of 0, 1.5, 5, 10, or 20% to

groups of 25 pregnant female rats from day 0 to 21 of

gestation in Wistar Crl : (WI)WU BR rats, no adverse effects

were observed at a-CD intakes of up to 20% of the diet, the

highest dose level tested at which the rats consumed about

13 g/kg body weight per day [136]. Similar results of a-CD
were observed in New Zealand White rabbits [137]. How-

ever, dietary a-CD lowers low-density lipoprotein choles-

terol and alters plasma fatty acid profile in low-density

lipoprotein receptor knockout mice on a high-fat diet.

It should be noted that the story ofb-CD is totally different

from that of a-CD. The ADI of b-CD is now set at 0 to 5mg/

kg body weight (i.e., 0 to 0.3 g/60 kg). The oral LD50 values

forb-CD are reported to be>12.5, 18.8, and 5 kg/kg formice,

rats, and dogs, respectively [138]. No significant toxic effects

were observed in rats fed a 10% b-CD diet for 90 days [49]. A

52-week toxicity study by dietary administration in Spra-

gue–Dawley rats and in pure-bred beagle dogs with b-CD
showed no pathological evidence of systemic toxicity, al-

though there were minor changes in urinalysis and biochem-

ical parameters and a slightly higher incidence of liquid

faces, but these changes were considered to be of no toxi-

cological importance. As a result, the nontoxic effect level

was 12,500 ppm in the rat (equivalent to 654 or 864mg/kg per

day formales or females, respectively) and 50,000 ppm in the

dog (equivalent to 1831 or 1967mg/kg per day for males or

females, respectively) [139]. When groups of 50 males and

50 females of in Fischer 344 (F344) rats were given b-CD in

their diet at concentrations of 0 (control), 2.5, or 5% for 104

weeks, dose-dependent inhibitory effects of b-CD on growth

were observed in both sexes of the groups treated. The

survival rates, mean survival times, and range, however,

demonstrated no significant differences between the control

and treated groups. A variety of tumors developed in all

groups, including the control group, but all the neoplastic

lesions were histologically similar to those known to occur

spontaneously in this strain of rat, and no statistically sig-

nificant increase in the incidence of any tumor was found for

either sex of the treated groups. Thus, under the present

experimental conditions, the high dose, about 340 to 400

times higher than the current daily human intake from

ingestion as a food additive and from pharmaceutical use,

does not have any carcinogenic potential in F344 rats [140].

Also, the results of oncogenicity studies of b-CD in inbred

Fischer 344 rats and CD-1 outbreed mice are presented.

Chronic feeding of b-CD to Fischer 344 rats and CD-1 mice

did not cause any treatment-related carcinogenic effects. The

only toxic effect was seen in mice as macroscopic distension

of the large intestinewith soft or fluid contents, histologically

associated with the mucosa covered by mucous secretion

containing exfoliated cells, and mucosal flattening and in-

testinal gland atrophy. Despite these observations, no differ-

ences between control and treated groups were observed

concerning mortality, clinical observations, or body weight

and food consumption [141]. However, when a 13-week oral

toxicity study ofb-CDwas carried out in F344 rats at the dose

levels of 0, 0.6, 1.25, 2.5, 5, and 10% in powdered diet, all

animals survived at the end of the experiment, but a slight

decrease in body-weight gain was observed in males of the

10% and 5% groups. Dose-dependent increases in serum

levels of AST, ALT, and alkaline phosphatase were observed

as well as increases in serum levels of urea nitrogen and

relative liver weights in treated males. Histopathologically, a

dose-dependent increase in the severity of inflammatory cell

infiltration was seen in the liver of treated animals, focal

hepatocellular necrosis being detected in both sexes of the

10% group and females of the 5% group. These findings

indicate that b-CD causes hepatocellular injury to rats when

it is administered orally [142]. Furthermore, a three-gener-

ation study with two mating phases per generation and a

teratology phase was performed in the rat to assess the

reproductive and developmental toxicity of b-CD in the diet.

Transient neonatal growth retardation occurred with 5%

b-CD: a similar but equivocal effect was also observed with

2.5%. No permanent defects or other indications of

Table 3. Global Safety Assessment of Parent CDs for Food Use

CD JECFA (WHO/FAO) United States Japan EU

a-CD Without ADIa GRASb approved in 2004

(wide application)

Available Novel food

b-CD ADI (0–5mg/kg per day) GRAS approved in 2001

(carrier for food and cosmetics)

Available Available (1 g/1 kg food)

c-CD Without ADI GRAS approved in 2000

(wide application)

Available Novel food

Branched-CD Not evaluated Not approved Available Not approved

aADI; Acceptable daily intake.
bGRAS; Generally recognized as safe.
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developmental toxicity were found. There was no significant

maternal toxicity. However, the dietary level of 1.25% was

found to be a nonobserved adverse effect level (NOAEL) for

developmental toxicity. Further investigations showed the

growth retardation to be specific to dietary administration

during lactation: It was not produced by intraperitoneal

administration and was not influenced by treatment of the

dams or litters during gestation. Slight maternal nutritional

deficiency, caused by physicochemical interactions of b-CD
with nutrients in the gut is proposed as the mechanism of

action [143]. Additionally, the effects of b-CD on cholesterol

and bile acid metabolism in hypercholesterolaemic rats were

examined. Male Wistar rats were divided into four groups

that received during 7 weeks: control diet, 2% cholesterol

diet (A), A þ 2.5% b-CD (B), and A þ 5% b-CD (C). The

cholesterol-rich diet induced hepatomegaly and fatty liver

and significantly reduced cholesterol, bile acid, and phos-

pholipid secretion. Addition of b-CD normalized biliary

lipid secretion. Moreover, when compared to A, b-CD
significantly lowered plasma phospholipid concentration

(B: �21%; C: �29%) and the liver free/total cholesterol

molar ratio (B: �40%; C: �38%), increased bile acid fecal

output (B: þ 17%; C: þ 62%) and enhanced cholesterol 7a-
hydroxylase activity (B: þ 50%; C: þ 100%) and mRNA

levels (B: þ 14%;C: þ 29%). 5%b-CD also reduced plasma

triglycerides concentration (�38%). However, ALTandAST

activities were significantly increased (B: þ 140% and

þ 280%; C: þ 72% and þ 135%) and there was a high

incidence of cell necrosis with portal inflammatory cell

infiltration. Addition of b-CD to a cholesterol-rich diet

results in a triglyceride-lowering action, enhancement of

bile acid synthesis and excretion, and normalization of

biliary lipid secretion, but produces a marked hepatotoxic

effect [144].

Among a-, b- and c-CDs, drugs including a-CD and

b-CD have been commercialized until the 1980s in Japan, but

c-CD has not. A number of safety studies of c-CD have been

performed. In foods, c-CD may be used as a carrier for

flavors, vitamins, polyunsaturated fatty acids, and other

ingredients. It also has useful properties as a stabilizer in

different food systems. The daily intake from all its intended

uses in food at the highest feasible concentrations has been

estimated at 4.1 g/person per day for consumers of c-CD-
containing foods. The toxicity studies consist of standard

genotoxicity tests, subchronic rat studies with oral and

intravenous administration of c-CD for up to three months,

a subchronic (three-month) toxicity study in dogs, a (one-

year) oral toxicity study in rats, and embryotoxicity/terato-

genicity studies in rats and rabbits. In the studies with oral

administration, c-CD was given at dietary concentrations of

up to 20%. All these studies demonstrated that c-CD is well

tolerated and elicits no toxicological effects. Metabolic

studies in rats showed that c-CD is rapidly and essentially

completely digested by salivary and pancreatic amylase.

Therefore, the metabolism of c-CD closely resembles that

of starch and linear dextrins. A human studywith ingestion of

single doses of 8 g of c-CD or 8 g of maltodextrin did not

reveal a difference in gastrointestinal tolerance of these two

products. An interaction of ingested c-CD with the absorp-

tion of fat-soluble vitamins or other lipophilic nutrients is not

to be expected. On the basis of these studies it is concluded

that c-CD is generally recognized as safe (GRAS) for its

intended uses in food [145].

The embryotoxicity/teratogenicity of c-CD (c-CD) was
examined in Wistar Crl : (WI)WU BR rats and artificially

inseminated New Zealand White rabbits. In rats, c-CD was

fed at dietary concentrations of 0, 1.5, 5, 10, and 20% to

groups of 25 pregnant female rats from day 0 to 21 of

gestation. Generally, c-CD was well tolerated and no deaths

occurred in any group. Weight gain and food consumption

were similar in all groups during gestation, except for a

slightly reduced food intake in the 20% c-CD group from day

0 to 16. Water intake was similar in all c-CD groups; in the

lactose group, it was significantly higher than in the control

group. Reproductive performance was not affected by the

c-CD treatment. Examination of the fetuses for external,

visceral, and skeletal alterations did not reveal any fetotoxic,

embryotoxic, or teratogenic effects of c-CD. In conclusion,

no adverse effects were observed at c-CD intakes of up to

about 20% of the diet (approximately 11 g/kg body weight

per day) [146].When c-CDwas administered to groups of 16

rabbits at dietary concentrations of 0, 5, 10, or 20%, the

dietary c-CD is well tolerated by pregnant rabbits and had no

adverse effect on reproductive performance, and is not

embryotoxic, fetotoxic, or teratogenic at dietary concentra-

tions of up to 20% [147]. From these findings, ADI of c-CD is

not specified (Table 3).

The new opinion about the oral safety of the natural CDs

and the earlywork showing the safety of HP-b-CD in animals

and humans has created a favorable environment for expe-

ditious approval of HP-b-CD-containing formulations. Ad-

ditional clinical studies using heretofore intractable but

potent drugs have been completed using HP-b-CD as the

drug delivery vehicle in phase I studies, investigational new

drug (IND) applications, and in completed new drug applica-

tions (NDAs). From the pharmaceutical standpoint in the

United States and Europe, no CDs have GRAS status for any

route of dosing, and no lifetime carcinogenicity studies

conducted in a GLP fashion for any CD have been reported.

Even so, drugs containing CDs have reached the

marketplace.

The relative effectiveness of two b-CD derivatives, DM-

b-CD and HP-b-CD, in enhancing enteral absorption of

insulin was evaluated in the lower jejunal/upper ileal seg-

ments of the rat by means of an in situ closed loop method.

The incorporation of 10% w/v DM-b-CD to a 0.5-mg/mL

porcine–zinc insulin solution dramatically increased insulin

bioavailability from a negligible value (approximately
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0.06%) to 5.63% when administered enterally at a dose of

20U/kg. However, addition of 10% w/v HP-b-CD did not

improve enteral insulin uptake significantly with a bioavail-

ability of only 0.07%. Similarly, the pharmacodynamic

relative efficacy values obtained after the enteral adminis-

tration of 20U/kg insulin, 20U/kg insulin with 10% HP-

b-CD, and 20U/kg insulin with 10%DM-b-CDwere 0.24%,

0.26%, and 1.75%, respectively. Biodegradation studies of

0.5mg/mL insulin hexamers by 0.5 mM a-chymotrypsin

revealed no inhibitory effect on the enzymatic activity by

the two CDs. On the contrary, the apparent first-order rate

constant increased significantly in the presence of 10% DM-

b-CD, suggesting insulin oligomer dissociation by DM-

b-CD. Histopathological examination of the rat intestine

was performed to detect tissue damage following enteral

administration of the b-CD derivatives. Light microscopic

inspection indicated no observable tissue damage, thereby

arguing for direct membrane fluidization as the primary

mechanism for enhanced insulin uptake. This study indicates

the feasibility of using CDs as mucosal absorption promoters

of proteins and peptide drugs [148]. In addition, after the

administration of 10mg of cholesterol to mice through a

gastric tube, the cholesterol level increased about 125–130%,

and only 15–20%, if the cholesterol was administered to-

gether with 20mg of DM-b-CD. That means that the DM-

b-CD formed complexes with approximately 80 to 85% of

the cholesterol administered in the mice gastrointestinal

tract [149]. HP-b-CD is well tolerated in the animal species

tested (i.e., rats, mice, and dogs), particularly when dosed

orally, and shows only limited toxicity [120]. Furthermore,

SBE7-b-CD has a sufficient safety profile after oral admin-

istration [5,150]. Thus, HP-b-CD and SBE7-b-CD are well

tolerated when administered orally.

It is believed that when CDs are administered orally, they

cannot be absorbed in an intact form [4]. Smooth muscle

cell migration and proliferation are important regulatory

processes in the development of intimal thickening after

vascular injury. Beyond expectation, b-CD tetradecasulfate,

an orally active synthetic heparin mimic, is effective in

inhibiting rabbit aortic smooth muscle cell proliferation in

vitro and in limiting restenosis in an experimental angio-

plasty restenosis model in rabbits [151]. However, its effects

on migration are unknown, as are its effects on human

vascular smooth muscle cell biology in general. Thus, b-CD
tetradecasulfate may be an effective agent in inhibiting

intimal thickening after vascular injury by limiting both

smooth muscle cell migration and proliferation via the oral

route [151].

3.3. Nasal Route

In recent years, extensive research into novel forms of drug

delivery has suggested that mucosal approaches offer a

promising therapeutic alternative, especially for systemically

actingdrugs.Transmucosaldrugdeliveryoffersmanybenefits,

including noninvasive administration, convenience, and rapid

onset, as well as elimination of hepatic first-pass metabolism.

The investigated absorptive surfaces consist of the nasal,

buccal, ocular, vaginal, and rectal mucosa. Among these, the

nasalandbuccalrouteshaveprovedthemostpromisingtodate.

The bioavailability achieved depends primarily on the path-

ophysiological state of the mucosa and the properties of both

the drug and delivery systems.Various agents can increase the

efficacy of transmucosal drug delivery. These include CDs,

bile salts, surfactants, fusidic acid derivatives, microspheres,

liposomes, and bioadhesive agents [152].

The nasal mucosa offers numerous benefits as a target

issue for drug delivery, such as a large surface area for

delivery, rapid drug onset, potential for central nervous

system delivery, and no first-pass metabolism. Awide variety

of therapeutic compounds can be delivered in the nasal route,

including relatively large molecules such as peptides and

proteins, particularly in the presence of permeation enhan-

cers [153]. The potential use of CDs in a nasal route has been

reviewed [154]. Regarding a safety profile, the cilio-inhib-

itory effect of a series of CDs was examined using a human

cell suspension culture system exhibiting in vitro ciliogen-

esis. Among the CDs investigated (c-CD, HP-b-CD, anionic-
b-CDpolymer,DM-b-CD, anda-CD), c-CD (10%w/v), HP-

b-CD (10% w/v), and anionic-b-CD polymer (8% w/v)

showed no significant cilio-inhibitory effects after 30min

of exposure. Similarly, ciliary beat frequency remained

stable upon cell exposure to a-CD (2% w/v) and DM-b-CD
(1%w/v). However, higher concentrations ofa-CD andDM-

b-CD resulted in mild to severe cilio inhibition after 45min

of exposure. The effect of a-CD (5% w/v) was partially

reversible, while DM-b-CD (10% w/v) was irrevers-

ible [155]. By utilizing a 5-min exposure of each CD solution

to the nasal mucosa, no tissue damage was visible for 1.5%

w/v b-CD and 5 and 20%w/v HP-b-CD, and the effects were
quite similar to those of controls. However, using 20% w/v

RM-b-CD showed severe damage to the integrity of nasal

mucosa. The severity was similar to 1% w/v polyoxyethy-

lene-9-lauryl ether or l% w/v sodium deoxycholate. Mean-

while, 30 or 60min of exposure to 10%w/vHP-b-CD orRM-

b-CD resulted in no obvious mucosal damage. In addition, in

vivo repeated dosing of RM-b-CD did not show any toxicity

up to 20% w/v. These results suggest that at least less than

10%w/v CD solutions do not induce gross tissue damage and

can keep the histological integrity of the nasal mucosa [156].

The effects of chemically modified CDs on the nasal

absorption of buserelin, an agonist of luteinizing hormone–

releasing hormone, were investigated in anesthetized rats. Of

the CDs tested, DM-b-CD was most effective in improving

the rate and extent of the nasal bioavailability of buserelin.

The CDs increased the permeability of the nasal mucosa,

which was the primary determinant based on the multiple

regression analysis of the nasal absorption enhancement of
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buserelin. Scanning electron microscopic observations re-

vealed that DM-b-CD induced no remarkable changes in the

surface morphology of the nasal mucosa at the minimal

concentration necessary to achieve substantial absorption

enhancement. The present results suggest that DM-b-CD
could improve the nasal bioavailability of buserelin and is

well tolerated by the nasal mucosa of the rat [157]. In

addition, Abe et al. [158] reported that the rate and extent

of nasal bioavailability of buserelin were increased remark-

ably by coadministration of oleic acid and HP-b-CD, com-

pared with the sole use of the enhancer, through the lowering

of both the enzymatic and physical barriers of the nasal

epithelium to the peptide, probably resulting from the facil-

itated transmucosal penetration of oleic acid solubilized in

HP-b-CD. Similarly, Arsan et al. [159] reported that mixing

DM-b-CD and dodecylmaltoside resulted in mutual inhibi-

tion of their ability to enhance systemic absorption of insulin

following nasal delivery, consistent with the formation of an

inclusion complex between dodecylmaltoside and DM-

b-CD, which lacks the ability to enhance nasal insulin

absorption. Importantly, Zhao et al. [160] compared the

effect on the lasting time of the ciliary movement of various

surfactants and CDs. The lasting time of ciliary movement

shortened in the order 1% sodium dodecyl sulfate (SDS)

> 1% sodium deoxycholate (SDC)> 1% Brij35> 5%

Tween 80> 0.1% EDTA> 5% HP-b-CD> 1% lecithin, and

the effect on the velocity of ciliary movement decreased in

the order 1% Brij35> 1% SDC> 1% SDS> 0.1% EDTA

> 1% lecithin> 5% Tween 80> 5% HP-b-CD. In addition,

the effect on ciliary structural and specific cellular changes of

nasal mucosa decreased in the order 1% SDS approximately

1% SDC approximately 1% Brij35> 5% Tween 80> 0.1%

EDTA approximately 5% HP-b-CD approximately 1% le-

cithin. Furthermore, SBE7-b-CD has the potential as a novel

excipient for nasal drug delivery:A nasal spray ofmidazolam

formulated in aqueous SBE7-b-CD buffer solution was

tested in 12 healthy volunteers and compared to intravenous

midazolam in an open crossover trial. As a result, clinical

sedative effects were observed within 5 to 10min and lasted

for about 40min, and no serious side effects were observed,

although mild to moderate, transient irritation of nasal and

pharyngeal mucosa was reported [161].

3.4. Pulmonary Route

Targeting drug delivery into the lungs has become one of the

most important aspects of systemic or local drug delivery

systems. Consequently, in the last few years, techniques and

new drug delivery devices intended to deliver drugs into the

lungs have been widely developed. Currently, the main drug

targeting regimens include direct application of a drug into

the lungs, mostly by inhalation therapy using either pressur-

ized metered dose inhalers or dry powder inhalers. Intra-

tracheal administration is commonly used as a first approach

in lung drug delivery in vivo. To convey a sufficient dose of

drug to the lungs, suitable drug carriers are required [162]. In

a cell culture system RM-b-CD evoked cell death and

membrane damage in Calu-3 cells at lower concentrations

compared to the other CDs tested. Based on the cumulative

penetrated amount at 4 h, the apparent permeability coeffi-

cients for a-, b-, and c-CD were 6.77� 2.23� 10�8,

6.68� 0.84� 10�8 and 6.71� 0.74� 10�8 cm/s, respec-

tively. As a result, this study indicates that (1) in terms of

their local safety, hydroxypropylated CDs and natural c-CD
seem to be the safest of the tested CDs in pulmonary drug

delivery, and (2) CDs may be absorbed into the systemic

circulation from the lungs [163]. Actually, CDs may be used

in inhalation powders to improve pharmaceutical and bio-

pharmaceutical properties of drugs without lowering their

pulmonary deposition [164]. In addition, the toxicity of CD

complexes in dry powder formulations was investigated in

the rat by monitoring blood urea nitrogen (BUN) and urinary

creatinine, aswell as determining the hemolysis of human red

blood cells. As a result, c-CDandDM-b-CDwere found to be

able to promote salbutamol delivery in dry powder inhaler,

compared to a formulation containing lactose. Moreover,

c-CD is relatively safe in the rat if the amount of c-CD in the

formulation is similar to that in this experiment [165]. Hence,

CDs were known to markedly improve the poor solubility of

cyclosporine A (CsA). The ciliostatic and hemolytic activ-

ities of G2-a-CD were the weakest of all the CDs tested.

Inhalation of the complex of CsAwith G2-a-CD, where the
dose ofCsAwas approximately ninefold less than that ofCsA

inhaled alone, also inhibited eosinophil accumulation sig-

nificantly, with a longer duration of action than with the

response to CsA alone. Thus, the effective dose of CsA could

be reduced by formation of a complex with G2-a-CD, and a
wider therapeutic safety margin by inhalation of CsA as a

complex with G2-a-CD could be expected [166].

3.5. Rectal Safety

The potential use of CDs in a rectal route has been re-

viewed [3,150]. The rectal route can be an extremely useful

route for delivery of drugs to infants, young children, and

patients, where difficulties can arise from oral administration

because of swallowing, nausea, and vomiting. Also, this

route offers several potential opportunities for drug delivery,

including the avoidance of hepatic first-pass elimination,

absorption enhancement, and the possibility of rate-con-

trolled drug delivery. However, the rectal route also has some

potential disadvantages: (1) poor or erratic absorption across

the rectal mucosa of many drugs, (2) a limiting absorbable

surface area, and (3) a dissociation problem due to the small

fluid content in the rectum. To overcome these problems,

many attempts to enhance rectal absorption of various drugs

have been made [167]. To improve the rectal delivery of an

anti-inflammatory drug, biphenylylacetic acid (BPAA), the
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use of HP-b-CD and DM-b-CD was investigated. Both

in vivo and in situ studies demonstrated that a rather high

amount of HP-b-CD (about 20% of dose) was absorbable

from the rat’s rectum, compared with DM-b-CD (less than

5% of dose), suggesting the possibility of the permeation of

BPAA through the rectal membrane in the form of HP-b-CD
complex. Furthermore, DM-b-CD and HP-b-CD significant-

ly reduced the irritation of the rectalmucosa caused byBPAA

after administration of the suppositories to rats [168]. An

attempt was made to optimize the rectal delivery of mor-

phine, using CDs as an absorption enhancer and polysac-

charides as a swelling hydrogel in Witepsol H-15 hollow-

type suppositories, and this was tested in rabbits. a- and

b-CDs enhanced the rate and extent of bioavailability, the

former being more effective; c-CD decreased the absorption

of morphine. Importantly, gross and microscopic observa-

tions suggested that this preparation was less irritating to the

rectal mucosa [169].

3.6. Ocular Safety

The anatomy and physiology of the eye make it a highly

protected organ. Designing an effective therapy for ocular

diseases, especially for the posterior segment, has been

considered to be a formidable task. Limitations of the topical

and intravitreal route of administration have challenged

scientists to find an alternative mode of administration, such

as periocular routes. Therefore, novel ocular drug delivery

systems must be developed to improve therapies [170].

However, topical and systemic administration of drugs to

the eye is highly inefficient, and there is a need for controlled,

sustained release, particularly for conditions that affect the

posterior segment. Possible advantages in the ophthalmic use

of CDs are the increase in solubility and/or stability and

avoidance of imcompatibilities of drugs, such as irritation

and discomfort. In an ocular route, a-CD, HP-b-CD, and
SBE7-b-CD have been used to solubilize lipophilic drugs.

An early study performed by Kanai et al. [171] demonstrated

that 0.025% of cyclosporine (Cs) with a-CD (40mg/mL)

resulted in the least corneal toxicity and penetrated the cornea

five- to tenfold more than did a lipophilic vehicle with Cs. In

addition, a pilocarpine prodrug, O,O0-dipropionyl-(1,4-xy-
lylene) bispilocarpic acid diester, showed decreased peak and

prolonged duration of miosis compared to pilocarpine, but it

caused ocular irritation. HP-b-CD decreased both the ocular

delivery of pilocarpine and the irritation by the prodrug, but

the net effect was positive. Thus, administering 1% of

pilocarpine as a prodrug with 15% (w/v) HP-b-CD, the
irritation was at the same level as that of the commercial

pilocarpine eyedrop, but the ocular delivery was improved

substantially. Eventually, ocular delivery of the pilocarpine

prodrugmay be enhanced in relation to its local irritation by a

proper combination of the buffer, viscosity, and HP-

b-CD [172]. Also, the HP-b-CD-based drug delivery system

enhanced both the solubility of disulfiram in aqueous eye-

drops and the permeability of the drug into the rabbit eye.

Similarly, SBE7-b-CD coadministered with O,O0-dipropio-
nyl-(1,4-xylylene) bispilocarpate eliminated the eye irrita-

tion due to the pilocarpine prodrug, but also decreased the

miotic response [173]; namely, ocular absorption of the

prodrug was improved by increasing the viscosity of pro-

drug/SBE7-b-CD solution with poly(vinyl alcohol) without

inducing eye irritation. As a result, administration of pilo-

carpine prodrug in viscous SBE7-b-CD solution decreased

eye irritation substantially, whereas ocular absorption is not

affected [174]. Similarly, it was reported that eye irritation of

the pilocarpine prodrug was prevented by levels of SBE4-

b-CD that do not affect the apparent ocular absorption of the

prodrug [175]. Meanwhile, there are a few reports regarding

methylated CDs in an ocular route. Jansen et al. [176]

reported that DM-b-CD at concentrations of 5 and 12.5%

was not a suitable vehicle for ophthalmic formulations, since

it was toxic to the corneal epithelium, and that HP-b-CD at a

concentration of 12.5% is well tolerated by the rabbit eye and

was not toxic to the corneal epithelium.

3.7. Dermal Safety

Transdermal drug delivery systems have been gaining in-

creasing popularity. Many drugs have been delivered suc-

cessfully by this route for both local and systemic action.

However, human skin shows a protective function by im-

posing physicochemical limitations to the types of pentrants

that can traverse the barrier. Recently, the delivery of drugs of

differing lipophilicity and molecular weight, including pro-

teins, peptides, and oligonucletides, has been shown to be

improved by active methods such as iontophoresis, electro-

poration, mechanical perturbation, and other energy-related

techniques, such as ultrasound andneedleless injection [177].

Few studies have been performed to assess the risk of skin

damage by CDs, and they have yielded contradictory results.

Piel et al. [178] reported the use of corneoxenometry bioas-

say on human stratum corneum to compare the skin com-

patibility of CDs currently used in pharmaceutical prepara-

tions (b-CD, c-CD, RM-b-CD, DM-b-CD, TM-b-CD, HP-
b-CD, and HP-c-CD) and that of new amphiphilic CD

derivatives, namely, amphiphilic CDs carrying a phospholi-

pidyl chain [dimyristoylphosphatidylethanolamine (DMPE),

DMPE-DM-b-CD, and DMPE-TM-b-CD]. All the CDs

tested were well tolerated by the stratum corneum at a

concentration of 5%.However, interindividual reactivitywas

larger for DMPE-DM-b-CD, suggesting a more aggressive

trend for this compound. Cutaneous index of mildness values

obtained confirm that DM-b-CD is able to extract some skin

components and shows that DMPE-DM-b-CD performs

similarly. Meanwhile, CDs release some components, such

as cholesterol, phospholipids, and proteins from the stratum

corneum of skin, and thus may change the barrier function of
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skin and the permeability of drugs or the other xenobiotics.

Thus, particular attention should be directed to the possible

irritation effects to skin. In fact, Uekama et al. [179] dem-

onstrated that parent CDs at sufficiently higher concentra-

tions caused skin irritation in guinea pigs in the order c-CD
<a-CD< b-CD, a result that depends largely on their ability
to extract lipids from the stratum corneum. Additionally, it is

evident that DM-b-CD, not HP-b-CD, causes the removal of

fatty acids and cholesterol from stratum corneum, especially

when higher CDs are applied to the skin [180–182], but there

are reports that CDs have a significant safety margin in

dermal application [9,183]. Thus, the effects of CDs on

mutinous irritation seem to be too ambiguous, due to differ-

ences in the experimental conditions. Further elaborate

studies should be required.

3.8. Vaginal Safety

The human vagina represents a potential accessible space

that offers a valuable route for drug delivery through the use

of specifically designed carrier systems for both local and

systemic applications. Intravaginal drug delivery is particu-

larly appropriate for drugs associated with women’s health

issues, but it may also have applications in general drug

delivery within the female population [184]. In addition, the

development of vaginal medications, especially antifungal

medications, requires that the drug be solubilized as well as

retained at or near themucosa for sufficient periods of time to

ensure adequate bioavailability. Primary irritation studies

and subchronic toxicity studies using a rabbit vaginal model

indicated that a formulation containing itraconazole, a broad-

spectrum antifungal agent, and HP-b-CD was safe, well

tolerated, and retained in the vaginal space. Clinical inves-

tigations indicated that application of 5 g of a 2% itracona-

zole cream was very well tolerated and that itraconazole was

not systemically absorbed. Additional studies in women

found that the cream was highly effective in reducing or

eliminating fungal cultures with few adverse effects. These

studies suggested that a mucoadhesive, HP-b-CD-based
vaginal cream formulation of itraconazole was a useful and

effective dosage form for treating vaginal candidiasis [185].

In addition, another application of CDs to vaginal drug

delivery was reported by Cevher et al.: the formation of a

complex between natamycin and c-CD and effective com-

bination with polymers to attain a bioadhesive and sustained-

release formulation of natamycin suitable for vaginal deliv-

ery and the effective treatment of Candida infections [186].

4. SAFETY PROFILE OF CD CONJUGATES

Common CD complexes with lipophilic drugs have stability

constants of 104M�1 at the most, while CDs interact with

nucleic acid drugs such as plasmid DNA (pDNA) and siRNA

only very slightly [187,188]. Especially in a systemic circu-

lation, the complexes are easily dissociated, due to the

dilution and competitive inclusions with endogenous lipids

and albumin, which has association constants greater than

105M�1. Thus, CDs are poor at delivering lipophilic drugs or

nucleic acid drugs to specific target cells after administration.

4.1. CD Conjugates with Drugs

In a gastrointestinal tract, CDs are known to be barely

capable of being hydrolyzed and are only slightly absorbed

in passage through the stomach and small intestine, however,

they are fermented to small saccharides by colonicmicroflora

and thus absorbed asmaltose or glucose in the large intestine.

This biological property of CDs is useful as a source of site-

specific delivery of drugs to colon and as a promoiety for

reducing an adverse effect. Taking these factors into ac-

count, we have designed CD conjugates with various drugs,

such as NSAIDs, biphenylylacetic acid [28], and ketopro-

fen [29], a short-chain fatty acid, n-butylic acid [30], and a

steroidal drug, prednisolone [25–27,189], anticipating new

candidates for colon-specific delivery drugs. All of the

conjugate having ester linkage between CD and drugs and

can deliver drugs efficiently to the large intestine. It is

certain that the CD–drug conjugates should be degraded

in the colon; thus, the local side effect of the drug in the

gastrointestinal tract is reduced by the conjugationwith CD.

However, detailed data regarding the safety profiles of

various CD conjugates remain unclear. The potential use

of CD conjugates with drugs for colon delivery has been

reviewed [4,190].

4.2. CD Conjugates with Polymers

Gene therapy is emerging as a potential strategy for the

treatment of genetic diseases, cancers, cardiovascular dis-

eases, and infectious diseases. Clinical trials employing over

1500 gene therapy protocols have been carried out for various

diseases [191]. Recently, gene silencing induced by siRNA,

RNA interference (RNAi), became a powerful tool of gene

analysis and gene therapy [192]. Similarly, vector-based

short-hairpin RNA (shRNA) expression systems have been

developed to prolong the RNAi effect [193]. However,

standard therapeutic use of DNA (gene) and siRNA in

clinical settings in humans has been hampered by the lack

of effective methods to deliver these nucleic acid drugs into

diseased organs and cells [194]. For these reasons, improve-

ment in the transfer activity of a nonviral vector (carrier) is of

utmost importance [195]. To improve the gene transfer

activity of a nonviral vector, we synthesized the starburst

polyamidoamine (PAMAM) dendrimer [from the second

generation (G2) to the fourth generation (G4)] conjugates

with a-, b- and c-CDs (CDE), expressing the synergistic

effect of dendrimer and CDs. From the in vitro and in vivo
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evaluation, it could be concluded that conjugate having G3

dendrimer and an average degree of substitution (DS) of 2.4

of a-CD is the best compound among the nine conjugates

tested [196–198]. It should be noted that the optimal a-CDE
(G3, DS2.4) showed no cytotoxicity up to a charge ratio of

carrier to plasmid DNA (an N/P ratio) of 100 in vitro and no

side effects after intravenous administration of the pDNA

complex at an N/P ratio of 20 [198].

a-CDE (G3, DS2) possesses the potential to be a novel

carrier for nucleic acid drugs, but a lack of cell-specific gene

transfer activity ofa-CDEs has been shown. A carrier system

needs to fulfill the following requirements to be a promising

candidate for invivo gene delivery. The carrier should be able

to accumulate efficiently in specific target tissues with a lack

of toxicity and immunogenicity, and deliver the intact gene

into the nucleus of the target cell to acheive high levels of

gene expression. Then we prepared mannosylated a-CDE
(G2), galactosylated a-CDE (G2), and lactosylated a-CD
(G2) (Fig. 9) [199]. Of these sugar-appended a-CDEs,
a-CDEs bearing a-lactose, a disaccharide formed from

a-glucose and a-galactose (Lac-a-CDE) without using the

spacer, especially Lac-a-CDE (G2, DSL3), was found to

have higher gene transfer activity than dendrimer anda-CDE
(G3) to HepG2 cells, asialoglycoprotein receptor (AgpR)-

positive cells, but not to A549 cells, AgpR-negative cells.

Importantly, the AgpR-dependent gene delivery of Lac-

a-CDE (G2, DSL3) was observed in vivo: Lac-a-CDE
(G2, DSL3) provided gene transfer activity much higher

than that of a-CDE (G2) in parenchymal cells and much

lower than that in spleen 12 h after intravenous injection in

mice. In addition, it should be noted that pDNA complexes

with a-CDE (G2) and Lac-a-CDE (G2, DSL3) provided no

cytotoxicity up to an N/P ratio of 150, but a complex with

commercially available transfection reagents such as JetPEI-

Hepatocyte and TransFast, elicited severe cytotoxicity in

HepG2 cells (Fig. 10). Hence, these results hold promise

for the potential use of Lac-a-CDE (G2, DSL3) as a hepa-

tocyte-selective nonviral vector with negligible cytotoxicity

(Fig. 11). Moreover, targeting of the folate receptor (FR)

received much attention in recent years, since the FR has

been shown to be overexpressed in human cancer cells [84].

In an attempt to develop FR-overexpressing cancer cell–

specific gene transfer carriers, we prepared folate-appended

a-CDEs [Fol-a-CDE (G3)] and folate-PEG-appended

a-CDEs [Fol-PaC (G3)] (Fig. 12) and evaluated the potential

as a novel cell-specific gene transfer carrier. As a result,

Figure 9. Chemical structures of a-CDE (G2) and sugar-appended a-CDEs (G2).

Figure 10. Cytotoxicity of pDNA complexes with various carriers

in HepG2 cells. The cells were incubated with carrier–pDNA com-

plexes for 24 h. Cell viability was assayed using the WST-1 method.

The amount of pDNAwas 2.0 mg. The culture medium was supple-

mented with 7.5% FCS. Each point represents the mean� S.E. of

four experiments. �p< 0.05, compared with a-CDE (G2).
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potentially, Fol-PaC (G3, DSF5) could be used as a FR-

overexpressing cancer cell–selective gene transfer carrier

because of FR-mediated gene delivery and extremely low

cytotoxicity [199]. Recently, a number of nonviral vectors

containing CDs (but not a-CDEs) for DNA, siRNA, and

anticancer drug delivery have been developed. CD conju-

gates, CD polymers, and CD nanoparticles used to delivery

DNA are as follows: polyethyleneimine (PEI) conjugates

with b-CD [200]; cationic supramolecular polyrotaxanes

with multiple cationic a-CD rings threaded and blocked on

a poly[(ethylene oxide)-ran-(propylene oxide)] random co-

polymer chain [201]; conjugates having multiple oligoethy-

lenimine (OEI) arms onto an a-CD core [202]; bis(guanidi-

nium)-tetrakis-b-CD tetrapod [203]; supramolecular hydro-

gels based on self-assembly of inclusion complexes between

CDs with biodegradable block copolymers [204]; polypseu-

dorotaxane consisting of a linear PEI (molecular weight

22,000) and c-CDs [39]; low-molecular-weight PEIs with

b-CD [205], polymers of low-molecular-weight PEI cross-

linked byHP-b-CD or HP-c-CD [206]; linear CD-containing

polymers [207]; supramolecular inclusion complexes by

threading a-CD molecules over PEG and poly(e-caprolac-
tone) chains of ternary block copolymers of PEG, poly

(e-caprolactone) (PCL), and PEI [208]; linear PEI and

branched PEI grafted with b-CD [209]; amidine-based poly-

cations that contain the carbohydrates d-trehalose and b-CD
within the polycation backbone [210]; 3(A),3(B)-dideoxy-

3(A),3(B)-diamino-b- and c-CD monomers [211]; and na-

noparticles consisting of a linear CD-containing polycation

including transferrin protein [212]. Recently, CD conjugates,

CD polymers, and CD nanoparticles used to delivery siRNA

have been reported: a-CDE (G3) [34], bis(guanidinium)-

tetrakis-(b-CD) dendrimeric tetrapod [203], linear CD-con-

taining polymers [207], and CD-containing polycations and

their nanoparticles of adamantane–PEG conjugates [213].

Furthermore, CD conjugates, CD polymers, and CD nano-

particles used to delivery antitumor drugs include nanopar-

ticles made of the amphiphilic CD heptakis (2-O-oligo(ethy-

leneoxide)-6-hexadecylthio-)-b-CD–entrapping docetaxel

[214], amphiphilic b-CD derivatives such as 6-N-CAPRO-

b-CD modified on the primary face or secondary face with a

6C aliphatic amide [215–217], and c-CD-containing
liposomes [218].

Almost all the studies on CD conjugates, CD polymers,

and CD nanoparticles for nucleic acid drug carriers deal

with in vitro cytotoxicity, but only a few showed the in vivo

Figure 11. Scheme proposed for improved effects of gene transfer activity by Lac-a-CDE (G2, DSL 3).
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safety data on complexes with CD-containing nonviral

vectors.We evaluated safety profiles after intravenous bolus

administration (not hydrodynamic injection) of pDNA

complexes with a-CDE (G3, DS2.4), Man-a-CDE (G2),

and Lac-a-CDE (G2) in mice. Fortunately, various blood

chemistry values (i.e., creatinine, BUN, AST, ALT, lactate

dehydrogenase) were not changed by the intravenous in-

jection of pDNA complexes [198,219]. Additionally, linear

cationic b-CD-based polymers (bCDPs) are capable of

forming polyplexes with nucleic acids and transfectioning

cultured cells. The bCDPs are synthesized by the conden-

sation of a diamino-CD monomer with a diimidate como-

nomer. In vitro toxicity varied by one order of magnitude,

and the lowest toxicity was observed with bCDP8. The

LD40 of the bCDP6 to mice is 200mg/kg, making this

polymer a promising agent for in vivo gene delivery appli-

cations [220]. Also, amphiphilic b-CD nanospheres (mean

diameter 90 to 110 nm) prepared by the solvent displace-

ment method were developed as a colloidal drug delivery

system. After a single intravenous injection of labeled

nanoparticles in mice, rapid clearance of 125I-labeled am-

phiphilic b-CD nanospheres from the blood circulation to

the mononuclear phagocyte system was visualized using a

noninvasive planar imaging study. Radioactivity measure-

ments in organs showed that the nanospheres concentrated

primarily in the liver and spleen, where 28% and 24% of the

radioactivity per gram of organ, respectively, was found

10min after injection. In contrast, the blood activity was

Figure 12. Chemical structures of a-CDE (G3), Fol-a-CDE (G3), and Fol-PaC (G3).
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low at that time and become negligible thereafter. Finally,

no particular sign of toxicity was observed after intravenous

administration of b-CD nanoparticles [221]. Furthermore,

whether multiple systemic doses of targeted b-CDP/ada-
mantane/PEG/transferrin nanoparticles containing nonche-

mically modified siRNA can safely be administered to

nonhuman primateswas evaluated in cynomolgusmonkeys.

When administered to monkeys at doses of siRNA (3 and

9mg/kg), the b-CDP/adamantane/PEG/transferrin nano-

particles were well tolerated, although elevation of BUN,

creatinine, ALT, and ASTwas observed at 27mg/kg siRNA.

Overall, no clinical signs of toxicity clearly attributable to

treatment were observed. The multiple administrations,

spanning a period of 17 to 18 days, enabled assessment of

antibody formation against the human transferrin compo-

nent of the formulation. Everything considered, multiple

systemic doses of targeted nanoparticles containing

nonchemically modified siRNA can safely be administered

to nonhuman primates [212].

5. SAFETY PROFILE OF

POLYPSEUDOROTAXANES

Recently, supramolecular chemistry has been expanding to

supramolecular polymer chemistry. The combination of

cyclic molecules and linear polymers has provided many

types of intriguing supramolecular architectures, such as

rotaxanes and catenanes [222]. The supramolecular struc-

tures formed between CDs and polymers, especially, have

inspired interesting developments of novel supramolecular

biomaterials [204].

CD polypseudorotaxanes have potential as a sustained-

release carrier of pegylated proteins. As shown in Fig. 13,

Figure 13. Scheme proposed for the release of PEGylated protein from CD polypseudorotaxane.
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when a suspension containing CD polypseudorotaxane with

pegylated proteins was injected subcutaneously, CDs were

gradually released from the supramolecules, and then pegy-

lated proteins were dissolved in subcutaneous fluids, fol-

lowed by sustained translocation into the bloodstream. In

fact, by inserting two PEG chains in the c-CD cavity Higashi

et al. [38] demonstrated that the pegylated insulin formed

polypseudorotaxane with c-CD. The pegylated insulin/c-CD
polypseudorotaxanes were less soluble in water, and the

release rate of the drug from the polypeudorotaxanes was

slower than that from the drug alone [38]. The plasma levels

of the pegylated insulin after subcutaneous administration of

c-CD polypseudorotaxane to rats were significantly pro-

longed, accompanying an increase in the area under the

plasma drug concentration–time curve, which was clearly

reflected in the prolonged hypoglycemic effect [38]. The

results indicated that the pegylated insulin/CD polypseudor-

otaxanes act as a sustained drug release system [38]. In

addition, the potential use of polypseudorotaxane formation

with CDs as a sustained drug delivery technique for other

pegylated proteins, such as pegylated lysozyme [223] and

randomly pegylated insulin [224], has been demonstrated. In

the in vivo study, no side effects were observed, but the safety

profiles of the CD polypseudorotaxanes remain unknown

because of the low aqueous solubility of the supramolecule.

Meanwhile, a series of novel cationic supramolecular poly-

rotaxanes with multiple cationic a-CD rings threaded and

blocked on a poly[(ethylene oxide)-ran-(propylene oxide)]

random copolymer chain were synthesized, and their use-

fulness as gene delivery carriers has been investigated. In

particular, cytotoxicity studies showed that cationic poly-

rotaxanes, all with linear multiple oligoethylenimine chains

of molecular weights up to 423Da, exhibited much less

cytotoxicity than did high-molecular-weight branched poly-

ethylenimine (25 kDa) in both HEK293 and COS7 cell

lines [201]. In the future, various supramolecular biomater-

ials that have undergone CD inclusion complexation, shown

to havemany advantages over conventional polymers, should

be developed for use in designing novel drug and gene

delivery systems.

6. PERSPECTIVE

A number of CD derivatives, CD conjugates, and CD (poly-

pseudo)rotaxanes have been designed and evaluated for

practical use in various fields. As described above, some

hydrophilic CDs, such as HP-b-CD, HP-c-CD, SBE7-b-CD,
and M-b-CD, have been employed in pharmaceutical for-

mulations. In addition, CD nanoparticles for pDNA and

siRNA delivery are also approaching clinical use. In July

2008, Sugammadex had been approved in the European

Union, but the U.S. Food and Drug Administration rejected

the application in August 2008. Again, this topic made us

recognize the importance of safety issues regarding CD-

based pharmaceutical products in clinical applications. No

matter how good in vitro and in vivo pharmacological data

are, in vivo safety data on CD derivatives, CD conjugates,

CD polymers, and CD polypseudorotaxanes and their com-

plexes are absolutely imperative for clinical and practical

use. We hope that a number of CD-based products with

excellent efficacy and safety histories will soon appear on

the market.
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1. INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides composed

of six a-cyclodextrin, seven b-cyclodextrin, and eight or

more c-cyclodextrin glucopyranoside units, linked by

a-(1,4) bonds. They are produced through exposure of starch
to intermolecular transglycosylation with the enzyme CD

glucanotransferase [1]. The first record of CDs goes back

nearly 119 years to a study conducted byVilliers, in which he

described isolation of 3 g of crystallized substance after

bacterial ingestion of 1000 g of starch [2]. Studies to date

by various researchers on CDs have accelerated, revealing

increasingly wider areas of use. There are mainly three

groups of CDs—a-, b-, and c-CD—which provide the

subject matter of more than 1000 articles published in

international journals every year, a large majority of which

relate to pharmaceuticals or products related to pharmaceu-

tical products. These three types of CDs are also called the

first-generation or principal CDs [3].

Despite their limited industrial use, owing to high pro-

duction costs and impurity problems, CDs are nowusedmore

widely, thanks to advancements in biotechnologywhich have

led to improved efficiency in production and enabled pro-

duction of highly purified CD. In the pharmaceutical field,

CDs are used mainly as complexing agents, the intent being

to increase the solubility of poorly water-soluble drugs in

order to improve their bioavailability and stability. The first

industrial use ofCDswas in the early 1970s, primarily in food

and cosmetic applications. They have been used in the food

industry to improve the stability of sweetening agents,

thereby helping to mask their poor taste and odor. The first

attempts to use them in cosmetics have been to enhance the

stability of chemically susceptible compounds and thus to

prolong their action time [4].

CDs saw industrial-scale use in Japan in the early 1980s,

with annual production amounts increasing every year and

making Japan the largest consumer of CDs by the early

2000s. The food industry consumed 78.8% of the total

volume, with agricultural chemicals and pharmaceuticals

accounting for a mere 4.6% of the market [5]. Also in

Europe and the United States, industrial-scale use of CDs

advanced, albeit more slowly, beginning with the launch of

a CD-based fabric softener by Procter&Gamble in the early

1990s [6].

While a large number of modified derivatives of CDs have

been developed through the years, those most commonly

used in the market as a pharmaceutical excipient are deriv-

atives with the substituents 2-hydroxypropyl, sulfobutyl
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ether, and methyl. Although they differ in electronic char-

acteristics and size, these substituents bind to the main

structure by reacting with one or more 3-hydroxy groups of

the glucopyranoside structure [7].

A drug substance must dissolve to a certain level in water

in order to exert its pharmaceutical effect. In drugs where

solubility is an issue, the ways of overcoming this problem

include combining different solvents, buffering agents, or

surfactants during formulation studies. However, these may

cause irritation or other adverse reactions during use. In

general, for drug-filing procedures, the excipients included

in the formulation bear much relevance. In formulations

using CD, however, thanks to the complex formed with the

drug substance, the solubility of the substance is improved

and even its stability controlled in the formulation or until

delivery to the site of action. Maintaining its complex form

with CD until it reaches the biological surface where

absorption will take place, the active substance, at that

point, partitions and permeates the biological membrane.

Owing to its low lipophilic character, CD does not permeate

the biological membrane and remains within the aqueous

medium. The traditional absorption enhancers used in drug

formulations act by altering or distorting the membrane

structure, in contrast to CDs, which serve their function

solely by enhancing the presence of the drug substance at

the site of absorption [8,9]. In formulation studies, exci-

pients with such favorable properties obviously provide

specific advantages for both formulators and pharmaceuti-

cal product application dossiers compiled for registration

purposes.

CDs have numerous applications in the pharmaceutical

field: to enhance the bioavailability of poorly water-soluble

drug substances and to improve the stability of substances

against such factors as hydrolysis, oxidation, heat, or light

through the inclusion compounds that they form among other

uses. An important issue of interest that formulators focus on

during formulation studies is formulation with CD deriva-

tives to mask poor taste or odor characteristics of a variety of

substances [10]. Reports of their low toxicity profile, attrib-

uted to the high resistance of CDs used in formulations

against starch-digestive enzymes, have recently promoted

their use in drug formulations. They are digested by enzyme

a-amylase, which is present in the colonic flora [11]. Animal

studies conducted by different groups have found that

absorption of CDs ranged from 0.02 to 3% of the oral

dose [12–15]. The principal CDs, a- and b-CDs, are known
to be resistant against gastric acid, saliva, and pancreatic

enzymes, compared to c-CDs, which are partially digested

by gastrointestinal enzyme amylase. Absorbed CDs are,

however, excreted in urine without undergoing any obvious

metabolization. Taken together, these findings elucidate the

low-toxicity profile of CDs after oral administration and

support their use in drug formulations as a new excipient

for various purposes [9,16].

2. REGULATORY STATUS OF EXCIPIENTS
IN FORMULATIONS

Hesitancy on the part of industrial centers undertaking drug

research and development to include a new excipient in

formulations is understandable. It should be remembered

that this is the underlying reason that CDs and similar other

excipients do not have a wider industrial application today.

An important reason is that health authorities, in their

capacity as the regulatory organs of approval, subject these

new excipients to evaluation during new drug applications

(NDAs). The extremely cautious and meticulous manner in

which the regulatory authorities deal with these excipients

against the possibility of potential problems or issues often

leads to delays in the evaluation process or even results in

rejection of an application.

International industrial excipient companies involved in

the research, development, control, and approval of medic-

inal products established the International Pharmaceutical

Excipients Council in 1991 to address issues surrounding

excipients used in the formulation of pharmaceutical for-

mulations. This organization is comprised of four associa-

tions: IPEC–America (United States of America), IPEC–

Europe, IPEC–Japan, and the recently established IPEC–

China. The core objective of this institution is to ensure

harmonization of international standards for excipients, to

provide new excipients suitable for industrial applications,

and to compile existing practical and theoretical scientific

knowledge of excipients. In this premise, IPEC has led the

way for development of an examination and evaluation

instrument known as the new excipient evaluation proce-

dure, to ensure independent inspection of new excipients

prior to application for official approval and for the estab-

lishment of a forum that would perform preevaluation of

excipients according to the aforesaid procedure. This organ is

composed of experts from academic, industry, and regulatory

circles who undertake evaluation of new excipient candidates

in terms of their safety and chemical characterization. Al-

though the protocols resulting from these studies emerge

through processes also involving U.S. Food and Drug Ad-

ministration (FDA) officials, these protocols and officials do

not provide regulatory approval. They are aimed at assisting

pharmaceutical manufacturers and researchers who under-

take formulation development in submitting an application

with a more complete dossier for formulations that contain

new excipients, helping them in obtaining regulatory ap-

proval, and encouraging them in using new excipients during

their new formulation studies.

2.1. Regulatory Status in ICH Countries

2.1.1. United States of America When we look at the

situation regarding excipients used in pharmaceutical for-

mulations, we see that the International Conference on

124 REGULATORY STATUS OF CYCLODEXTRINS IN PHARMACEUTICAL PRODUCTS



Harmonization (ICH) has not undertaken any studies toward

evaluating the safety of new excipients that may be included

in drug formulations, and has not published nor is it working

on any specific “guideline” in this respect. However, in the

Guidance for Industry: Nonclinical Studies for the Safety

Evaluation of Pharmaceutical Excipients, issued in May

2005, the FDA refers to the overall safety testing guidelines

for drugs of the ICH (e.g., ICH S1A, S2B, S3A, S5A, S7A,

and M3) [17]. On the other hand, in some instances, sup-

portive data for a new excipient are included in the drug

application dossier or in the fully referenced drug master file

(DMF), where the data provided are arranged in a manner

similar to that for drug substances and contain chemical,

manufacture, safety, and quality control (CMC) data. In

recent years, the approval of new excipients by U.S. regu-

latory authorities takes an indirect approach: by granting

approval for their inclusion in the formulation of a drug

product, meaning that the approval is not for the excipient

itself, but solely for its use in the formulation of that drug

product. Consequently, using a new excipient, found to be

compliant with the scientific criteria required by the regula-

tory authority, in the formulation of other drug formulations

is allowed, provided that the level and duration of exposure

specified in the approved drug formulation are not exceeded.

If the new drug formulation containing the new excipient will

have a different route of administration than that of the

previously approved drug product, the FDA requires sub-

mission of toxicology data for the new route of administra-

tion proposed [18–20].

In the guidance document for excipients cited earlier [17],

the FDA gives the following definition of a new excipient:

“any inactive ingredients that are intentionally added to

therapeutic and diagnostic products, but that: (1) we believe

are not intended to exert therapeutic effects at the intended

dosage, although they may act to improve product delivery

(e.g., enhance absorption or control release of the drug

substance); and (2) are not fully qualified by existing safety

data with respect to the currently proposed level of exposure,

duration of exposure, or route of administration.” The

strategies recommended for excipients proposed to be used

for the first time in the formulation of a drug potentially to be

approved by the national health authority (whichmay include

CDs used as an excipients) are grouped under six headings in

the guidance document:

1. Safety pharmacology: it is required that these studies

be performed according to the standard tests specified

in ICH S7A. These evaluations can be performed

during the course of toxicology studies or as indepen-

dent studies.

2. Potential excipients intended for short-term use: in-

cludes tests for excipients that are intended for use in

products that are limited by labeling to clinical use for

14 or fewer consecutive days.

3. Potential excipients intended for intermediate use:

includes tests for excipients that are intended for use in

drug products that are labeled for clinical use of more

than two weeks but less than three months.

4. Potential excipients intended for long-term use: in-

cludes tests for excipients that are intended for use in

drug products labeled for clinical use of more than

three months.

5. Potential excipients for use in pulmonary, injectable,

or topical product: includes safety tests for excipients

that are intended for use in injectable, topical (dermal,

intranasal, intraoral, ophthalmic, rectal or vaginal), or

pulmonary drug products.

6. Photosafety data: it is recommended that either the

excipient or the complete drug product be evaluated as

described in the CDER guidance Photosafety Testing.

2.1.2. European Union The Guideline on Excipients in

the Dossier for Application forMarketing Authorisation of a

Medicinal Product [21], issued by the European Medicines

Agency, gives the following definition of an excipient:

“Excipients are the constituents of a pharmaceutical form

apart from the active substance.” This guideline aims to

provide guidance on the applications for drug product reg-

istration/licensing and marketing authorization or variations

relating to an excipient in registered medicinal products. As

mentioned previously, the approval sought here is not for the

excipient but for the drug product that contains it. Therefore,

the approval granted is solely for the level and duration of

exposure as specified for that particular drug product. The

information that should be included with respect to excipi-

ents in the appropriate modules of drug product registration

dossiers in the Common Technical Document (CTD) format

that is required in EU countries and candidates are briefly as

follows:

1. Description andComposition of theDrug Product (3.2.

P.1)

2. Pharmaceutical Development (3.2.P.2)

3. Specifications (3.2.P.4.1)

In thismodulewhere the specifications are examined

of excipients intended for use in drug products, if,

example, it is included in theEuropeanPharmacopoeia

or in a national pharmacopeia of a member state of the

European Union, references made in the application to

such monographs are deemed acceptable. If the mono-

graph for an excipient is not registered in the European

Pharmacopoeia or in that of anymember state, but is in

the pharmacopoeia of any of the ICH non-EU tripartite

countries (e.g., United States Pharmacopeia/National

Formulary and Japanese Pharmacopoeia), confor-

mance to such monograph is also deemed acceptable.
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However, the applicant is required to document com-

pliance of the proposed excipient not only with the

aforesaid pharmacopeia, but alsowith the specifications

prescribed in the section “Substances for Pharmaceu-

tical Use” of the European Pharmacopoeia. If the

excipient proposed for use in the drug product is not

registered in any pharmacopeia, a full specification

listing should be applied based on the following data:

Physical characteristics

Identification tests

Purity tests (totally or individually per each impurity)

Assay or limit tests

Other relevant test

4. Justification of Specifications (3.2.P.4.4)

5. Excipients of Human or Animal Origin (3.2.P.4.5)

6. Novel Excipients (3.2.P.4.6)

The stance toward new excipients is that detailed

descriptions of the manufacture, characterization, and

control processes, a detailed description of the excip-

ient, along with an explanation of its conditions and

purpose of use, must be submitted to support the safety

data for the new excipient. If the excipient is a complex

or a combination of multiple ingredients, each of its

constituents should be specified quantitatively and

qualitatively. A chemical documentation of the new

excipients used should be performed based on “CPMP

Guideline on theChemistry ofNewActive Substances”

(CPMP/QWP/130/96). Furthermore, bibliographic da-

ta on the excipient’s chemistry, toxicological character-

istics, and current areas of use should also be submitted.

7. Control of Drug Product (3.2.P.5)

8. Stability (3.2.P.8)

9. Labeling

Moreover, the control requirements for excipients are

provided in Module 3, Section 3.2.2.4, as prescribed in

Directive 2003/63/EC on the technical and scientific partic-

ulars of dossiers required during new drug registration

applications [22]. It is provided that: “For excipient(s) used

for the first time in a medicinal product or by a new route of

administration, full details of manufacture, characterization,

and controls, with cross references to supporting safety data,

both non-clinical and clinical, shall be provided according to

the active substance format previously described” and

“Additional information on toxicity studies with the novel

excipient shall be provided inModule 4. Clinical studies shall

be provided inModule 5.” Further requirements are that “any

novel excipient shall be the subject of a specific safety

assessment” [Module 2 (2.4. Non-clinical Overview)] and

that “the toxicology and pharmacokinetics of an excipient

used for the first time in the pharmaceutical field shall be

investigated” [Module 4, Section 4.2.(3)].

2.1.3. Japan According to the evaluation system imple-

mented by the JapaneseMinistry of Health andWelfare, drug

products containing excipients that have previously been in

use are evaluated by the Pharmaceuticals and Medical De-

vices Evaluation Center (PMDE), and products containing

new excipients that are being used for the first time are

evaluated by the Subcommittee on Pharmaceutical Excipi-

ents of the Central Pharmaceutical Affairs Council (CPAC).

Any excipient, even if previously included in the formulation

of an existing drug product in another country, is qualified as

“new” if it will be used for the first time in Japan, its route of

administration is different than any previous route of admin-

istration, or the level of exposure is above the previous level

used [23]. It may be concluded that these standards, govern-

ing excipients in general, are also applicable for CDs.

2.2. Regulatory Status of CDs on GRAS Substances

According to the U.S. Federal Food, Drug and Cosmetic Act

(FDCA), Sections 201(s) and 409, a food additive is defined

as any substance that is added to any food to serve a specific

function. These substances are subject to FDA evaluation

prior to marketing and are approved if so deemed by experts

after a series of evaluations to be safe under the conditions

envisaged for use. These evaluations take place independent

of the FDA, and their results are reported to the FDA for

listing. After completion of the evaluations in accordance

with the FDCA, the additives used are included in the

category generally recognized as safe GRAS in one of the

following two ways:

1. After evaluation through scientific procedures: Scien-

tific evidence, in the same quantity and quality as that

required for the approval of a food additive, is required

(supported by published or unpublished studies).

2. In the case of an additive that has been in use since

before 1958, there must be a history of considerable

consumption by a sufficient number of consumers,

resulting from experience with its use during that time

frame.

It is suggested by some that a food additive included in the

GRAS determination may be included in drug formulations

intended for oral administration, up to the quantities specified

therein [7]. Accordingly, after a review of the FDA’s GRAS

list for CDs, it has been noted that the three CDs were

included in the table. c-CD was listed first, in May 2000

(GRAS No. 46). The intended use of c-CDs in food products
is as a stabilizer, emulsifier, carrier, or formulation aid. b-CD
(GRAS No. 74) (as an aroma carrier and preservative) and

a-CD (GRAS No. 155) (as an aroma adjuvant, colorant

carrier, and stabilizer for vitamins) later followed the GRAS

listing of c-CD. These GRAS determinations with respect to

CDs include information on the quantities and areas of use,
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physicochemical and characteristic properties, impurity, re-

sults from biological studies (absorption, disposition, me-

tabolism, and excretion), results from toxicology studies

(acute, subchronic, and chronic studies), embryotoxicity/

teratogenicity, genotoxicity, irritation/sensitization studies,

and tolerability in humans [24].

2.3. Regulatory Status of CDs in Different

Pharmacopoeias

From a regulatory perspective, a- and b-CDmonographs are

included in the U.S. Pharmacopeia/National Formulary

(USP/NF25) [25] and the European Pharmacopoeia (EP

6.0) [26]. A monograph for CDs is also provided in the

Handbook of Pharmaceutical Excipients, a compendial

source, where CDs are classified as solubilizing and stabi-

lizing agents [27]. As mentioned earlier, validation of CD-

containing pharmaceutical formulations for commercializa-

tion has begun with the approval of pharmaceutical products

by U.S., European, and Japanese authorities. Cyclodextrins

may be present in formulations in the form of complexed or

uncomplexed structures. After administration, the pseudo-

complex structure that a CD forms with an active substance

disintegrates in the biological environment, releasing the

drug substance to exert its pharmaceutical action. Thus, the

regulatory approval for these formulations is granted not for

the complex structure of active substance and CD, but solely

for the active substance. CD-containing products whose

regulatory approval procedures have been completed by

health authorities in a number of countries in addition to

the ICH tripartite countries (the United States, the EU, and

Japan) are listed in Table 1.

Table 1. Drug Products Containing CDs as Excipients

Active Pharmaceutical

Ingredient/Drug Molecule Type of CDa Trade Name Formulation Country of Registration

17b-Estradiol M-b-CD Aerodiol Nasal spray Europe

Alprostadil a-CD Prostavastin Intravenous (IV) solution Europe

Rigidur Japan

Edex U.S.

Caverject U.S.

Amiodarone SBE-b-CD Nexterone IV U.S.

Aripiprazole SBE-b-CD Abilify Intramuscular (IM) solution Japan, U.S.

Benexate b-CD Ulgut Capsule Japan

Lonmiel

Betahistidine b-CD Betahist Tablet India

Cefotiam-hexetil a-CD Pansporin T Tablet Japan

Cephalosporin b-CD Meiact Tablet Japan

Cetirizine b-CD Cetirizine Chewable tablet Switzerland, U.S.

Chloramphenicol M-b-CD Clorocil Eyedrop Europe

Chlordiazepoxide b-CD Transillium Tablet Argentina

Cisapride HP-b-CD Propulsid Suppository Europe

Dexamethasone b-CD Glymesason Ointment, tablet Japan

Dextromethorphan b-CD Rynathisol Europe

Diclofenac sodium HP-c-CD Voltaren ophtha Eyedrop solution Europe

Diphenhydramin HCl,

chlortheophyllin

b-CD Stada-Travel Chewing tablet Europe

Flunarizine b-CD Fluner Tablet India

Hydrocortisone HP-b-CD Dexocort Solution Europe

Indomethacine HP-b-CD Indocid Eyedrop Europe

Iodine b-CD Mena-Gargle Solution Japan

Itraconazole HP-b-CD Sporanox Oral and IV solutions Europe, U.S.

Maropitantb SBE-b-CD Cerenia Parental solution USA

Meloxicam b-CD Mobitil Tablet, suppository Egypt

Minoxidil c-CD Alopexy Solution Europe

Mitomycin HP-b-CD Mitozytrex Mitoextra IV infusion Europe, U.S.

Modified porcineb

(circovirus inactivated)

SL-CD Suvaxyn PCV Suspension for injection Europe

Nicotine b-CD Nicorette, Nicogum Sublingual tablet, chewing gum U.S., Europe, Japan

Nimesulide b-CD Nimedex Tablet Europe

Mesulid Fast

(continued )
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2.4. Current Regulatory Perspectives on CDs

The Inactive Ingredients Database, which is updated contin-

uously by the FDA, includes a list of inactive pharmaceutical

ingredients contained in products that have been granted

regulatory approval. When used in new drug formulations,

the inactive pharmaceutical ingredients contained in the

formulation of approved drug products are not qualified as

new excipients, resulting in a less comprehensive examina-

tion during evaluation of the second drug product. The use of

substances that have been approved for a specific quantity in

a specific dosage form is considered safe when used in a

similar product in a similar quantity. The list contains

information on the inactive ingredient’s full name; approved

product’s route of administration, and dosage form; CAS

(Chemical Abstracts Service) number; UNII, unique ingre-

dient identifier; and the quantity of inactive substance (ex-

cipient) used in the specified route of administration and

dosage form. The results from a review of the Inactive

Ingredients Database in January 2010 for CD are given in

Table 2.

The EMEA Committee for Human Medicinal Products

has issued the guideline, Opinion on the Potential Risks of

Carcinogens, Mutagens and Substances Toxic to Reproduc-

Table 1. (Continued )

Active Pharmaceutical

Ingredient/Drug Molecule Type of CDa Trade Name Formulation Country of Registration

Nitroglycerin b-CD Nitropen Sublingual tablet Japan

Omeprazol b-CD Omebeta Tablet Europe

OP-1206 a-CD Opalmon Tablet Japan

PGE2 b-CD Prostarmon E Sublingual tablet Japan

Piroxicam b-CD Brexin Tablet, suppository, liquid Europe, India, Brazil

Cicladon

Flogene

Rofecoxib b-CD Rofizgel Tablet India

Sugammadex (as sodium salt) (It is a modified c-CD) Bridion IV solution Europe
99Tc teoboroxime HP-c-CD Cardiotec IV solution U.S.

Telavancin HP-b-CD Vibativ IV infusion U.S.

Thiomersal b-CD Vitaseptol Eyedrop Monaco

Tiaprofenic acid b-CD Surgamyl Tablet Europe

Voriconazole SBE-b-CD Vfend IV solution Europe, U.S., Japan

Ziprasidone mesylate SBE-b-CD Geodon IM solution Europe, U.S.

Zeldox

Source: The information listed in this table is based partly on Szejtli [30] and Loftsson [31].
aa-CD, a-cyclodextrin; b-CD, b-cyclodextrin; c-CD, c-cyclodextrin; HP-b-CD, 2-hydroxypropyl-b-cyclodextrin; SBE-b-CD, sulfobutyl ether b-cyclodextrin;

HP-c-CD, 2-hydroxypropyl-c-cyclodextrin; SL-CD, sulfolipo-cyclodextrin.
b For veterinary use.

Table 2. Inactive Ingredient Search Results for CDs Used in the Pharmaceutical Industry

Inactive Ingredient Route; Dosage Form CAS Numbera UNIIb Maximum Potency

c-Cyclodextrin Intravenous; injection 17465860 KZJ0BYZ5VA 5.00%

Sulfobutyl ether-b-cyclodextrin Intramuscular; powder,

for injection solution,

lyophilized, with

additives

2PP9364507 44.14%

Sulfobutyl ether-b-cyclodextrin Intravenous (infusion);

powder, for injection

solution, lyophilized

2PP9364507

Source: Adapted from [28].
aChemical Abstracts Service (CAS), a division of the American Chemical Society, provides comprehensive electronic chemical information services.
bThe UNII (unique ingredient identifier) is a part of the joint USP/FDA Substance Registration System (SRS), which has been designed to support health

information technology initiatives by providing unique identifiers for substances in drugs, biologics, foods, and devices based on molecular structure and/or

descriptive information.
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tion When These Substances Are Used as Excipients of

Medicinal Products for Human Use [29], a scientific article

on excipients destined for use in pharmaceutical products.

One provision of this guideline is that each new excipient

undergo a full evaluation, like that for a new active substance.

With respect to an excipient used for the first time, the

intention is to ensure submission of information on the

manufacture, quality control, reproducibility of impurities,

relevant functional characteristics, and animal toxicity. An

example has been given of an issue experienced with sulfo-

butyl ether-b-cyclodextrin sodium (SBE-b-CD) used in an

antifungal product formulated as a powder for infusion. A

potentially genotoxic carcinogen impurity was detected in

the SBE-b-CD, used as an excipient in the formulation.At the

conclusion of this investigation, the CHMP required the

manufacturer to minimize the level of this impurity since

no other CD existed that could be substituted for this specific

excipient, making its removal from the formulation impos-

sible. In the final assessment of the overall risk–benefit

balance of the product, it was concluded that the purpose

had been served and the use of the excipient, a CD derivate, in

the product was approved [29]. Indeed, the conclusion

reached by the EMEA has been a striking one with respect

to the use of CDs in drug formulations.

3. FUTURE PERSPECTIVES ON THE

REGULATORY STATUS OF CDs

With regard to the facts stated above, pharmaceutical man-

ufacturers and regulatory authorities agree on the necessity of

developing a common regulation to globally govern excipi-

ents that are used in the manufacture of drug products.

Regretfully, the inability thus far to develop such a regulation

for excipients remains the greatest obstacle in the way of

development of new excipients and a barrier to development

and regulatory approval of formulations with new excipients

that will put these excipients in the service of human health.

In fact, new excipients are indirectly granted approvalmerely

through their inclusion in new drug application dossiers for

that particular formulation, route of administration, and

quantity. From the perspective ofmanufacturers, formulating

with a new and not-yet-compendial excipient entails sub-

stantial risks, since scientific studies of excipients are not as

widely available and comprehensive as those for active

substances, and results from some of these studies are not

released. Any concern that may arise in connection with an

excipient included in the formulationmay delay the approval

procedures or even lead to rejection.

In a large majority of the evaluations performed in both

ICH tripartite countries and elsewhere of formulations con-

taining CD derivatives as an inactive pharmaceutical ingre-

dient, the safety evaluations used have been those prescribed

by ICH generally for active ingredients, which is the correct

approach not only scientifically but also for human health

and life.

4. CONCLUSIONS

It is an established fact that excipients, while pharmacolog-

ically inert, bear the utmost relevance for the efficacy of a

drug product in obtaining optimal results from a pharma-

ceutical formulation developed to serve the well-being of

humans. The point that we have reached today in the course

of research and development of pharmaceutical formulations

makes it evident that use of more effective excipients in

newer pharmaceutical forms is inevitable. The situation

facing pharmaceutical researchers today is a challenge, as

obviously, formulators have indeed shown their merit in

surmounting the scientific stages that are required to identify

and utilize an excipient that will help to develop a pharma-

ceutical formulation that is both more presentable, and more

convenient, stable, and effective. However, a common point

has yet to be reached by all stakeholders as to the standards of

examination and evaluation which are indicative of quality,

safety, and efficacy from a regulatory perspective. In other

words, the unavailability of comprehensive studies in this

field, for whatever reason, is among the underlying causes of

the present situation. And for this reason it remains impos-

sible with respect to new excipients to state confidently and

based on scientific evidence, in particular from a safety

perspective, that a particular excipient can be used in phar-

maceutical formulations. This leads health authorities who

carry out regulatory approval procedures to be much more

cautious andmeticulous when dealing with these substances,

and prolongs the application procedure for registration. In

particular, the issue of making new excipients confidently

usable in pharmaceutical formulations for human health can

be resolved by a common commitment on the part of

academic, industrial, and regulatory circles as to their re-

spective responsibilities. Modalities jointly developed by

stakeholders will be instrumental in developing international

standards and overcoming the difficulties encountered during

the development of pharmaceutical formulations that employ

new excipients, in light of comprehensive and specific sci-

entific studies to be conducted on excipients utilizing the

financial resources to be so generated.
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1. INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides that consist

ofa-D-glucopyranose units that are boundwitha-(1,4) bonds
and have hydrophobic inner cavities and hydrophilic outer

surfaces. Cyclodextrins are derived as a result of the intra-

molecular transglucosylation reaction that occurs in an an-

hydrous environment during degradation of the starch in a

cyclodextrin glycocyltransferase (CGT) enzyme [1–4].

There are three principal types of natural CDs, also

known as first-generation CDs: a-CD, b-CD, and c-CD.
These CDs consist of six, seven, and eight glucopyranose

units, respectively. b-CD is the most commonly used, based

on its cheapness, availability, and complex-forming capac-

ity. Various derivatives of these natural CDs have been

prepared in order to enhance their inclusion complex–

forming capacities and physicochemical properties. These

derivatives are usually obtained with the amination,

esterification, or etherification of primary and secondary

hydroxyl groups of CDs.

Themost important characteristic of CDs is their ability to

form inclusion complexes with hydrophobic molecules by

retaining them within their inner cavities with their nonpolar

cavities and hydrophilic outer surfaces.With the formation of

inclusion complexes, the physicochemical properties of the

guest molecules bound temporarily or entrapped in the inner

cavity can be changed [5,6]. As a result of the preparation of

the inclusion compound, positive modifications are provided

in the properties of guest molecules, such as enhancement

of the dissolution of insoluble substances, stabilization of

nonstable substances against the degrading effects of light

and heat, sublimation and control of the volatility, physical

isolation of the incompatible compounds, chromatographic

separations, masking of undesired odor and taste, and con-

trolled release of drugs and fragrance–taste substances [7].

The CDs and their inclusion complexes are therefore used as

delivery systems in the food, drug, cosmetics, packaging, and

textile industries [8].

2. CDs AND THE SKIN

There are many studies concerning dermal and transdermal

application of CDs [9–12]. However, CD–skin interactions

are well known. The clinical efficacy of a drug applied

topically, depends on the drug availability at the target site

in addition to its pharmacological properties. The target site

can extend to a very wide region, depending on the lesions on

the skin. It should be noted, however, that the stratum

corneum layer provides a significant protective barrier in

the penetration of drugs and other chemical substances.

Compounds that are very hydrophobic, especially, cannot

pass easily through the stratum corneum and viable epider-

mis. The stratum corneum layer, however, can provide easier

delivery, depending on the hydration level, due to the use of a

diffusion mechanism for skin penetration [13]. As is known,

hydrophilic compounds with a maximum molecular weight

of 300 Da have the easiest skin penetration abilities. But the

CD molecules are too large (molecular weight range �1000

to 2000Da), and delivery of the CD molecules and com-

plexes through the biological membranes under normal

conditions is quite difficult [14]. For example, the effect of

HP-b-CD was reviewed upon the penetration of a preserva-

tive,methylparaben, through the excised hairlessmouse skin.
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It was found that the methylparaben/HP-b-CD complex

reduced the cutaneous permeability of methylparaben [15].

Furthermore, the CDs can cause irritation on the skin in

certain cases. For example, parent CDs and chemically

modified CDs in high concentration cause skin irritation in

guinea pigs. It was concluded that this is caused by extraction

of the skin lipids by the CDs [16].

But CDs can reduce the side effects of certain drugs by

decreasing the cutaneous penetration and therefore increas-

ing the bioavailability of the entrapped molecules [17].

Various methods can be adopted to increase the cutaneous

penetration of the drugs. Substances defined as penetration

enhancers can be added to formulations for this purpose. CDs

are also used as penetration enhancers. Whereas convention-

al penetration enhancers such as alcohols and fatty acids

affect the skin barrier by damaging it, hydrophilic CDs

positively influence the penetration by enhancing the avail-

ability of the drug on the skin surface, as shown in Fig. 1 [18].

Penetration enhancers added to semisolid vehicles in-

crease the percutaneous absorption by damaging the stratum

corneum barrier of the skin temporarily, thus providing a

more efficient topical treatment [19]. Various unsaturated

fatty acids, fatty alcohols, and glycerol monoethers are used

as penetration enhancers. Several studies suggest that these

substances enhance the dermal and transdermal delivery of

many drugs [20,21].

3. CDs AS A DELIVERY SYSTEM

CDs and their derivatives are used widely in the drug,

cosmetics, food, and textile industries. Their most important

advantages include enhancing drug dissolution and thus

having a positive effect on bioavailability, increasing the

drug’s stability and providing controlled release in the

pharmaceutical industry [22]. Many studies are conducted

with CDs in oral, parenteral, ocular, nasal, dermal, and rectal

drug administrations. Table 1 presents examples of CD

application through various routes. CDs also play important

roles in colon-specific drug delivery, peptide and protein

delivery, and gene and oligonucleotide delivery [23–26].

Another area of CD use is as excipients in pharmaceutical

dosage forms. There are several studies concerning their use

as filler and disintegrant in tablet manufacturing, to mask of

the bitter taste of a drug in liquid dosage forms, or as a

pelletization agent in an extrusion/spheronization pro-

cess [27–29]. In a study where cross-linked carboxymeth-

ylcellulose and CD polymer are compared as the disintegrant

in spironolactone tablet formulations, it was concluded that

the CD polymer provides a capillary effect and is as good a

disintegrant as are cellulose derivatives, and that it increases

the dissolution rate of the drug [30].

3.1. CDs and Dermal/Transdermal Delivery

CDs and their inclusion complexes have varying effects on

the behavior of the drugs in ointments and other semisolid

formulations. CD complexes are used to reduce the irritant

effect of a drug on the skin or the mucosa, preventing the

metabolism of the skin site of application, increasing ab-

sorption, and ensuring extended release from the excipi-

ent [44–47].

Encapsulation of active agents with CDs does not cause a

change in the intrinsic pharmacological properties of a drug

while changing its physicochemical properties. One of the

most important properties of CDs is the lack of effect on the

barrier feature of the stratum corneum layer in dermal and

transdermal drug delivery. As is known, the CDs are molec-

ular delivery systems. The lipophilic drug molecules carried

by CDs are released on the skin surface. The free drug

fraction here depends on the dissolution rate of the drug.

A proper vehicle is essential for the CDs to exhibit their

functions. For example, the release of corticosteroids from

the hydrophilic vehicles increases significantly with hydro-

Cyclodextrin              Complex                 Guest      

Figure 1. Apparent main mechanism of penetration enhancement.
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philic CDs, while the drug release from fatty vehicles is

delayed [48]. The dermocorticoids, which are used exten-

sively in dermatological treatment, nonsteroid anti-inflam-

matory drugs, and retinoids, are among the substances whose

inclusion complexes are studied most. Currently, there is a

commercially available ointment formulation on the market,

called Glymesason (Fujinaga, Japan), which is a dexameth-

asone/b-CD complex and has analgesic anti-inflammatory

effects [28].

Retinoic acid is used successfully in the treatment of acne

vulgaris, due to its keratolytic activity. But the side effects,

such as the sensitivity that it causes on the skin, erythema, and

xerosis, limit its use. Anadolu et al. [49] investigated the

efficacy and tolerability of the retinoic acid/b-CD inclusion

complex on 66 acne vulgaris patients. Retinoic acid/b-CD
complex was applied to the patients in hydrogel and mois-

turizer cream formulations, and the treatment efficacy was

determined to be higher than that of the commercial product,

which contains twice as much retinoic acid in the concen-

tration. Furthermore, the topical side effects (erythema,

desquamation, xerosis, and irritation) have a proportion of

92% in the commercial product group and 27% in patients

that use the formulation with b-CD complex, as shown in

Fig. 2. On the other hand, the low water solubility and

stability of retinoic acid were enhanced with the CD

complexes in other studies [50,51].

Increasing irritant activity of drug molecules in tissues

can be prevented using CDs. It was demonstrated using
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Figure 2. Side effects of treatment.

Table 1. Applications of CDs in Various Dosage Forms

Drug CD Application Route Observations Ref.

Griseofulvin b-CD Oral Improvement in drug bioavailability due [31]

Ketoprofen b-CD Oral to increased rates of both dissolution [32]

Digoxin c-CD Oral and permeation [33]

Diltiazem DE-b-CD, TE-b-CD Oral Obtained slow-release characteristic of

drug

[34]

Dexamethasone Sugar-branched b-CD Parenteral Stable complexation of drug in blood [35]

Paclitaxel HP-b-CD Parenteral Enhanced solubility and stability of

paclitaxel in solution

[36]

Hydrocortisone HP-b-CD Ocular Increased aqueous solubility [37]

Pilocarpine nitrate HP-b-CD Ocular Enhanced permeability and miotic

response of drug

[38]

Morphine a-CD Rectal Enhanced rectal absorption of drug [39]

Midazolam SBE-b-CD Nasal Improved nasal absorption of drug [40]

Insuline b-CD/DM-b-CD Nasal Reduced nasal toxicity of sodium

desoxycholate added as an enhancer

in a formulation

[41]

Naproxene 2-HP-b-CD Dermal Improved drug release [42]

Dexamethasone HP-b-CD Dermal Increased skin permeability of drug [43]
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histological studies that the invasive effect of celecoxib on

the stratum corneum layer is reduced using complexes

prepared with DM-b-CD and HP-b-CD [52]. Other research

has shown that when the nitroglycerin release increases with

an inclusion complex prepared with DE-b-CD from the

ointment formulation, better percutaneous absorption was

obtained [53].

Corticosteroids are among the most topically used drugs.

Depending on the purpose of the treatment, they are applied

in ointment or cream dosage forms. While the water solu-

bility of corticosteroids is low, the release rate of the drug

from preparations depends on the vehicles selected. There-

fore, selection of the right vehicle is essential. There are

studies that have investigated the effect of CDs on the

permeability and release of dermal corticosteroids such as

betamethasone and beclamethasone. When complexes of

these drugs prepared with b-CD and c-CD are formulated

in the hydrophilic ointment base, the release rates increase

significantly compared to those of free drugs [54,55].

CDs do not affect drug release from oily bases such as

vaseline. This is attributed to the lower solubility of the drug

in these bases. While the release of the hydrocortisone from

the oil/water cream and hydrogel bases increases with b-CD
andHP-b-CD complexes, it decreases invaseline orwater/oil

cream [56]. CDs also enhance the dermal delivery of non-

steroid anti-inflammatory drugs (NSAIDs). A study reports

that the complexes of 4-biphenylacetic acid, which are

prepared with b-CD, DM-b-CD, and HP-b-CD, enhanced
the in vivo absorption of the drug in mice [57]. Another study

with healthy volunteers reported that indomethacin com-

plexes, which are prepared with b-CD, DM-b-CD, and HP-

b-CD, enhanced the anti-inflammatory effect, depending on

the increase in release from hydroxyethylcellulose hydro-

gels [58]. The reason for this may be the increase of perme-

ability through improving the thermodynamic activity of

drugs of a lipophilic nature in bases with water contents.

3.2. CDs as a Cosmetic Delivery System

Many cosmetic products are manufactured in conventional

dispersion systems such as emulsion and suspension. But the

change in the cosmetic perception fromone person to another

and the differentiation of their expectations with the devel-

opment of cultural and economic conditions, has led cos-

metic formulators to new active agents and new techniques.

These new active agents, called cosmeceuticals or derma-

cosmetics, lie between drugs and cosmetics. The main

purpose of cosmetic delivery systems is control of cutaneous

penetration of the cosmeceutical substances, description of

their duration of action, and their delivery to the target skin

layer [59]. Cosmetic delivery systems also improve the

appearance and stability of products and ensure sustained

release of the active agent. The most important aspect of the

delivery of active agents through controlled release is the

localization of the substance in the epidermis or dermis and

its failure to proceed with the systemic circulation. For

example, sunscreen products are required to retain their sun

filters on the skin for the longest period possible and to have

the least possible transdermal delivery of the substances. The

main target of antiperspirants and deodorants are the bacteria

and fungi on the skin surface, and their availability at these

sites must be high. On the other hand, antioxidants, skin

lighteners, and antiaging compounds should provide their

activity on viable epidermis and dermis. To fulfill the in-

tended performance, products containing cosmeceuticals

should be prepared in a proper delivery system.

As indicated in Table 2, cosmetic delivery systems can be

classified into four groups. CDs are molecular delivery

systems. They retain guest molecules of varying shapes,

sizes, or polarities in their hydrophobic inner cavities; thus,

the properties of the bound substance change. Since the

substance entrapped in the inner cavity of a CD is protected

against oxidative, photolytic, and thermal degradations, it

becomes more durable against environmental conditions and

its stability increases. CD encapsulation also decreases the

cutaneous penetration of the guest molecule and thereby

decreases the undesired side effects [60].

4. APPLICATION OF CDs IN COSMETIC

FORMULATIONS

CDs have been widely used recently for the molecular

encapsulation of active cosmetic agents. CDs appear today

in many cosmetic product formulations, including creams,

lotions, shampoos, toothpastes, and perfumes [61,62]. The

main purposes and advantages of the use of CDs in cosmetic

formulations can be summarized as follows [63–65].

. Enhancement of the physical and chemical stability of

guest molecules (protection of guest molecules against

oxidation, hydrolysis, heat- and light-induced decom-

position reactions, and other organic compounds and

reactions)

. Increase or decrease of cutaneous absorption of several

compounds

. Increase or decrease in skin irritation

Table 2. Novel Cosmetic Delivery Systems

I. Emulsion

Systems

II. Vesicular

Systems

III. Particulate

Systems

IV. Molecular

Systems

Micro-

emulsions

Liposomes Microcapsules Cyclodextrins

Multiple

emulsions

Niosomes Nanocapsules

Nanoparticles

Matrix particles
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. Reduction or elimination of unwanted body odor

. Sustained release of fragrance materials and

cosmeceuticals

. Establishment or increase in stabilization for emulsions

and suspensions

. Inhibition of foam formation with surface-active agents

. Masking or reduction of unwanted odor and taste

. Prevention of interactions between the compounds in a

formulation

. Conversion of fats and fatty substances and liquid

substances to microcrystal or amorphous powders and

hence the handling for these substances for use in

cosmetic formulations

. Reduction in hygroscopicity

. Reduction in volatility of the volatile substances

. Decreased use of preservatives in formulations (unlike

starch, due to the failure of CDs and their derivatives to

create a nourishing environment for microorganisms).

CDs are employed in cosmetics as both inclusion com-

plexes and empty molecules.

4.1. Cosmetic Usage of Empty CDs

An uncomplexed CD can itself be used as an active agent in

cosmetic formulations for several purposes.

4.1.1. Entrapment of Unpleasant Odors Empty CDs are

used in various cosmetic products, such as deodorants, due

to their ability to retain volatile molecules in their inner

cavities. They are used with fragrance substances, antisep-

tics, and antimicrobial preservatives in various deodorant

formulations in order to eliminate mouth, body, and hair

odor. There are many patents for products that have been

prepared for this purpose [66–69]. When an odor absorber

formulation that contains empty CD in a aqueous or alco-

holic solution is applied to the skin, CD forms nonvolatile

complexes with substances with bad odor and thereby

prevents the volatilization of these substances from the skin

surface [18].

Another formulation that was designed for the preven-

tion of underarm and foot odor contains HP-b-CD in

addition to other substances [70]. Powder CDs, in which

the particle size is smaller than 12 mm, are provided in

diapers, menstrual products, and paper towels in order to

control the smell. Hydroxypropil-b-CD also enhances the

antimicrobial activity of the product on its own or with other

substances [71].

4.1.2. Absorption of Fatty Compounds [51] CDs are used

in cleaner skin care products and acne-healing preparations

with their property of absorbing fatty compounds and sebum

release. It was reported that a preparation prepared by the

spray-drying method, containing calcium phosphate, b-CD,
and squalene as moisturizers have high levels of sebum-

absorbing capabilities [72]. Shiseido has prepared cosmetic

packs that contain poly(vinyl alcohol), carboxymethylcellu-

lose, methyl b-CD, ethanol, and perfume in order to clean the

skin without causing irritation [73].

4.1.3. Other Applications of Empty CDs

Stabilization of Emulsions with CDs Emulsions can be

stabilized with CDs without using any surface-active

agents [74]. Cyclodextrins form a robust film layer on the

disperse phase surface of the emulsion. It was reported that

the stabile emulsions can be formed in a simple three-

component system consisting of liquid paraffin, water, and

b-CD, and that these emulsions can remain stabile for the

long-term under varying storage conditions [75].

Scrubbing Particles [65] Water-insoluble CD polymer

beads, which are prepared as the treatment of b-CD with

the epichlorohydrin, can be used as a facial cleanser, due to

their scrubbing effects [76].

4.2. Cosmetic Use of Inclusion Complexes

Molecular encapsulation of CDs with the cosmeceuticals

introduces many advantages for the guest molecule.

4.2.1. Enhancement of the Solubility of Guest Molecules
Many cosmetic active agents are much too hydrophobic and

not very soluble in the water. Therefore, it is a common

practice to use surfactants as dissolution enhancers. Eco-

nomically speaking, surfactants are very attractive com-

pounds for the aqueous cosmetic formulations, since they

are cheap and effective in low concentrations. But the use of

surfactants also bring along several disadvantages, including

skin irritation or light sensitivity, clouding problems in the

preparation of transparent formulations, and foam formation.

CDs and their derivatives form water-soluble inclusion

complexes with several lipophile substances. Complexation

significantly enhances thewater solubility of the active agent.

CDs are not toxic or allergenic. It is considered that they do

not cause skin irritation, and even in some cases, complex

formation decreases the possible irritation effect of the guest

molecule [60].

Water solubility of triclosan, which is used widely as an

antibacterial agent against plaque formation in toothpastes

and other mouth care products, is very low. This also affects

the biological activity of the substance in the oral cavity. In

inclusion complexes prepared with b-CD and HP-b-CD, the
water solubility of triclosan is increased 2000- to 4000-

fold [77]. Addition of triclosan–CD complexes to the tooth-

paste formulations also enhances the availability of triclosan
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as a result of the increase in solubility of the substance. The

preference of triclosan/b-CD/CMC complex over free tri-

closan in toothpastes has increased the initial concentration

of triclosan in the saliva after brushing approximately three-

fold and extended the duration of action from 0.7 h to

1.5 h [78].

Duan et al. [79] studied the effect of 2-HP-b-CD and RM-

b-CD on thewater solubility of triclosan and triclocarban and

concluded that the formation of inclusion complex with the

CDs improved the solubility of these substances.While PVP,

which is added to the aqueous HP-b-CD solutions, causes an

improvement in the solubility of triclosan, which is induced

with HP-b-CD, the addition of lysine to the aqueous com-

plexation environment affected the solubility of the sub-

stance negatively, as shown in Table 3. The same additives

also increased the CD solubility of triclocarban. Addition of

PVP and Mg2þ to the aqueous complexation environment

increases the solubility of triclocarban, which is provided

with RM-b-CD to some extent, whereas addition of ascorbic

acid or lysine resulted in a significant solubility enhance-

ment [79]. Minoxidil, an agent that stimulates keratinocyte

growth and hair growth, increased water solubility by pre-

paring an inclusion complex with a-CD [80].

p-Hydroxybenzoic acid esters (parabens) are preserva-

tives that are commonly used in cosmetics. Extension of the

alkyl chain of the parabens increases their antiseptic effect

and clinical reliabilities, but their low water solubility limits

the use of long-alkyl-chain parabens. There are several

studies concerning the enhancement of paraben solubility

with the help of CDs [81,82]. The usability of 2-HP-b-CD
was investigated to increase the solubility of methylparaben

and suppress the percutaneous absorption, and compared to

HCO-60 [poly(oxyethylene hydrogen) and castor oil 60 EO],

which is a nonionic surfactant, HP-b-CD significantly in-

creased the water solubility of methylparaben. In vitro

cutaneous delivery of excised hairless mouse skin is also

suppressed by HP-b-CD, and therefore conversion to the

p-hydroxybenzoic acid, a less toxic metabolite in the epi-

dermis, increases [83].

An investigation of the interactions between HP-b-CD
and p-hydroxybenzoic acid esters in an aqueous solution

leads to an increase of solubility for p-hydroxybenzoic acid

esters in pH 7.4 phosphate buffer with the addition of HP-

b-CD of varying amounts. In solutions containing 12% HP-

b-CD, the solubility of methylparaben increases six fold

(from 2.25mg/mL to 12.7mg/mL), while the solubility of

benzylparaben increases 308-fold (from 28.2mg/mL to

8.7mg/mL) [81]. Cyclodextrins are used for the formulation

of oil-soluble vitamins such as vitamin A, E, D3, and K3 in

aqueous systems. Vitamin A (retinol) and vitamin A acid

(retinoic acid) are cosmeceutical agents used against the

aging of the skin. Due to low water solubility, however, it is a

problem to prepare them in aqueous bases. This problem has

been resolved by preparing CD complexes of the retinoic

acid. Thewater solubility of retinoic acid increases 11.7- and

17.37-fold by preparing an inclusion complexwith b-CD and

HP-b-CD in 1:1 molar ratios, respectively, as shown in

Table 4 and Fig. 3 [84]. Stable gel formulations of retinoic

acid can thus be prepared [85].

To provide perfumes dissolved in an aqueous medium

without using surface-active agents, inclusion complexes are

prepared with CDs. Synthetic perfumes are used widely in

various commercial products. Insufficient solubility of the

perfume in this medium would lead to an inadequate fra-

grance. The solubilities of the synthetic perfumes have

increased significantly when their inclusion complexes were

prepared with sulfoalkyl ether-b-CD [86].

4.2.2. Increased Stability of Guest Molecules CDs pro-

tect guest molecules against the attacks of several reactive

molecules through complexation. Therefore, CDs can pre-

vent or reduce the hydrolysis, oxidation, racemization,

Table 3. Effect of HP-b-CD, PVP, and Lysine on the Water

Solubility of Triclosana

Compound of Aqueous Complexation

Environment

Solubility of

Triclosan (mg/mL)

HP-b-CD
(%a/h) PVP (%a/h) Lysine (mM)

0 0.00 0 0.00

0 0.25 0 0.00

0 0.00 50 0.00

10 0.00 0 5.93

10 0.25 0 6.51

10 0.00 50 3.75

10 0.25 50 3.67

aAt 22–23�C and pH 5.60� 0.44.

Table 4. Results of Solubility Experiments of Retinoic Acida

Water Solubility

(mg/mL) Enhancement

Complex

Efficacy

RA 2.77� 0.37

RA/b-CD
physical

mixture

20.20� 1.02 7.29

RA/b-CD
complex

30.67� 9.00 11.07 0.846

RA/HP

b-CD
physical

mixture

9.98� 0.31 4.40

RA/HP

b-CD
complex

48.12� 5.33 17.37 0.657

a n¼ 6.
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isomerization, polymerization, and enzymatic decomposi-

tion of the encapsulated molecule. Thus, the shelf life of skin

care products can be extended. Complexed compound is also

isolated from the outer environment, and this leads to a

significant reduction of the interaction between the incom-

patible compounds of formulations.

Resveratrol (trans-3,5,40-trihydroxystilben) is a tripheno-
lic phytoalexin found in several plants, including grapevines,

mulberries, and peanuts. It provides antioxidant properties

due to this phenolic structure. Resveratrol is a hydrophobic

substance that is sensitive against heat and oxidative en-

zymes. The stability and bioavailability of the resveratrol

increase with the molecular encapsulation within the

CD [87].

Hydroquinone is used as a skin whitening agent in cos-

metic creams. It is stable within a certain pH interval in

aqueous solutions. Its stability was improved significantly

with CD complexes prepared to protect the hydroquinone

from oxidation. The efficacy of the complex prepared is

greater than that of free hydroquinone [88]. Kojic acid is

another substance used as a skin whitening agent. In cases of

exposure to heat and light, it decomposes and turns yellowish

brown. Preparation of an inclusion complex for the kojic acid

with theCDs increases thewater solubility and stability of the

substance, prevents its gradual coloring, and results in an

increase in the skin-whitening effect [89].

Linoleic acid is an essential fatty acid that is important for

skin care. It is used inmany skin care creams prepared for dry

and sensitive skins. But due to its lack of resistance against

oxidization, it is easily degraded. An oxidization-resistant

compound of linoleic acid was formed, due to an inclusion

compound prepared with a-CD [90].

Retinol, a substance used in topical antiaging formula-

tions, reduces wrinkles and supports the rejuvenation of

damaged tissues along with ultraviolet (UV) light. However,

UV light and oxygen lead to the initiation of chemical

reactions in the retinol, and several peroxydic toxic inter-

mediate products are formed during oxidization. With the

inclusion complex of retinol, which was prepared with 2-HP-

b-CD, both its photostability and efficacy were

enhanced [91].

The most important aspect of the prevention of photoag-

ing is adequate protection of the skin against the sun. Skin

filters efficient against UVA and UVB light of the sun are

used in many cosmetic product formulations. Sun filters are

used to protect the skin against the harmful effects of the sun.

However,UV radiation induces partial degradation or change

in these filters and leads to a reduction or loss of their

capability to protect the skin, a phenomena called photode-

gradation. Photodegradation of the sun filter may also lead to

the creation of molecules which are toxic to the skin and can

result in skin irritation and sensitivity. Three different sun

filters (octyl methoxycinnamate, butyl methoxydibenzoyl-

methane, and bezofenon-3) used in cosmetics were encap-

sulated with phospholipids and b-CDs and researchers at-

tempted to establish the photostability of these substances.

The sun filters that were complexed with the CDs presented

much higher photostability than that offilters thatwere in free

form or were encapsulated with phospholipids [92].

2-Ethylhexyl-p-dimethylaminobenzoate (EH-DMAB) is

another UVB filter used widely in sunscreen products. The

inclusion compound of EH-DMABwithHP-b-CD, increases
its water solubility and photostability significantly, as shown

in Table 5. In these formulations the type of vehicle is also

very important [93].

The BM-DBM9/HP-b-CD complex of butylmethoxydi-

benzoylmethane (BM-DBM9),which is aUVAfilter, leads to

a significant increase in thewater solubility of BM-DBMand

reduces the photodegradation of the UV filter both in the

solution and in the emulsion bases [94]. In another study, the

inclusion complex of the trans-ethylhexyl-p-methoxycinna-

mate (trans-EHMC) formedwith b-CD significantly reduces

decomposition of the UV filter in alkali solutions [95].

Phenyl benzimidazole sulfonic acid is another alternative

as a sunscreen agent. But it is dissolved to a small extent in an

acidic medium, and when it is exposed to radiation it

produces active oxygen and free radicals. The chemical
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Figure 3. Aqueous solubility of RA with b-CD and HP-b-CD
complexes.

Table 5. Comparative Photodegradation Data Derived for EH-

DMAB in Free and Complex Form in Various Excipients

% Loss of the Sunscreen Agenta

Product Type EH-DMAB Complex

Solution 54.6� 5.5 25.5� 8.8�

Lotion 32.8� 6.8 28.5� 3.2

Lotion þ 5% HP-b-CD 33.4� 5.3 25.1� 1.8�

aEach value is the average � S.D. of the results taken from six analyses.
�, p< 0.05.
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stability of phenyl benzimidazole sulfonic acid can be in-

creased via complexationwithRM-b-CDandHP-b-CD [96].

Evaluation of encapsulations of several commercial sun

filters prepared with various CDs (a-, b-, and c-CD, and
dimethyl-b-CD) resulted in compounds with better sun-

filtering properties. Systemic absorptions of these new com-

pounds that commercial sun filters form with CDs are much

lower, but their water resistance is higher [97].

a-Lipoic acid, which is used as an antiaging agent, is a

very good antioxidant and free-radical scavenger. It has no

solubility in water, but it is soluble in fat. A complex of heat-

sensitive a-lipoic acid with CDs (especially a-CD) is resis-
tant against heat and light, and the unpleasant odor of the

substance also decreases [98].

4.2.3. Conversion of Liquid Substances to Powder Form
Whatever the physical state of a guest molecule may be—

gas, liquid, or solid—the resulting inclusion complex is

always a solid powder. Usage of a stable powder is easier

than, for example, the use of highly volatile and nonstable

aromatic oils. Thus the production processes can become

repeatable. To sum up, complexation of cosmetic ingredients

with CDs causes a general technological advantage.

The addition of perfumes to cosmetic preparations is a

preference factor for consumers. However, the low stability

of perfumes, the irritation and bad odor of the degradation

products, and the lack of solubility in aqueous solutions are

major problems. With the complexes of perfumes prepared

with CDs, these undesirable features can be overcome. The

encapsulation products of various fragrance materials

formed with 2-HP-b-CD results in much better solubility

than that of the pure fragrance substance [99].

The majority of compact powders contain fragrance sub-

stances. But the volatility and rapid degradation of fragrances

limit the shelf life of powders. Szejtli et al. [100] prepared

inclusion complexes of fragrances and volatile oils with

b-CD. The study suggested that the fragrances, which were

volatile and sensitive to oxidization, were stabilized with

complexation, and the resulting inclusion complexes in

powder form could be mixed homogeneously with the other

powders in the formulation.

Both the water solubility and the stability of linalol and

benzyl acetate are increased in inclusion compounds pre-

pared with b-CD and 2-hydroxypropyl-b-CD as shown in

Table 6 and Fig. 4 [101]. Peroxyacetic acid is a liquid used in

aqueous solutions. It forms solid complexes with a-cyclo-
dextrin and b-cyclodextrin. These stable powders provide

ease of use and can be used as skin whiteners in cosmetic

formulations [102].

4.2.4. Correction of Undesired Properties CDs can de-

crease the cutaneous penetration by encapsulating a guest

molecule, and they protect the skin against the undesired side

effects of the guest molecule [49]. Elimination of undesired

and bad odors can also be achieved through complexation

with CDs. Bad odor has two sources in cosmetic products.

The first is the formulation of substances with a bad odor, and

the second is the formation of substances with a bad odor

during use of the cosmetic product.When dihydroxyaceton, a

Table 6. Results of Solubility Experiments of Linalool and

Benzyl Acetatea

WS (mg/mL) CI (95%) SD

Linalool 1.14 1.14� 0.024 0.023

Linalool/2-

HP-b-CD (1:1)

6.68 6.68� 0.063 0.060

Linalool/2-

HP-b-CD (1:2)

7.26 7.26� 0.040 0.040

Benzyl acetate 1.50 1.50� 0.020 0.019

Benzyl acetate/2-

HP-b-CD (1:1)

6.31 6.31� 0.099 0.094

Benzyl acetate/2-

HP-b-CD (1:2)

6.80 6.80� 0.154 0.147

aWS, water solubility; CI, confidence interval; S.D., standard deviation

(n¼ 6).

Figure 4. Results of stability studies on JL and JLC. JL, gel formulation containing uncomplexed

linalool; JLC, gel formulation containing linalool/2-HP-b-CD(1:1) complex.
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tanning agent, reacts with the skin, it creates an undesired

odor, which is difficult tomaskwith perfumes. Preparation of

its inclusion complex with CDs can prevent this odor. Slow

release of the dihydroxyacetone from the complex also

provides a homogeneous tanning of the skin [62].

N,N-Diethyl-3-methylbenzamide (DEET) is a substance

used as an insect repellent. It leads to undesired side effects in

its topical application. Ethyl alcohol, which is used as a

solvent in conventional DEET formulation, increases the

absorption of the substance and lead to the occurrence of

toxic effects due to its penetration-enhancing nature. As a

novel approach, inclusion complexes ofDEETwere prepared

with CDs. These complexes increase the stability of DEET

and side effects on the skin are reducedwhenCD is used as an

alternative to ethanol [103].

Mercapto compounds are used widely in permanent pre-

parations. These compounds are the cause of the bad odor

that arises during application of the preparation. This odor is

sometimes suppressed with perfume. Another alternative is

the elimination of undesired odor through preparation of

inclusion complexes of the mercapto compounds with

CDs [62].

Menthol is used as a cooling agent in various cosmetic

preparations. Due to the low water solubility of menthol,

alcohol is usually added to the formulation as the solvent. A

CD complex of the menthol, on the other hand, can

be dissolved easily in water and forms a clear solution

without alcohol [48]. On the other hand, the bitter taste

and characteristic smell of menthol were resolved with

the preparation of complexes with CD and HP-

b-CD [104,105].

4.2.5. Establishment of Controlled Release Complexa-

tion of the fragrances used intensively in cosmetics with

CDs makes possible the establishment of controlled release

since only the free fragrance fraction, which is in balance

with the complex-forming fraction, is released from the skin

substance. A fragrance–CD inclusion complex which is

formulated in a body lotion is in balancewith the surrounding

environment. Since this lotion, which is applied to the body,

is in contact with air, it loses its aromatic oil. Depending on

the vaporization, reduction of the fragrance concentration,

which is in a dissolved state within the lotion, leads to release

of the fragrance from the CD cavity in accordance with the

existing balance. Thus, the sustained release of the fragrances

is achieved [60]. There are several patents concerning this

practice [106,107].

Three types of HPCD use (HP-a-CD, HP-b-CD, and HP-
c-CD) were investigated to increase the solubility and delay
the release of fragrances, and then compared toHCO-60. HP-

b-CD significantly increases the water solubility of fra-

grances. The release rates of d-camphor and 3, l-metoxy-

propane 1,2-diol, on the other hand, were decreased signif-

icantly with the addition of HPCDs. It was concluded that

HP-b-CD is more efficient than other HPCDs andHCO-60 in

establishing a constant release of fragrances [108].

Glycolic acid is released slower than b-CD complex, and

this increases its moisturizer and exfoliant effect in cosmetic

use. Since it is also released more slowly than the glycolic

acid complex, irritations caused by the free glycolic acid are

also reduced [109]. In addition to its cosmetic use, CDs have

been also used in the textile industry in recent years. Per-

manent fixation of CDs on the surface of textile materials

provides several advantages over unmodified textile pro-

ducts. The organic compounds of sweat forms a complex

with CDs during contact of the textile product with skin. It

therefore becomes possible to prevent or reduce the mi-

crobiological degradation of these substances and resulting

formation of body odors. Several cosmetic active agents

can also be complexed with CDs before the use of textile

products. Complex formation allows the establishment of

stability for oxygen and light-sensitive molecules. Further-

more, the substances that are encapsulated within the CDs

are released from the CD cavities in the presence of water,

which is normally found in the skin, during textile–product

contact. The substance released can be absorbed directly

by the skin. Textile products such as underwear, T-shirts,

and jackets, which have fixed CDs, are available in the

German market. Bed sheets with fixed CDs have also

been launched commercially. The use of curtains with

fixed CDs is recommended to filter odorous substances

from the air [110].

4.3. Use of CDs in Several Cosmetic Products

CDs have been used in the cosmetics industry since the mid-

1990s. The first studies were conducted in Hungary, Japan,

and France. Many product are available in the market that

utilize CDs for various purposes.

Salicylic acid is used for to clean skin due to its antibac-

terial and keratolytic effects. The solubility of this substance

and its derivatives in aqueous solutions is low. Its complexes

are prepared with CDs and its water solubility is increased.

Complexation with CDs leads to an enhancement of the

disinfectant, bacteriostatistic, and keratolytic properties of

the substance. An inclusion complex of salicylic acid and

hydroxypropyl-b-CD is available commercially as Lipo CD-

SA (Lipo Chemicals, Inc.). Another product from the same

company, referred to commercially as Lipo CD-E, is a

delivery system for tocopherol. This product, which encap-

sulates tocopherol within CDs, contains 30% active agent

and is in powder form. Delivery systems including cyclo-

dextrins for triclosan and ethylhexylmethoxycinnamite,

called Lipo CD-TC and Lipo CD-OMC, are produced by

the same company.

Another product is Bioclin Sebo Care Impure Skin

Cream� (Ganassini). Cyclodextrin, which is found in the

formula, facilitates removal of follicular obstruction.
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Another CD-containing product of vitamin E (a-tocopherol),
sold under the commercial name Luminys Cream (Roan

S.p.a., Italy) contains vitamin E/b-CD complex. The cream

is launched as an antiaging properties.

CDs also increase the solubility of the secretion agents of

the skin and so are used in skin cleaning products. b-Cyclo-
dextrin,which is used in preparations alongwithmenthol and

salicylic acid, forms a fatty complex with released skin fats

and can easily get away from the skin. Such a product is

available commercially as Gesichtstonic (Annamaria

B€orlind).
A cellulite cream known as cyclosome that contains b-CD

complex with L-carnitine, is sold in the German market by

Regana Ney Cosmetics under the brand name Cellutex.

Used in topical antiaging formulations, retinol decreases

wrinkles and supports the renovation of tissue damaged with

UV. Retinol–CD complexes are used in several commercial

product compounds, includingEucerinVital Retinol (Beiers-

dorf), Nutrients & Anti-aging Agents (Efal), and Dexol A

(Collaborative Laboratories).

A dihydroxyaceton–CD complex used in self-tanning

products is available in the commercial preparation Ultrasun

Selftan (Ultrasun). The CyclosystemComplex of the product

provides better stability and controlled release of dihydroxy-

acetone. Another product with this agent is available com-

mercially as Self-Action Super Tan for the Face (Estee

Lauder).

An other interesting CD-containing product is Klorane’s

Extra Gentle Dry Shampoo with Oat Extract. CD within this

product, which assists in the anhydrous cleaning of hair,

contributes to the absorption of dirt and grease in the hair.

Table 7 summarizes CD-containing commercial product

samples.

5. CONCLUSIONS AND FUTURE OUTLOOK

CDs have been known for more than 100 years. In the last

10–15 years CD-containing drug formulations and cosmetic

products have been approved and launched, first in Japan

and Europe, then in the United States. Although their initial

intended use was to increase the water solubility and

chemical stability of drugs with the help of drug–CD

complexes, they can now be used for various purposes.

Although the safety evaluations have not been completed

for many CDs, they play a major role as safe drug delivery

Table 7. Examples of Marketed Cosmetic–CD Formulations

Trade Name Active Substances CD Indication Company Country

Lipo CD-SA Salicylic acid HP-b-CD Delivery system for

salicylic acid

(keratolytic)

Lipo Chemicals, Inc. United States

Lipo CD-E Tocopherol CDs Delivery system for

tocopherol

(antiaging)

Lipo Chemicals, Inc. United States

Lipo CD-OMC Ethylhexyl meth-

oxycinnamite

CDs Delivery system for

the sun screen

Lipo Chemicals, Inc. United States

Lipo CD-TC Triclosan HP-b-CD Delivery system for

triclosan

(antimicrobial)

Lipo Chemicals, Inc. United States

Biolin Sebo Care

Impure Skin

Cream

— CDs Acne-prone skin Ganassini Italy

Cellutex L-Carnitine b-CD Anticellulite Cream Regina Neu Cosmetic Germany

Lyminys Cream a-Tocopherol b-CD Makeup camou-

flage cream

Roan S.p.a Italy

Mirakelle Vitamin-A b-CD Antiaging Distributor for Vor

Laboraties, Inc.

Sweden

Novo Flex Vitamins A and E HP-b-CD Antiaging Revlon South America

Gesichts tonic — b-CD — AnnaMaria Borlind Germany

Eucerin Vital

Retinol

Vitamin-A CDs Antiaging Beiersdorf Germany

Self-Action Super

Tan for the Face

Dihydroxyacetone CDs Self-tanning Est�ee Lauder United States

Klorane Extra

Gentle Dry

Shampoo

— CDs Dry shampoo Klorane, Pierre Fabre

Dermo Cosmetique

France
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agents in drug delivery systems. They also play a major role

in stability improvement, prevention of side effects, elim-

ination of undesired properties, and prevention of volatile

compounds.

In conclusion, CDs show great promise for researchers in

the field of biotechnology and in the development of drug and

cosmetic drug formulations with their unique architecture

and chelating properties. CD technologies are under constant

development.
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19. Loftsson, T., Ólafsson, J.H. (1998). Cyclodextrins: new drug

delivery systems in dermatology. Int. J. Dermatol., 37, 241–246.

20. Cooper, E.R. (1984). Increased skin permeability for lipophi-

lia molecules. Journal of Pharm. Sci., 73, 1153–1156.

21. Loftsson, T., Petersen, D.S., Le Goffie, F., Ólafsson, J.H.
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30. Çelebi, N., Tarimci, N., Iscanoglu, M., Doganay, T. (1994).

Studies on direct compression of spironolactone tablets using

cyclodextrin polymer. Pharmazie, 49, 748–750.

31. Dhanaraju, M.D., Senthil Kumaran, K., Baskaran, T.,

Moorthy, M.S.R. (1998). Enhancement of bioavailability of

griseofulvin by its complexation with b-cyclodextrin. Drug
Dev. Ind. Pharm., 24, 583–587.

32. Mura, P., Faucci,M.T., Parrini, P.L., Furlanetto, S., Pinzauti, S.

(1999). Influence of the preparation method on the physico-

REFERENCES 141



chemical properties of ketoprofen cyclodextrin binary sys-

tems. Int. J. Pharm., 179, 117–128.

33. Uekama, K., Fujinaga, T., Hirayama, F. (1983). Improvement

of the oral bioavailability of digitalis glycosides by cyclodex-

trin complexation. J. Pharm. Sci., 72, 1338–1341.

34. Horiuchi, Y., Hirayama, F., Uekama, K. (1990). Slow-release

characteristics of diltiazem from ethylated b-cyclodextrin
complexes. J. Pharm. Sci., 79, 128–132.

35. Shinoda, T., Katagani, S., Maeda, A., Konno, Y., Hashimoto,

H., Hara, K., Fujita, K., Sonobe, T. (1999). Sugar-branched-

cyclodextrins as injectable drug carriers in mice. Drug Dev.

Ind. Pharm., 25(11), 1185–1192.

36. Dordunoo, K., Burt, H.M. (1996). Solubility and stability of

taxol: effects of buffers and cyclodextrins. Int. J. Pharm., 133,

191–201.

37. Davies, N.M., Wang, G., Tucker, I.G. (1997). Evaluation of a

hydrocortisone/hydroxypropyl-b-cyclodextrin solution for

ocular drug delivery. Int. J. Pharm., 156, 201–209.
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1. INTRODUCTION

Over the past two decades, drug delivery to and through

mucous membranes (mucosae) has gained significant atten-

tion, both in conventional oral drug delivery and in alterna-

tive delivery routes such as buccal, nasal, and pulmonary

administration that allow for rapid uptake of drugs into the

systemic circulation, avoiding first-pass liver metabolism

and thus circumventing some of the body’s natural defense

mechanisms [1,2]. Themain permeationmechanisms of drug

uptake through themucosa include passive diffusion, carrier-

mediated diffusion, active transport, and pinocytosis or

endocytosis. Recent evidence suggests that passive diffusion

is the primary mechanism for drug transportation across the

mucosa. There are two routes of passive transport: transcel-

lular (intracellular) and paracellular (intercellular) translo-

cation [3,4], wherein the transcellular route most often

dominates the paracellular mechanism [5].

Mucus, the secreted viscous aqueous fluid associated with

the external layers of mucous membranes (i.e., epithelial cell

layers), coats various tissues, such as the eye surface, lung

airway, intestinal tract, nasal cavity, and vaginal tissue. In the

context of drug delivery through mucous membranes, the

mucus layer is one of the primary barriers to penetration that

the therapeutic agent must overcome [6]. The driving force

associated with passive drug permeation through mucus is

the drug concentration gradient across the mucus layer. The

rapid turnover of mucus limits both drug permeation through

this aqueous layer and drug partitioning from the aqueous

mucus into the lipophilic epithelium. Nanoparticulate sys-

tems have been found to cross the mucosal barrier [7].

Furthermore, nanoscale systems can provide controlled drug

delivery and efficient vaccine or gene delivery to mucosal

tissues [8]. In some cases, nanoparticulate drug delivery

systems are able to penetrate the aqueous mucosa at a faster

rate than can the individual drug molecules [9].

The presence of the mucus layer may also provide an

opportunity for sustained or prolonged drug delivery through

the application of mucoadhesive dosage forms [10]. For drug

delivery purposes, mucoadhesion (i.e., bioadhesion) may be

defined as the attachment of a synthetic or natural macro-

molecule to mucus or mucous membranes. The presence of

hydroxy, carboxyl, or amine groups on the macromolecule

favors polymer–mucus interaction manifested mainly via

hydrogen bonds and hydrophobic interactions, although

disulfide covalent bonds are also known to participate in

mucoadhesion [1,11].

Frequently, drug permeation throughmucosa is too slow or

incomplete, such that therapeutic drug plasma levels may not

be acheived. One possible approach to overcoming the
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mucosal barrier is through the use of substances such as

cyclodextrins (CDs) that enhance drug permeation through

these ubiquitous barriers. The use of CDs as mucosal absorp-

tion enhancers is attracting growing attention among phar-

maceutical scientists, owing to their unique characteristics,

such as their ability to form drug complexes, to dissociate and

deaggregate protein oligomers and polymers, their high tissue

compatibility, and their wide commercial availability. CDs

are oligosaccharides formed by a(1,4)-linked a-D-glucopyr-
anose units, with a hydrophilic outer surface and a lipophilic

central cavity [12,13]. It has been recognized that CDs act as

true carriers by keeping the hydrophobic drug molecules in

solution and deliver them through the aqueous mucus layer to

the surface of lipophilic tissue barrier, where they can parti-

tion into the barrier [14,15]. Thus, CDs enhance drug per-

meation by increasing drug availability at the surface of the

lipophilic epithelium. Furthermore, drug–CD complexes can

formnanoscale aggregates in aqueous solutions. Thediameter

of the aggregate appears to increase gradually with increasing

CD concentration. For example, the reported diameter of

hydrocortisone–CD was found to be between 10 and

100 nm [16,17]. It is possible that the formation of such CD

nanoparticulates is partly responsible for the ability of CD to

enhance drug delivery through mucus.

In this chapter we review the effect of CDs on drug

permeation through mucous membranes and discuss the pos-

siblemechanism of action aswell as the role of CDs invarious

drug delivery routes. We intended to give a few examples

of the use of CDs in this context, and the reader is referred to

other chapters in the book for more detailed descriptions of

CDs and their use as pharmaceutical excipients.

2. MUCOUS MEMBRANES

Mucous membranes consist of an inner connective tissue

layer (the lamina propia) and an outer epithelial layer that is

most often covered by an external mucus layer. The epithelia

may consist of a single cell layer (e.g., stomach, small and

large intestine, bronchi) or a multilayered/stratified cell layer

(e.g., esophagus, vagina, cornea). Single-cell-layer systems

contain globet cells, which secrete mucus directly onto the

epithelial surfaces, while the multilayer systems contain, or

are adjacent to tissues containing, specialized organs such as

salivary glands that secrete mucus to protect their epithelia.

Mucus is present as either an aqueous gel layer attached to the

mucosal surface or as an aqueous luminal soluble or sus-

pended form [1].

The main component of mucus is water (90 to 95 wt%).

The remaining mass comprises glycoprotein fibers, oligo-

saccharides, lipids, migrating or sloughed cell and cell con-

tents, enzymes, antibodies, DNA, and electrolytes. The

thickness of the mucus layer depends on its location, varying

from 50 to 450 mm in stomach to less than 1 mm in the oral

cavity [1,6]. Mucins, highly glycosylated large proteins (10

to 40MDa) secreted by epithelial cells, represent the prin-

cipal component of the viscoelastic gel that protects the

underlying epithelia from pathogens and toxins [18,19].

Mucus forms an aqueous diffusion barrier, while the cell-

based epithelia form a lipophilic membrane barrier. An

example of a biological membrane is the cornea, which

consists of a lipophilic membrane (epithelium) with an

exterior aqueous layer (tear film). The hydrophilic stroma

is located below the epithelial layer (Fig. 1). The tear film

Figure 1. Tear film on the corneal surface of the eye. (Modified from [20].)
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consists of three layers. The outermost layer is a lipid layer

that retards water evaporation from the eye surface. The

central aqueous layer contains mainly water and small

amounts of other substances, such as proteins. The innermost

layer is the mucous component, a gel-like fluid containing

mainly water (�95%) and mucin [20].

Most biological barriers (or biomembranes) are lipophil-

ic, and when they come in contact with an aqueous envi-

ronment, a stagnant water layer forms at the membrane

surface; this is frequently referred to as the unstirred water

layer (UWL). Despite mechanical shearing actions of the

blinking eye, swallowing, coughing, intestinal peristalsis,

and copulation, the dynamic viscoelastic properties of

mucus is maintained as an unstirred layer of the aqueous

mucus adjacent to epithelial surfaces [8,21]. If drug per-

meation through the UWL is the rate-limiting step of drug

permeation through the barrier, CDs can frequently enhance

the permeation. However, hydrophilic CDs are in most

cases unable to enhance drug permeation through a lipo-

philic membrane barrier, and excess CD (i.e., more than is

needed to dissolve the drug) will hamper drug permeation

through the membrane. Too high or too low amounts of

CD in formulations can result in less than optimum drug

bioavailability [22].

3. MATHEMATICAL MODEL

Drug molecules must permeate the UWL to reach the lipo-

philic membrane [20,23]. Although many biological mem-

branes contain specialized transport systems that assist cer-

tain compounds to pass themembranes, most drugs permeate

these membranes through passive diffusion, either via trans-

cellular or paracellular pathways [4,24]. The fundamental

equation describing passive drug transport through mem-

branes is based on Fick’s first law:

J ¼ PTCV ð1Þ

where J is the flux of the compound through the membrane,

PT the overall permeability coefficient, and CV the concen-

tration of the compound in the vehicle (i.e., the donor

phase).

The UWL adjacent to the lipophilic membrane can act as

an aqueous diffusion barrier for rapidly permeating drug.

The thickness of this diffusion barrier and its significance in

the overall barrier function depends on the physicochemical

properties of both the membrane and the permeating drug

molecules [4]. For example, the aqueous diffusion barrier

on the surface of the skin is usually quite thin, and thus its

contribution to the overall permeation barrier of that organ

is usually insignificant. On the other hand, the aqueous

mucin layer on the surface of the eye and along the gas-

trointestinal tract can contribute significantly to the overall

barrier function. Assuming independent and additive total

resistance, RT of a simple membrane (Fig. 2) can be

defined as

RT ¼ RD þRM þRR ð2Þ

where RD, RM, and RR are the resistances of the UWL on the

donor side, within the membrane and of the UWL on the

receptor side, respectively. The flux (J) of a drug through

the membrane can be described by the equation

J ¼ PTCV ¼ ðRD þRM þRRÞ�1
CV

¼ 1

PD

þ 1

PM

þ 1

PR

� ��1

CV ð3Þ

where PD, PM, and PR are the corresponding permeability

coefficients, respectively. If RR is assumed to be negligible

due to sink conditions (i.e., relatively rapid removal of drug

molecules from the receptor side of the membrane), we

obtain

J ¼ PDPM

PD þPM

CV ð4Þ

If the value of the permeability coefficient through the

lipophilic membrane (PM) is much greater than the value

of the permeation coefficient through the UWLon the donor

Figure 2. Drug permeation from a donor phase through UWL on

the donor side, through a membrane, and finally through UWL on

the receptor side.CV, drug concentration in the donor (vehicle);CAq,

drug concentration in theUWL immediate to themembrane surface;

C1, drug concentration within the membrane at the donor side; K,

the drug partition coefficient between UWL and the membrane; hD,

thickness of the UWL on the donor side; hM, thickness of the

membrane; hR, thickness of the UWL on the receptor side; RD,

RM, and RR, resistances in the UWL at the donor side, within the

membrane and in the UWL at the receptor side, respectively.

(Modified from [23].)

MATHEMATICAL MODEL 147



side of the membrane (PD), equation (4) becomes

J ¼ PDPM

PD þPM

CV � PDPM

PM

CV ¼ PDCV ð5Þ

and the UWL becomes the main barrier (i.e., the permeation

is diffusion controlled). On the other hand, if PD is much

greater than PM, we obtain

J ¼ PDPM

PD þPM

CV � PDPM

PD

CV ¼ PMCV ð6Þ

and permeation will be membrane controlled. The relation-

ship between the permeation coefficient (P) and the diffu-

sion coefficient (D) is given by

P ¼ DK

h
ð7Þ

where h is the thickness of the layer (hD or hM in Fig. 2) and

K is the partition coefficient between the aqueous phase

and the membrane. The value of K is unity for the UWLs.

Finally, D can be estimated from the Strokes–Einstein

equation:

D � RT

6pgrN
ð8Þ

where R is the molar gas constant, T the absolute temper-

ature, g the apparent viscosity within the UWL or lipophilic

membrane, r the radius of the permeating drug molecule,

and N is Avogadrós number. Thus, the diffusion constant

within UWL will decrease with the increasing viscosity of

the layer (i.e., increasing g value) as well as the increasing

molecular weight of the drug (i.e., increasing r value). The

presence of mucin in the mucus layer increases not only the

thickness (h) of this UWL but also its viscosity (g), both of
which can increase its resistance (RD) and consequently

decrease the permeability (PD) [equations (7) and (8)]. The

thickness of the UWL can be significant (Table 1), and

mucus and other surface structures can enhance its barrier

function by increasing its viscosity, leading to an overall

decrease in the diffusion coefficient [D in equation (8)].

Studies have shown that drug diffusion through mucus is up

to 100 times slower than diffusion through pure water [10].

Table 1. Membrane Properties and the Effect of CDs on Drug Flux Through Membranesa

Effect of Increasing CD

Concentrationc

Epithelium

(in Human) Structure

Surface

Characteristics

UWL (hD)

(mm)

RD/RM

Ratiob
Aqueous Drug

Suspension

Unsaturated

Drug Solution Refs.

Eye cornea/

sclera

Collagen and elastic

fibers (sclera) or

flat epithelium

cells with tight

junctions in the

intercellular space

(cornea)

Mucus/tear

fluid

�8 (in vivo) >1 Increasing

permeability

Decreasing

permeability

[25–29]

Nasal

mucosa

Partly ciliated epi-

thelium covered

with mucus

Mucus �50 >1 Increasing

permeability

Decreasing

permeability

[30]

Intestinal

mucosa

Surface gel layer (or

mucus) over villi

and microvilli

Mucus 30–100

(in vivo)

>1 Increasing

permeability

Decreasing

permeability

[10,28,31,32]

Buccal

mucosa

Saliva over kerati-

nized and nonker-

atinized mucosa

Saliva 70–100

(in vivo)

>1 Increasing

permeability

Decreasing

permeability

[28,33]

Lungmucosa Surface gel layer

over a periciliary

layer

Mucus 10–15

(in vivo)

<1 Increasing

permeability

No or little effect [10,28]

Source: Adapted from [23], with permission.
aBased on permeation of somewhat lipophilic drugs (MW< 700 Da) that are able to form hydrophilic CD complexes. Lipophilic CDs, such as the methylated

b-CDs, are able to penetrate lipophilic membranes and change their barrier properties.
bThe permeation resistance in theUWLon the donor side (RD) andwithin themembrane (RM) is a function of both the thickness (hD or hM) and theviscosity (g) of

the barrier, as well as binding of the permeating molecules to, for example, mucin in the UWL.
cThe effect will depend on the relative resistance of the membrane barrier RD/RM.
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4. MUCOSAL DRUG DELIVERY

Several reviews of the literature describe the role of CDs

in drug delivery when applied to various routes of admin-

istration, including oral, buccal, transdermal, rectal, ocu-

lar, nasal, and pulmonary administration [3,22,34–37].

Some examples of the use of CDs to enhance drug

permeation through mucous membranes are provided in

Table 2.

4.1. Ocular Drug Delivery

Aqueous eyedrop solutions (pH 7.4) containing dorzolamide

(2.0 or 4.0% w/v) and 7.70 or 18.7% w/v randomly meth-

ylated b-cyclodextrin (RM-b-CD) were investigated in rab-

bits. The formulations were compared to the marketed

product, Trusopt (aqueous 2% w/v dorzolamide solution,

pH 5.6, Merck, United States). RM-b-CD-containing for-

mulations were well tolerated by the rabbits and no

Table 2. Examples of CD-Containing Formulations for Drug Delivery Through Mucous Membranes

Drug Cyclodextrin Method Brief Results Refs.

Eye Cornea/Sclera

Acetazolamide b-CD, TM-b-CD,
DM-b-CD

In vivo (rabbits) Augments its intensity of action, bioavail-

ability, and prolongs duration of action

[38]

HP-b-CD In vivo (rabbits) and

human study

Improves corneal bioavailability, leading to

effect in lowering the IOP

[39,40]

Dexamethasone HP-b-CD In vivo (rabbits) Improves ocular bioavailability in conjunctiva,

cornea, iris, and aqueous humor

[24,41,42]

RM-b-CD In vivo (rabbits) Delivers a significant amount of drug to the

rabbit retina

[43]

HP-b-CD Human study Effective trans-ocular delivery of dexametha-

sone into the eye

[44,45]

Pilocarpine a-CD, HP-b-CD In vitro (bovine

corneas)

Significantly increases permeation of drug by

a-CD, but is slightly decreased by HP-b-CD
[46]

HP-b-CD In vivo (rabbits) Significant increase in the miotic response [47,48]

Nasal Mucosa

Buserelin a-CD, b-CD, c-CD,
HP-a-CD, DM-a-CD,
CM-a-CD, CM-

b-CD, HP-b-CD,
DM-b-CD, G2-b-CD,
S-b-CD

In vivo (rats) DM-b-CD could improve the nasal

bioavailability of buserelin (60%) and

is well tolerated by the nasal mucosa

of the rat. Less effective were those

from the others.

[49]

Insulin a-CD, b-CD, c-CD
HP-b-CD, DM-b-CD
DM-b-CD

In situ perfusion

(rats)

The CDs are able to dissociate insulin

hexamers into smaller aggregates,

promoting their transport across the

mucosa membranes.

[50]

In vivo (rabbits) Insulin/DM-b-CD powder formulation

improves insulin absorption, leading

to decrease blood glucose concentration.

[51]

Intestinal Mucosa

Paclitaxel HP-b-CD In vitro (rat intesti-

nal mucosa)

HP-b-CD enhances permeation of the drug

in the intestinal mucosa with a minor change

in membrane fluid.

[52]

Propanolol b-CD, HP-b-CD,
SBE-b-CD

In vitro (rat intesti-

nal epithelium)

b-CDs serve as carriers rather than permeability

enhancers.

[53]

Buccal Mucosa

Carvediol HP-b-CD In vitro (porcine

buccal mucosa)

Improves dissolution, resulting in an increase

of the release rate and the amount of

carvedilol permeated through the porcine

buccal mucosa

[33]

(continued )
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macroscopic signs of irritation, redness, or other cage side

signs and symptoms were observed [62]. The results indi-

cated that after 1 and 2 h, the 4%w/v dorzolamide RM-b-CD
solution was superior with regard to drug delivery to the back

of the eye (i.e., retina and optic nerve), while Trusopt

provided higher drug levels to the front of the eye (i.e.,

cornea, aqueous humor, iris, corpus ciliare).

In vivo studies of aqueous CD-containing eyedrop for-

mulations of dexamethasone were compared and shown in

Table 3. The reference eyedrop formulation was Maxidex

(Alcon, United States), which contains 0.1% w/v dexameth-

asone in an alcoholic suspension [43,63]. The dexametha-

sone concentrations in aqueous humor were somewhat

higher after topical administration of the drug in the RM-

b-CD-based vehicle compared to formulations containing

either c-CD or 2-hydroxypropyl-b-cyclodextrin (HP-b-CD)
and significantly higher than after administration of Max-

idex. Since RM-b-CD is a lipophilic and surface-active

excipient, it acts not only as a solubilizer enhancing drug

delivery through the aqueous mucin layer on the eye surface

Table 2. (Continued )

Drug Cyclodextrin Method Brief Results Refs.

Danazol HP-b-CD In vivo (rats) The absolute bioavailability of danazol

from aqueous solution of the complexes

is 26%.

[54]

SBE-b-CD In vivo (dogs) Increases the bioavailability due to enhanced

solubility by complexation and possible

avoidance of first-pass metabolism

[55]

Lung Mucosa

Insulin DM-b-CD In vivo (rats) CDplays an important role in increasing insulin

solubility and sustains the glycemia reduc-

tion when the complex is encapsulated in

microspheres.

[56]

DM-b-CD In vivo (rats) Increases the bioavailability of insulin by

enhancing the mucosal absorption

[57,58]

DM-b-CD In vivo (rats) Effective in enhancing pulmonary insulin

absorption and causes increased insulin

absorption by acting on the membrane rather

than by interacting with insulin.

[59]

Recombinant hu-

man growth

hormone

DM-b-CD In vivo (rats) Enhances absorption more than 2.5-fold higher

than that of the dry power containing no

absorption enhancer

[60]

Salmon calcitonin DM-b-CD In vivo (rats) Significantly enhances the pulmonary

absorption of calcitonin compared to

that of calcitonin alone

[61]

a-CD, a-cyclodextrin; b-CD, b-cyclodextrin; c-CD, c-cyclodextrin; CM-a-CD, carboxymethyl-a-cyclodextrin; CM-b-CD, carboxymethyl-b-cyclodextrin;

DM-a-CD, dimethyl-a-cyclodextrin; DM-b-CD, dimethyl-b-cyclodextrin; G2-b-CD, maltosyl-b-cyclodextrin; HP-a-CD, 2-hydroxypropyl-a-cyclodextrin;
HP-b-CD, 2-hydroxypropyl-b-cyclodextrin; RM-b-CD, randomly methylated b-cyclodextrin; SBE-b-CD, sulfobutyl ether-b-cyclodextrin sodium salt; S-b-CD,

b-cyclodextrin sulfate; TM-b-CD, trimethyl-b-cyclodextrin.

Table 3. Concentration of Dexamethasone in Aqueous Humor 2 h After Administration of Aqueous Dexamethasone

Eyedrop Solutions or Suspensions Containing CD in Rabbits

Aqueous Eyedrop Solutiona Dexamethasone Concentrationb (ng/g) No. of Rabbits Refs.

0.5% Dexamethasone/RM-b-CD solution 170� 76 6 [43]

1.5% Dexamethasone/RM-b-CD solution 576� 226 6 [63]

1.3% Dexamethasone/HP-b-CD solution 320� 230 4 [65,66]

1.5% Dexamethasone/c-CD suspension 236� 67 8 [63]

Maxidex (0.1% dexamethasone suspension) 66� 20 4 [65,66]

Source: Adapted from [63].
aRM-b-CD, randomly methylated b-cyclodextrin; HP-b-CD, 2-hydroxypropyl-b-cyclodextrin; c-CD, c-cyclodextrin.
bValues are expressed as mean� S.D.
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but also as a conventional penetration enhancer, increasing

drug permeability through biologicalmembranes by decreas-

ing their barrier function [34,64]. In addition, the results

show that formulating the drug as a suspension, where the

particles consist not only of the pure drug but also drug–CD

inclusion complexes, can increase drug delivery to the

posterior segment of the eye. In this instance, the delivery

enhancement is over threefold when relevant retinal concen-

trations are compared.

4.2. Nasal Drug Delivery

Intranasal administration of drugs has received consider-

able attention because it is a noninvasive route that circum-

vents the gastrointestinal tract and liver first-pass metabo-

lism. In addition, the route is advantageous due to its ease of

administration and because it allows convenient self-med-

ication for materials that may be difficult to dose orally.

Furthermore, drugs are usually rapidly absorbed from the

nasal cavity due to the relatively large surface area of the

cavity and the highly vascularized mucosa [67]. In nasal

drug delivery, methylated b-CDs have been found to be

effective absorption enhancers with a good safety profile,

and clinical studies have demonstrated that they are well

tolerated in humans [49,68]. Methylated b-CDs have been
reported to substantially increase nasal absorption of cal-

citonin (molecular weight 3300) in rats [68]. In addition,

2,6-di-O-methyl-b-cyclodextrin (DM-b-CD) has been

reported to be a potent nasal absorption enhancer for some

drugs, such as insulin, 17b-estradiol, and progester-

one [51,69–71].

Permeation studies through bovine nasal mucosa of a

solution of WIN 51711 (Disoxaril), an anti-picornaviral

agent, in the presence of 1.5% w/v DM-b-CD, compared to

a suspension of the drug alone, showed that DM-b-CD
enhanced the delivery of the drug. It was shown that the

lipophilic CD derivatives are able to increase drug perme-

ability through biomembranes by the extraction and com-

plexation of the lipid components of cells (phospholipids and

cholesterol) [72]. One cause for increased permeability could

be the opening of tight junctions. Alternative mechanisms

may include reduction of the ciliary beat frequency, resulting

in increased contact time between human growth hormone

andmucosa [73,74]. In this way, the lipophilic CDs can act as

a conventional penetration enhancer.

Midazolam intranasal (IN) delivery in a vehicle contain-

ing sulfobutyl ether b-cyclodextrin sodium salt (SBE-b-CD),
was compared to intravenous (IV) administration of Dormi-

cum (midazolam parenteral solution, Roche, Switzer-

land) [75]. Serum concentration–time profiles in healthy

volunteers after IN and IV midazolam administrations are

shown in Fig. 3. Midazolam was absorbed rapidly after IN

administration reaching maximum plasma concentrations

of 54.3� 5.0 ng/mL at 15� 2min with a mean elimination

half-life of 2.2� 0.3 h. The mean absolute bioavailability

was 73� 7%. It was concluded that midazolam nasal spray

was rapidly absorbed from the nasal cavity into the systemic

circulation without noticeable nasal irritation. Unlike meth-

ylated b-CD derivatives, SBE-b-CD is a very hydrophilic

b-CD derivative that is unable to permeate nasal epithelia

(i.e., the membrane barrier).

4.3. Oral Drug Delivery

The gastrointestinal mucosawith its thickmucus layer acts as

a barrier to the diffusion and/or absorption of various drugs

into the blood [76]. The effect of CDs on oral drug absorption

can be explained in the context of the Biopharmaceutics

Classification System of drugs according to their aqueous

solubility characteristics and their ability to permeate the

intestinal mucosa (Table 4) [22]. CDs enhance the bioavail-

ability of class II drugs (i.e., compounds with poor aqueous

solubility but high intestinal permeability). On the other

hand, CDs do not enhance the bioavailability of class III

drugs (high solubility, low permeability). Class III drugs are

hydrophilic and do not, in general, form high-affinity inclu-

sion complexes with CDs.

Furthermore, CD complexation of class III drugs can

reduce their ability to partition from the bulk media or

mucous layer into the lipophilic membrane [i.e., the CD

complexation will lower their K value in Eq. (7)]. The

negligible effect that CDs have on the bioavailability of BCS

class III drugs (high solubility, low permeability), and the

large effects they have on class II (low solubility, high

permeability) and class IV (low solubility, low permeability)

drugs, suggest that hydrophilic CDs do not enhance drug

Figure 3. Serum concentration–time profiles in healthy volunteers

after IN administration of a 0.06-mg/kg dose (*) or IV administra-

tion of a 2-mg fixed dose (.) of midazolam. Each point represents

themeanvalue (n¼ 6) and the error bars represent S.E.M. (Modified

from [75].)
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bioavailability by reducing the barrier properties of the

lipophilic epithelium. Rather, the main effect appears to be

an increase in drug solubility and enhanced drug permeation

through the aqueous mucus upon formation of water-soluble

drug–CD complexes. This is also supported by the observa-

tion that drug–CD complexes sometimes result in better drug

bioavailability than physical mixtures of drugs and CDs. For

example, spironolactone, phenytoin, and tolbutamide are all

BCS class II drugs. In vivo studies of these drugs are

presented in Fig. 4, wherein drug plasma concentration–time

profiles after oral administration to dogs and rabbits (for

spironolactone, its major metabolite, canrenone was mea-

sured) are illustrated. All three drugs showed a notable

increase in the drug plasma concentration–time profiles upon

administration of drug–CD complexes [93,96,99]. The

bioavailability of the drugs was increased up to fivefold

(Table 4). CD enhancement of drug bioavailability allows

for a lower dose to be administered and for more consistient

plasma levels profiles to be generated.

4.4. Buccal Drug Delivery

Drug administered through the buccal mucosa provides for

direct absorption into the systemic circulation, thereby pre-

venting drug degradation within the gastrointestinal tract as

well as drug loss due to the first-pass hepatic metabo-

lism [11,106–110]. Han et al. studied the effect of b-CD on

nalbuphine enanthate release from Carbopol 934/hydroxy-

propylcellulose (CP/HPC)-based disks. It demonstrated that

the drug release rate increased with increasing amount of

b-CD in these disks [110]. A study of RM-b-CD toxicity and

membrane damage of the buccal mucosa using 3-[4,4-di-

methylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT)

assay and lactic acid dehydrogenase (LDH) release showed

that it can be a safe excipient for buccal mucosa drug

delivery [111].

An in vivo study (dogs) wherein the mean plasma con-

centration–time profile after buccal dosing of the danazol/

SBE-b-CD complex compared with that obtained after oral

Table 4. Examples of CDs in Oral Formulations and the Effect of CD Complexation on Absolute Bioavailability Compared with

Identical CD-Free Formulationa

Drug Cyclodextrinb Formulation Species Frel
c Refs.

Class I

Piroxicam b-CD Tablet, capsule, and oral

suspension

Human, rat, rabbit �1.4 [77–80]

Class II

Albendazole HP-b-CD Oral powder Mice 1.4 [81]

Carbamazepine HP-b-CD, DM-b-CD Oral powder and solution, tablet Rabbit, dog, rat �5.6 [82–86]

Clotrimazole b-CD Oral suspension Rat 3.0 [87]

Digoxin c-CD Tablet Dog 5.4 [88]

Glibenclamide b-CD, SBE-b-CD Capsule containing powder Dog, rat �6.2 [89,90]

Miconazole HP-b-CD, HP-c-CD Aqueous suspension, capsule

containing powder

Rat, pig �3.9 [91,92]

Phenytoin E-b-CD, Glu-b-CD,
Mal-b-CD, SBE-b-CD,
HP-b-CD

Suspension, capsule containing

powder

Rat, dog �5 [96–98]

Spironolactone b-CD, c-CD, DM-b-CD,
SBE-b-CD, HP-b-CD

Oral solution and powder Rat, dog �3.6 [93–95]

a-Tocopheryl nicotinate DM-b-CD Capsule containing powder Dog �70 [101]

Tolbutamide b-CD, HP-b-CD Suspension, oral powder Rabbit, dog �1.5 [99,100]

Vinpocetine b-CD, SBE-b-CD Tablet Rabbit �2.7 [102]

Class III

Acyclovir b-CD Oral suspension Rat 1.1 [103]

Diphenhydramine HCl DM-b-CD, HP-b-CD Solution Rat �0.9 [104]

Class IV

Cyclosporin A DM-b-CD Oral suspension Rat 4.7 [105]

Source: Adapted from [22].
aTested in vivo in humans and/or animals.
b b-CD, b-cyclodextrin; c-CD, c-cyclodextrin; DM-b-CD, dimethyl-b-cyclodextrin; E-b-CD, b-cyclodextrin epichlorohydrin polymer; Glu-b-CD, glucosyl-

b-cyclodextrin; HP-b-CD, 2-hydroxypropyl-b-cyclodextrin; Mal-b-CD, maltosyl-b-cyclodextrin; SBE-b-CD, sulfobutyl ether-b-cyclodextrin sodium salt.
c Frel (relative bioavailability) is the AUC of the plasma concentration versus time profilewhen the CD-containing formulation was given divided by the AUC for

the formulation containing no CD.
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administration of commercially available Danocrine cap-

sules (200mg) is shown in Fig. 5. The relative bioavailability

of the buccal tablets was 13-fold higher than that of Dano-

crine; thus, buccal drug delivery with CD complexation

increased the bioavailability of drug due to the increased

solubility and potential avoidance of first-pass hepatic

metabolism [55].

4.5. Pulmonary Drug Delivery

Coadministration of insulin with 5% DM-b-CD delivered

intratracheally via instillation resulted in nearly complete

insulin uptake from the pulmonary sacs. These data showed a

significantly improved hypoglycemic response and tissue

damage assessment, indicating relatively low acute muco-

toxicity. The respiratory mucosa has, in general, much lower

resistance toward drug permeation than do other mucosas,

and thus pulmonary delivery of macromolecules usually

results in much greater bioavailability than that of other

Figure 4. Plasma concentration–time profiles after oral administration of drugs: (A) canrenone

following oral administration of spironolactone/HP-b-CD complex (*), spironolactone alone (.)
(equivalent to 50mg of spironolactone) to dogs; (B) phenytoin following oral administration of

phenytoin/SBE7m-b-CD complex (*), phenytoin/HP-b-CD complex (&), phenytoin alone (.) (equiv-
alent to 300mg of phenytoin) to dogs; (C) tolbutamide following the oral administration of

tolbutamide/b-CD (*), tolbutamide/HP-b-CD (&), tolbutamide alone (.) (equivalent to tolbutamide

20 mg/kg) to rabbits. Each point represents mean � S.D., n ¼ 3 to 6. (From [93,96,99], with

permission.)

Figure 5. Mean concentration of danazol after drug administration

via the per oral route for Danocrine capsules (200mg of danazol) (.)
and danazol/SBE7-b-CD complex buccal tablets (40mg of danazol)

(n¼ 4� S.D.) (*). (From [55], with permission.)
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routes of administration [57]. Hussain et al. reported that the

addition of DM-b-CD to insulin formulations for intratra-

cheal administration exhibited a significant decrease in plas-

ma glucose due to increases in plasma insulin compared to

those obtained when insulin was administered in saline.

Furthermore, increasing amounts of DM-b-CD resulted in

a proportional decrease in plasma glucose (Fig. 6) [59]. The

other authors showed that DM-b-CD enhanced the transmu-

cosal delivery of recombinant human growth hormone

(rhGH). They found that systemic absorption of rhGH from

rat lung after intratracheal administration of a rhGH/DM-

b-CD (1 : 100 molar ratio) mixture as dry powder was more

than 2.5-fold higher than that of the dry powder containing no

CD. Further enhancement was not observed upon further

increase in the DM-b-CD concentration. Thus, CD in for-

mulations should be considered in order to achieve an

appropriate therapeutic outcome [22,60]. Most probably, the

lipophilic DM-b-CD has a similar effect in the lungs as in the

nose after nasal administration (see Section 4.2) both in-

creasing drug solubility in the aqueous mucus and reducing

the barrier properties of the lipophilic membrane. However,

hydrophilic CDs, which are unable to penetrate lipophilic

membranes, have also been reported to improve pulmonary

delivery of lipophilic drugs. For example, the pulmonary

bioavailability of beclomethasone dipropionate has been

increased through complexation of the drug with HP-

b-CD [112].

5. CONCLUSIONS

CDs are able to enhance drug delivery through biological

membranes. Invitro studies have shown that hydrophilic CDs

can enhance drug delivery throughmembranes onlywhen the

permeation resistance of the UWL on the donor side is about

equal to or greater than the resistance of the membrane

barrier [i.e., RD�RM in equations (2) and (3)]. Little or no

hydrophilic CDs penetrate lipophilic membranes, and thus

hydrophilic CDs do not, in general, enhance drug delivery

through membranes if the lipophilic membrane barrier is the

main permeation barrier. Lipophilic CD derivatives such as

the methylated CDs are able to penetrate lipophilic mem-

branes and reduce the membrane barrier function [34]. The

effect of CDs on drug permeation depends on the physico-

chemical properties of the drug. CDs have the greatest effect

on relatively small lipophilic molecules (BCS class II drugs).

In addition, CDs can form both nano- andmicroparticles, and

it is known that in some cases nanoparticles can penetrate

human mucus more rapidly than can individual drug

molecules [18,23].
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1. INTRODUCTION

Topically administered drugs act either dermally or trans-

dermally. For that reason, they have to penetrate the deeper

skin layers or permeate the skin. However, the efficacy of

topically applied drugs is often limited by their poor pene-

tration into the skin. Indeed, the outermost layer of the human

skin, the stratum corneum, is responsible for its barrier

function. In these cases, modulations of the skin penetration

profiles of the drugs and skin barrier manipulations are

necessary. In pharmaceutical products applied on skin, the

use of cyclodextrins (CDs) is more generally investigated to

improve drug properties, such as stability, innocuousness (no

side effects), and bioavailability. Themost frequently studied

groups of drugs associated with CDs are retinoids, dermo-

corticosteroids, nonsteroidal anti-inflammatories, and hor-

mones (see Table 1). In this chapter we provide an overview

of the applications of CD for skin formulation and delivery.

For further information on this topic, the reader is referred to

several excellent reviews [1–11].

2. SAFETY OF CDs FOR THE SKIN

CDs were suspected to interact with some components of

the skin, but contradictory results have been reported [4,12–

18]. Generally, all types of CDs can be used in skin and

mucosal formulations safely and without risk of irritation.

Natural CDs and HP-b-CD are not able to induce disruption

of the stratum corneum and are regarded as nonirritants to

the skin [11]. Indeed, no irritating effect was observed for

these CDs after application on 1 cm2 of skin, at healthy

volunteers, of equivalent quantities of 2mg of CD dis-

solved in water or scattered in vaseline [19]. Methylated

CD derivatives in low concentrations can also be applied

safely. It seems that only methylated CD derivatives ad-

ministered in high concentrations (10 to 20%) in aqueous

solutions or suspensions can interact with stratum corneum

components (cholesterol and triglycerides) and cause irri-

tation [11,20,21]. Piel et al. [20] used the corneoxenometry

bioassay on human stratum corneum to compare the skin

compatibility of CDs currently used in pharmaceutical

preparations (b-CD, c-CD, RAMEB, Dimeb, Trimeb,

HP-b-CD, and HP-c-CD). All the CDs tested were well

tolerated by the stratum corneum at 5% concentration.

However, Dimeb has a lesser cutaneous index of mildness

than the others.

It must be borne in mind that these studies concern empty

CDs, and in normal use, CDs are employed in the form of an

inclusion compound. Under normal conditions, such extrac-

tion would be suppressed by drug molecules and other

lipophilic molecules usually present in dermatologic pre-

parations. These lipophilic molecules will compete with the

membrane constituents for a space in the CD cavity and in

this way will reduce the abilities of CD to extract lipophilic

compounds from the skin barrier [3].

Cyclodextrins in Pharmaceutics, Cosmetics, and Biomedicine: Current and Future Industrial Applications, First Edition. Edited by Erem Bilensoy.
� 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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3. POTENTIAL OF CDs IN DRUG STABILIZATION
AND DRUG TOLERANCE

3.1. Drug Stabilization

3.1.1. Prevention of Drug Precipitation CD molecules

can first be employed to prevent the precipitation of poorly

soluble drugs in the formulation during storage, aswas shown

with sericoside in extract form [22].

3.1.2. Stabilization of Labile Compounds Stabilization of

labile compounds into the formulation is essential to main-

tain the efficacy of drugs. It has been widely reported in the

literature that CD molecules can improve the stability of

several labile drugs against dehydration, hydrolysis (chem-

ical or enzymatic), oxidation, and photodecomposition and

thus increase the shelf life of drugs [9–11,23]. However,

inclusion of drugs into CDs may also lead to faster degra-

dation considering the characteristics of the inclusion com-

plex [24,25]. For example, b-CD increases the profile deg-

radation of vitamin A propionate, whereas c-CD keeps a

major part of this molecule unaffected for at least sixmonths,

even in the presence of light and oxygen [25]. In the c-CD/
vitamin A propionate complex, the biggest part of the

molecule is included in the CD, as the inner cavity is large

enough and therefore protected from exterior environment.

Only the terminal ester is affected by degradation. It may be

supposed that this part of the molecule remains outside the

cavity and is not protected or is attacked by the secondary

hydroxyls of the c-CD [25].

Human skin possesses metabolic capabilities that render

some drugs unsuitable for skin delivery. Various enzymes,

such as esterase, dehydrogenase, and glutathione-S-trans-

ferase, are known to be localized in the epidermis, partic-

ularly the basal cell layer [26–28]. CDs improve the

protection of drugs such as prostaglandins [29] and corti-

coids [30] against skin metabolism [9,11]. As the ester

group of dexamethasone acetate is at least partially en-

closed in the cavity of HP-b-CD, the degradation of this

compound by esterases located in the epidermis is reduced

dramatically. In vitro, after a 2-h application on hairless

mouse skin, about 30 and 65% of dexamethasone acetate

was degraded by skin metabolism for dexamethasone ac-

etate complexed and free, respectively [30]. However, the

potential for CD molecules to affect degradation directly in

the skin must be limited since most CDs are not absorbed

by the skin, due to their hydrophilic character and high

molecular weight [30].

3.2. Improvement of Drug Tolerance

Due to their inherent skin irritancy, some drugs applied to the

skin provoke a local irritation, such as erythema, burning

sensation, or desquamation. As a consequence of these

unwanted side effects, patients usually discontinue therapy.

During the development of a topical medication, it is nec-

essary to consider this point since a well-tolerated formula-

tion increases patient compliance and then the efficacy of the

treatment. The incorporation of CD molecules into topical

medications can be a satisfying alternative to limit side

effects [3,9,11]. Thanks to their oligosaccharide composi-

tion, CDs are unlikely by themselves to cause any allergic

reactions [17]. Treated with a retinoic acid commercial

preparation, a drug employed successfully in the treatment

of acne vulgaris and in some disorders of keratinization, all

patients suffered from erythema and a burning sensation. In

groups treatedwith hydrogel ormoisturizing base containing

retinoic acid/b-CD complexes, none of the patients reported

marked local side effects [31]. Another study reported that

irritation caused by retinoic acid/b-CD was 86% less than

that caused by a free retinoic acid preparation [32]. The

complex behaves as a controlled delivery system and limits

the amount of free drug directly in contact with the skin. This

effect was also observed with celecoxib, a nonsteroidal

inflammatory drug employed in the treatment of inflamma-

tory diseases [18]. This compound has an invasive action on

stratum corneum, producing the destruction of desmosomes.

In the presence of Dimeb or HP-b-CD/celecoxib complexes,

the lesions to stratum corneum were less developed than

those observed with the free drug. Because only free com-

ponents can interact with stratum corneum, this trend can be

the result of the complexation between the drug and the

macrocycle of the drug. Moreover, as CD molecules perme-

ate lipophilic membranes with difficulty [6] and drug–CD

complexes are unable to permeate lipophilic biological

membranes [6], only the solubilized free drug can cross the

stratum corneum. Thus, a significant affinity between drug

and CD limits the amount of free drug available for

permeation.

CDs are also of interest in the formulation of drugs giving

photosensitizing reactions in light-exposed tissues of patients

treated in prolonged and high doses and in personnel in the

health services. It is important to pay attention to the reduc-

tion of this type of dermatitis from the pharmaceutical and

toxicological points of view. CD molecules were found

efficient to reduce the photosensitizing potential of drugs

such as chlorpromazine, an antipsychotic compound, and

then skin irritation [33,34]. The photoallergic reactions to

this drug may be induced by the photochemical reactions

between the drug and proteins or other macromolecules

present in the skin. Free chlorpromazine penetrates the skin

easily, whereas the complexation with CD both alters the

photochemical reactivity of the drug and limits its penetra-

tion into the skin. However, the efficacy of CD molecules

depends on the free fraction of the drug, which is in equi-

librium with the complexed fraction and then depends on the

magnitude of the stability constant of the chlorpromazine/

CD complexes [33,34].
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4. SKIN FORMULATIONS CONTAINING CDs

4.1. Conventional Formulations

Formulations applied on skin often consist of highly complex

mixtures. The major vehicle components used in topical

products are hydrophilic (water and cosolvents) and hydro-

phobic (petrolatum, soft and liquid paraffin, triglycerides,

silicone oils, partial glyceride) base ingredients, emulsifiers,

gelling agents, preservatives, and antioxidants [35]. One

must be very careful with regard to the complexity of the

formula, because CDs are able to modify the characteristics

of the formulation but also to interact with formulation

ingredients and cause physicochemical stability problems.

4.1.1. CDs and the Vehicle The influence of the type of

vehicle has been emphasized. For maximum delivery the

drug–CD complex must be solubilized in the vehicle. Better

results can be obtained from an aqueous vehicle than from a

lipophilic vehicle. Indeed, the diffusion rate of ketoprofen

from its b-CD and HP-b-CD inclusion complexes was in the

order carbomer hydrogel> oil–water emulsion> fatty oint-

ment. b- and HP-b-CD increase the in vitro release rate of

hydrocortisone formulated in aqueous bases (oil/water cream

and hydrogel) but slow down its release from nonaqueous

bases (petrolatum vehicle or water–oil cream) [10]. Similar-

ly, complexation with b-CD, Dimeb, and HP-b-CD increases

the release of 4-biphenylacetic acid from hydrophilic oint-

ment [36], and b- and HP-b-CD significantly enhanced the

anti-inflammatory effects of indomethacin in hydroxyethyl-

cellulose hydrogels in healthy volunteers. Conversely, the

release of prednisolone from non-water-containing ointment

bases was abated on complexation with Dimeb [9].

The excipient must not have too strong an affinity for the

drug, so as not to displace the drug from the inside of the CD

cavity to the bulk medium of the vehicle. As CDs are used

most often to improve the bioavailability of poorly water-

soluble ingredients (lipophilic), it seems preferable to use

aqueous ointments (e.g., hydrogels). The use of oil/water

emulsions, often selected as ointment bases for their pleasant

touch, might be interesting but are probably also the origin of

many dissociations. The drug can diffuse from the hydro-

philic phase (where the inclusion complex is dissolved) to the

lipophilic phase (depending on its stronger affinity).

4.1.2. CDs and the Polymer The presence of b-CD asso-

ciated with clotrimazole provokes for a few hours the pre-

cipitation of Carbomer 974, a mucoadhesive polymer used

widely in the formulation of hydrogels. The mechanism of

this incompatibility is not clear but is probably due to

interaction of the polymer with the uncomplexed clotrima-

zole rather than with b-CD [37]. CDs may also act as

inhibitors of polymer–drug interactions (especially with

cationic compounds). Increasing concentrations of b-CD

reduce interactions between the polymer and propanolol

hydrochloride [38]. However, changes in rheological prop-

erties of hydrogels can also be observed in the presence of

CD. The viscosity of Carbomer 974P gels prepared in water

is decreased by RAMEB, whereas the viscosity is increased

in the presence of c-CD [39]. As RAMEB is more lipophilic

than natural CD, hydrophobic interactions could occur be-

tween the polymer chains and the RAMEB, resulting in a

reduction in the polymer chains unfolding. Consequently, it

may modify the polymer affinity for the hydration medium,

hence decreasing its swelling. Surprisingly, when Carbomer

974P NF gels were made in RAMEB/HEPES/NaCl solu-

tions, no significant change in gel viscosity, even with 5% of

RAMEB, was obtained compared to control gel prepared in

the same buffer. Cationic electrolytes and RAMEB added in

the same preparation do not induce additional effects on the

viscosity decrease [39]. The incorporation of CD decreases

the viscosity of poloxamer [40]. The bonding force of cross-

linked poloxamer gel becomes weaker when HP-b-CD is

incorporated in the formulation.

4.1.3. CDs and Cosolvents Cosolvents such as propylene

glycol and poly(ethylene glycol) are commonly used in skin

formulations to increase the solubility of drugs. These mo-

lecules may interact with CD cavity [11]. For example,

propylene glycol molecules displace piroxicam from inclu-

sion with HP-b-CD cavity and then reduce complex stabil-

ity [41] whereas interactions between a-CD and poly(eth-

ylene glycol) result in the formation of crystalline inclusion

complexes [42].

4.1.4. CDs and Preservatives The formulations employed

in cosmetic or dermatological practice require a low bacterial

count. Given the hygiene risk associated with aqueous pre-

parations, use of the product must be limited to a certain

period of time after opening, or preservatives must be added

to ensure microbiological quality, particularly if they are

used in multidose applications. CD, due to their origin, favor

the development of contamination with microorganisms.

Among preservatives employed in skin formulations, we

first mention the well-known family of p-hydroxybenzoic

esters (methyl-, ethyl-, propyl-, and butylparabens). a- and
b-CD [43,44], but also HP-b-CD [45,46], reduce the anti-

microbial activity of parabens against Candida albicans

(yeast). In the presence of b-CD, methylparaben showed a

higher extent of interaction than ethyl- and propylparaben

because the small size of the methylparaben molecule fits

well into the cavity of b-CD. The loss of antimicrobial

activity depends only on the fraction of preservative that is

included in the CD molecule. Only the free part is used for

antimicrobial attack [45]. Higher concentrations of parabens

are then required for the same antimicrobial effect [45,46].

With HP-b-CD, the total amount of paraben must be in-

creased two- to fourfold fold to preserve the antimicrobial
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effect. However, high concentrations of preservatives may

cause some toxic effects for the user, due to their allergic

potential. Finally, the interaction of methylparaben with HP-

b-CD also results in a decrease of methylparaben perme-

ability in vitro [47]. This promotes the bioconversion of

methylparaben to the less toxic metabolite, p-hydroxyben-

zoic acid, in the epidermis.

The interactions between HP-b-CD and other preserva-

tives having different chemical structures than that of para-

bens have also been investigated [46,48]. Thimerosal, phe-

nylmercury acetate, and bronopol are well suited even if

higher concentrations of HP-b-CD are used [46]. The anti-

microbial activities of phenolic substances and aliphatic

aryl–substituted alcohols are reduced too much and should

not be applied in the presence of HP-b-CD. Interactions
between benzalkonium chloride and HP-b-CD were also

reported by Loftsson et al. [48]. In all cases, the loss in

activity by complex formation correlated with the bound

fraction.

Finally, the interaction of preservativemolecules with CD

may also displace the drug molecules from the CD cavity,

thus reducing the solubilizing effect of the CD.

4.1.5. CDs and Emulsions Emulsions are used widely in

formulations applied on skin. However, they are thermody-

namically unstable liquid–liquid dispersed systems that

cause phase separation. The best way to stabilize the emul-

sion is through the use of an emulsifier which is an amphi-

philic substance thermodynamically stable. CD molecules

may interact with emulsifying agents inducing a coalescence

of oil droplets [11]. Other works reported the ability of

natural CDs to stabilize simple oil–water (o/w) [49–52] and

multiple oil–water–oil (o/w/o) emulsions [53–55]. It is im-

portant to note that other emulsifying agents are not neces-

sary to form these emulsions. The main interest in using CDs

to stabilize emulsions is that their irritant potential is very

weak in comparison with traditional surfactants, especially

hydrophilic surface-active agents [56]. In works carried out

with vegetable oils, increasing the concentration of natural

CDs in the aqueous phase of the formulation results in an

increase of emulsion stability [49]. Natural CDs themselves

do not possess any surface-active properties [57]. A mech-

anism to explain the role played by CDs in emulsion stabi-

lization has been proposed by Shimada and co-workers [57].

Vegetable oils are composed primarily of triglycerides. At

the oil–water interface, a partial inclusion is formed between

triglycerides and CDs. Indeed, only one fatty acid chain of

the triglyceride can be entrapped with two or three CD

molecules, depending on the length of the hydrocarbon

chain. The two other fatty acid chains are not included in

the CD. Due to its amphiphilic property (a hydrophilic head

and a hydrophobic tail) the partial inclusion complex could

play the role of a surface-active agent [57]. The best emul-

sifying effect is observed with a- and b-CD, whereas the

c-CD is too wide to lead to an optimal interaction with the

fatty acid chains [49,55]. Active ingredients may be added to

emulsions formulated with CD and vegetable oils, but they

must not interact with theCD cavity; otherwise, they displace

the fatty acid chains and destabilize the emulsion. From this

standpoint, high-molecular-weight active ingredients will

probably not destabilize emulsions prepared with

a-CD [50,54]. More recently, the formation of an emulsion

consisting of n-alkane, water, and a-, b-, or c-CD as an

emulsifier was also reported [51,52,58,59]. The formation of

a dense film at the oil–water interface and a three-dimen-

sional structural network by precipitated complexes derived

from CDs in the continuous phase is necessary for the

formation of a stable emulsion. The type of emulsion is

governed by the contact angle that the precipitated complex

makes with the interface. The dissolved n-alkane/CD com-

plex formed at low CD concentrations showed surface

activity, but emulsions could not be prepared from these

complexes. The precipitated complexes formed at a high CD

level [59]. Finally, appropriate mixtures of paraffin or sili-

cone oils with a- or b-CD can also result in emulsion

formation [60].

As a conclusion, when skin formulations contained CD

molecules, it seems preferable to use an aqueous phase in

which the inclusion complex is soluble, in order to have free

inclusion molecules capable of releasing the free active

ingredient reversibly (according to the inclusion stability

constant in the excipient). It is also important to consider a

potential competition and/or interaction between excipient

(polymer, cosolvent, emulsifying agent, preservative) and

CD. In any case, it appears to be of the greatest importance to

carry out serious aging tests to assess the stability of these

systems.

4.2. New CD-Based Systems for Skin

Recent works report an interest in CDs in the design of novel

drug carriers [61,62] such as beads, self-assembling CD-

based systems, and liposomes, which can be promising for

skin delivery.

4.2.1. Beads Made of Natural CDs and Oil A new lipid

carrier, beads made of natural CD and oil, has been reported

in the literature [60,63–65]. A continuous external shaking

for a few days of a mixture composed of a-CD, soybean oil,
and water results in calibrated particles with a high fabrica-

tion yield (more than 80%) [63]. The resulting beads have a

diameter of 1 to 2mm and a semisolid consistency. They are

made up of a partial crystalline matrix of CD molecules

surrounding microdomains of oil. a-CD interacts with the

triglycerides, which are the main components of vegetable

oils, and participates in bead formation andorganization [63].

Beads can be obtained from other ingredients using the

method previously optimized for the soybean oil/a-CD/

SKIN FORMULATIONS CONTAINING CDs 167



water-based formulation. More particularly, c-CD can also

be used to formulate beads, and soybean oil can be replaced

by mineral or synthetic oils [60]. However, soybean oil is the

most useful option for bead formulation in terms of oil

content and bead fabrication yield. The yield of encapsula-

tion achieved for two retinoids employed in the treatment of

acne (i.e., isotretinoin (a very poorly stable drug) [64] and

adapalene [65]) reaches as high as 90 to 100%. Furthermore,

the drug concentration in the beads can be controlled easily

by varying the initial drug loading of the oily phase. After

application to the skin of volunteers, no clinical reaction

(erythema or desquamation) is observed after drug-free bead

application for 72 h. The oil content of the beads is sufficient

to provide an occlusive effect [65]. Finally, a tape-stripping

procedure on pig skin shows that adapalene penetration into

the stratum corneum is the same from beads as from gel and

cream available on themarket [65]. Beads can be proposed as

a new, well-tolerated and efficient system for encapsulation

and topical delivery of lipophilic drugs.

4.2.2. Self-Assembling CD-Based Systems Daoud-Ma-

hammed and co-workers showed the possibility of preparing

in situ forming gel-like systems, based on the association of

two hydrosoluble polymers [66], a b-CD polymer (p-b-CD)
and a hydrophobically modified dextran (MD), by grafting

alkyl side chains. These gels form spontaneously after mix-

ing the two polymer aqueous solutions: Some alkyl moieties

are included in some CD cavities, leaving CD available to

include hydrophobic drugs such as tamoxifen and benzo-

phenone with high loading efficiencies [67]. Both entrapped

compounds are released in a sustained manner in vitro. The

mild conditions of gel preparation (no organic solvents are

required) as well as the presence of CD, known to modulate

the release of drugs, are obviously advantages for their

pharmaceutical applications. The soft consistency of MD-

p-b-CD gelsmakes them compatiblewith injection through a

syringe needle but also for skin application. MD-p-bCD gels

present viscoelastic behavior under low shear [67]. Interest-

ingly, colloidal nanoassemblies (nanogels) can also be

formed employing p-b-CD and hydrophobically, MD, just

by decreasing the concentration of the two polymers in

aqueous solution. The ability of nanogels to entrap hydro-

phobic molecules opens new possibilities of applications of

these systems, mainly in the cosmetic and dermatological

fields [68].

New synthetic biocompatible materials able to deliver a

protein to cultured cells via the use of an adenoviral delivery

vector have been developed by Bellocq and co-workers [69].

The synthetic construct consists of linear CD-based poly

(ethylene glycol) polymers and their inclusion complex

formation with adamantane end-capped poly(ethylene gly-

col) polymers. When the two polymers are combined, they

create an extended network by the formation of inclusion

complexes between the CD and the adamantane. The

CD–adamantane constructs are highly biocompatible. Fibro-

blasts exposed to these synthetic constructs show prolifera-

tion rates and migration patterns similar to those obtained

with collagen. Gene delivery to fibroblasts via the inclusion

of adenoviral vectors in the synthetic construct is equivalent

to levels observed with collagen. These in vitro results

suggest that the synthetic constructs are very promising for

local gene delivery to improve cutaneous wound

healing [69].

4.2.3. CD-Based Liposomes Liposomes are vesicles less

than 1 mm in size composed of one or more phospholipid

bilayers enclosing an aqueous phase. Liposomes can entrap

hydrophilic molecules inside the vesicles, and hydrophobic

molecules within the lipid bilayer. However, retention of

lipophilic compounds in the lipid bilayer can be problematic

because some molecules destabilize its structure, thus lim-

iting the diversity and quantity of molecules that can be

carried by liposomes [61]. CDs can improve the drug stability

(against light or hydrolysis), enhance the loading efficiency

of hydrophobic drugs, and modify their localization within

liposomes. As a result, the drug included is predominantly

incorporated within the aqueous core rather than in the lipid

bilayer, changing its release profile [61]. However, it is also

known that CDs extract lipid components from a bilayer

of liposomes. This could undermine the potential benefits of

liposomes as drug carriers. Phosphatidylcholine–cholesterol

liposomes with various CDsmay be stabilized by association

with the amphiphilic polyelectrolyte poly(methacrylic acid-

co-stearyl methacrylate) [70]. The polymer-associated lipo-

some had the same vesicular form as liposome, and this

structure is unaffected by the concentration and type of CDor

the concentration of lipid components and drug. The im-

proved stability was maintained when CDs were complexed

with hydrophobic drugs. Skin permeability results showed

that the stability of vesicles affects their function. The

stability of vesicles could influence the skin permeability of

CD–drug complexes [70].

In most cases, classical liposomes are of little or no value

as carriers for transdermal drug delivery, as they do not

penetrate skin deeply but, rather, remain confined to upper

layers of the stratum corneum. Several studies have reported

that deformable liposomes are able to improve in vitro skin

delivery of various drugs. Recently, a newdelivery system for

cutaneous administration combining the advantages of CD

inclusion complexes and those of deformable liposomes was

developed by Gillet and co-workers [71], leading to a new

concept: drug-in-CD-in-deformable liposomes. Betametha-

sone, chosen as the model drug, was encapsulated in the

aqueous cavity of deformable liposomes (made of soybean

phosphatidylcholine and sodium deoxycholate as edge acti-

vator) by the use of CD. CDs allow an increase in the aqueous

solubility of b-methasone and thus the encapsulation effi-

ciency in liposome vesicles. In comparison with
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nondeformable liposomes, these new vesicles showed im-

proved encapsulation efficiency, higher deformability, a good

stability, when stored at 4�C and higher in vitro diffusion

percentages of encapsulated drug. These new vesicles are

therefore promising for future use in ex vivo and in vivo

experiments.

5. SKIN DELIVERY OF DRUGS WITH CDs

[3,4,6,8–11]

5.1. Effects of CDs on Drug Absorption

Lack of unified valid pharmacopoeial in vitro release meth-

ods makes it difficult to compare a new semisolid formu-

lation with CD addition to one without modification. The

most popular and U.S. Food and Drug Administration–

approved method for dissolution and permeation testing

from topical preparations is with the use of a Franz diffusion

cell. However, there is no unification of test parameters; the

dimensions differ a lot between laboratories and manufac-

turers. This may lead to a discrepancy between results [11].

As shown in the nonexhaustive Table 1, there are numerous

studies of the effects of CDs on topical drug availability in

various CD-containing vehicles performed in different

conditions. Comparison of the results is difficult, as some

studies are performed in vivo, others ex vivo or in vitro,

some with human skin, others with rat, mouse, or pig skin

(Table 1). Moreover, evaluation methods are not the same;

some evaluated penetration through the skin (in the receptor

medium) while others evaluated the quantity in the whole

skin or in strata.

Despite the complexity of the results, Loftsson et al. [6]

were able to make some observations. Differences observed

between skins used may be explained by the fact that under

ex vivo conditions using hairless mouse skin, which is more

permeable than human skin, and when the aqueous donor

phase is unstirred, the permeation resistance in the unstirred

water layer can be higher or equal to the resistancewithin the

membrane. Under such conditions, CDsmay enhance dermal

and transdermal drug delivery. As a matter of fact, Table 1

shows that most of the studies are done with hairless mouse

skin, and generally, this type of skin shows better results than

those using human skin.However, itmust be kept inmind that

studies showing good results are more easily published.

Moreover, results show that generally hydrophilic CDs

are [6]:

1. Unable to permeate biologicalmembranes such as skin

to any significant extent

2. Unable to enhance drug permeation from lipophilic

environments

3. Unable to enhance permeation of hydrophilic drugs

4. Able to enhance permeation of lipophilic drugs

5. Able to reduce drug permeation through lipophilic

membranes by decreasing drug partition from the

exterior into the membrane

6. Able to increase the chemical stability of drugs at the

aqueous membrane exterior

Thus, for CD molecules, the potential mechanism of

action must be different from those of classical chemical

penetration enhancers, which increase drug permeation

through the membranes by penetrating the membranes and

decreasing the barrier properties, making the membranes

more permeable by, for example, increasing their hydration,

modifying their intracellular lipid domains, or enhancing

drug partition into the membranes by changing their solvent

nature. Contrary to CDs, these chemical penetration enhan-

cers improve the membrane permeation of both hydrophilic

and lipophilic drugs, from both nonaqueous and aqueous

donor phases.

5.2. Roles of CDs in Drug Absorption

Mechanisms are complexes but could be resumed as follows.

In general, drugs permeate biomembranes such as skin by

passive diffusion. Under such conditions there is a net flux of

drug molecules from a donor phase, through the membrane,

to the receptor phase. According to Fick’s first law [equation

(1)], where J is the drug flux across the membrane, Km/d the

drug partition coefficient between donor phase and mem-

brane, Dm the drug diffusion coefficient within the mem-

brane,D[D] the difference in drug concentration between the
donor phase and the receptor side of the membrane, and hm is

the thickness of the membrane [4], the driving force for the

diffusion is the concentration gradient of drug molecules

across the membrane:

J ¼ Km=dDm

hm
D D½ �

As we will see, CDs may have an effect at different levels

of Fick’s first law, explaining the complexity of their action

mechanism.

5.2.1. Effect of CDs on Drug Solubility Increased solu-

bility by CDs has a direct effect on the D[D] parameter of

Fick’s equation. CDs increase the permeability of insoluble,

hydrophobic drugs bymaking them available at the surface of

the skin. The increase in bioavailability is due primarily to

higher concentration in the site of administration, caused by

higher aqueous solubility and thus improved availability onto

the tissue surface than enhancement activity by the CD itself.

By increasing solubility, CDs facilitate drug incorporation

into formulation and thus increase the drug concentration

in the formulation. Gels containing tenoxicam–rameb
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complexes enhanced the percutaneous penetration of the

drug by improving its solubility. This increase in solubility

makes it possible to double the amount of tenoxicam for-

mulated, subsequently increasing the release and absorption

parameters [115]. HP-b-CD increased the amount of pirox-

icam transported through skin, but pretreatment of skin with

the CD showed no effect on drug retention in the skin. Hence,

the CD’s effect on the drug’s skin permeability was reported

to be due to increased drug concentration in gel [41].

CDs enhance the drug thermodynamic activity in vehicles

and thus cause enhancement of drug release from vehicles.

The thermodynamic activity is proportional to the solubility

of drugs in a vehicle and becomes maximal in the saturated

solution [9]. In such cases it is important to use just enough

CD to solubilize the drug in the aqueous vehicle since excess

may decrease the drug availability. Loftsson et al. [4,94]

illustrated the effect of the CD concentration on the flux

of hydrocortisone from aqueous vehicles containing

hydrocortisone–CD complexes through hairless mouse skin.

The hydrocortisone concentration was kept constant, but the

CD concentration was increased from 1 to 20% w/v. When

hydrocortisone was in suspension, an increase in the CD

concentration resulted in an increased amount of dissolved

drug, and this increase in solubility led to a larger flux through

the skin. In contrast, when all the hydrocortisone was in

solution, an increase in the CD concentration led to increased

CD complexation of the drug molecules, and because the

hydrated hydrocortisone–CD complex was unable to perme-

ate the skin, this resulted in a decrease in the flux. The

maximum flux through the skin was obtained when just

enough CD was used to keep all hydrocortisone in solution.

Comparable results were obtained from an oil-in-water

cream [3,93].

In aqueous drug solutions, when the drug concentration is

constant and below saturation, transdermal fluxwill decrease

with increasing CD concentration. Thus, fluxwill decrease as

the chemical potential of the drug decreases. In saturated

solutions, the chemical potential is constant. The flux from an

aqueous vehicle, which is saturated with the drug, will

increase with increasing CD concentration if the drug is

solubilized by CD.

5.2.2. Effect of the Affinity Constant Because only the

uncomplexed drug can be absorbed, the complex stability

constant has a great influence on the drug bioavailability from

inclusion complex. If the complex stability constant is too

high, the complex may not release the free drug at the

absorptive site and thus may decrease or inhibit drug ab-

sorption. In ointments, a drug in the CD complex may be

displaced by ointment components, depending on the mag-

nitude of the stability constant of the drug–CD complex.

Hence, for optimum drug release, the vehicle or CD complex

chosen should be such that the complex barely dissociates but

still maintains a high drug thermodynamic activity in the

vehicle. For example, the order of the prednisolone release

rate from a hydrophilic ointment was drug alone< c-CD
complex< b-CD complex<Dimeb complex, which was

reflective of the order of the complex stability

constants [9,10].

5.2.3. Effect of CDs on the Drug Partition Coefficient
Although the drug partition coefficient (e.g., a lipophilic

drug) may be decreased on complexation with CD (e.g.,

with hydrophilic CD), the increased drug solubility and

thermodynamic activity in vehicles can lead to increased

drug permeability through skin (e.g., increased skin perme-

ability of dexamethasone by HP-b-CD) [10].

5.2.4. Effect of CDs on the Drug Stabilization As re-

ported in Section 3.1.2, labile drug stabilization by CDs and

their ability to ameliorate drug irritation, and thus to improve

drug concentration and contact time at the absorption site in

transdermal delivery, are some other important factors that

contribute to the CD-improved bioavailability [2,8].

5.2.5. Effect of CDs as a PenetrationEnhancer Although

only insignificant amounts of CD and drug–CD complexes

can penetrate biological barriers because of their molecular

weight and their hydrophilicity, CDs may interact with some

of the skin components. Free CDs released on complex

dissociation, due to their ability to remove some membrane

surface components, can modify the membrane transport

properties and thus can facilitate the absorption of drugs,

especially water-soluble drugs [10]. Thus although CDs are

able, under some specific conditions, to extract lipophilic

components of biological membranes, it is highly unlikely

that the principal mechanism of CD-enhanced transdermal

drug delivery is disruption of the barrier.

Conventional penetration enhancers enhance drug per-

meability by causing some physicochemical changes within

the barrier. Thus, combining CDs with conventional enhan-

cers should result in an additive effect. This is exactly what

has been observed. In one study, the effects of both HP-b-CD
and a glycerol monoether extract on transdermal delivery of

testosterone, from o/w cream through hairless mouse skin,

was investigated [2]. About a 60% increase in the testoster-

one flux was observed when HP-b-CD was added to the

cream, about a 40% increase was observed when the extract

was added to the cream, but about an 80% increase in the flux

was observed when both HP-b-CD and the extract were

added to the cream.

5.3. Iontophoresis and Electroporation Techniques

Iontophoresis and electroporation are physical permeation-

enhancing techniques which have been shown to be effective

in delivering drug and macromolecules across the skin.

Transdermal iontophoresis is the administration of
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therapeutic agents in ionic form through the skin by the

application of a low-level electric current [118]. Doliwa

et al. [119,120] and Chang and Banga [97] showed that

iontophoresis might be used to increase piroxicam/HP-b-CD
and hydrocortisone/HP-b-CD complex transdermal fluxes.

In general, it was the free ionized piroxicam that was

predominantly delivered iontophoretically through the skin.

However, the presence of CDs allowed the incorporation of

higher piroxicam into the gel, and this might result in

increased delivery [119].

Electroporation is a process inwhich brief, intense electric

charges create small pores in the phospholipid bilayer of cell

membranes which can assist in the transdermal delivery of

drugs and be effective in delivering drug and macromole-

cules across the skin. Electroporation appears to disrupt the

lipid bilayers in the stratum corneum [118]. Electroporation

also increased the permeation of CD-complexed drugs by

several orders of magnitude relative to passive transport. The

presence of b-CD enhanced the total transport of piroxicam

from both permeant solutions and suspensions across the

epidermis into the receiver compartment medium [121].

Based on an extensive review of the literature, it appears

that CDs may enhance drug delivery through the skin by

different routes. It is also possible that CDs may have other

mechanisms of action that have not yet been elucidated.

6. BIOLOGICAL EFFECT OF CDs

The lipid components of biologicalmembranes are important

for normal cell function, and changes in the organization of

lipids can have profound effects on cellular functions such as

signal transduction and membrane trafficking. Cholesterol is

one of the most important regulators of lipid organization. In

the skin, lipids are involved in epidermal differentiation and

pigmentation. Cholesterol has been shown to be involved in

the late stages of epidermal differentiation by promoting

cornified envelope formation [122].

Cholesterol depletion by b-CD or chemically modified

b-CD from cellular membranes was used for studies on

physiological roles of membrane cholesterol. Jin showed

that cholesterol reduction induced by rameb inhibits mela-

nogenesis in human melanocytes through activation of ERK

(extracellular signal-regulated kinase) [122]. On the other

hand, MMP-9 (matrix metalloproteinase-9) expression in

human epidermal keratinocytes was increased by cholesterol

depletion due to methyl-b-CD [123]. Gniadecki reports that

disruption of lipid rafts by cholesterol-depleting compounds

such asmethyl-b-CD leads to a spontaneous clustering of Fas

in the nonraft compartment of the plasma membrane, for-

mati, on Fas–FADD complexes, activation of caspase-8, and

apoptosis. In some cell types, exclusion of Fas from lipid rafts

could lead to the spontaneous ligand-independent activation

of this death receptor, a mechanism that can potentially be

utilized in anticancer therapy [124]. Other studies report the

effects ofCDsonkeratinocytes andother skin cells (see [125–

132] and Chapter 16).

7. CONCLUSIONS

In this chapter we have seen that CDs present some advan-

tages in the formulation of topical products (drug stabiliza-

tion, reduction of local drug irritation, and in some cases,

increased drug absorption). CDs are not able to penetrate

biological membranes during topical application under nor-

mal conditions, although they can modify the bioavailability

of lipophilic drugs mainly by increasing their concentration

in the formulation. In topical formulations, CDs are generally

used as solubilizers. However, the use of CDs for skin

delivery is still limited. Currently, only one pharmaceutical

product containing a CD is marketed in dermatology. It is an

ointment containing dexamethasone and b-CD [133]. Their

main limitations in skin formulations are due to their capacity

to interact with some ingredients of the formulation but also

to modify its characteristics and cause physicochemical

stability problems. The development of these formulations

is not simple and requires in-depth study.

REFERENCES

1. Loftsson, T., Brewster, M.E. (1996). Pharmaceutical applica-

tions of cyclodextrins: 1.Drug solubilization and stabilization.

J. Pharm. Sci., 85, 1017–1025.

2. Loftsson, T., M�asson, M., Sigurdsson, H.H., Magnusson, P.,

Le Goffic, F. (1998). Cyclodextrins as co-enhancers in dermal

and transdermal drug delivery. Pharmazie, 53, 137–139.
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F. (2007). Effects of cyclodextrins on drug delivery through

biological membranes. J. Pharm. Sci., 96, 2532–2546.
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1. INTRODUCTION

Oral drug administration is the route of choice for formula-

tors and continues to dominate the area of drug delivery

technologies. Although popular, this route is not free from

limitations on absorption and bioavailability in the gastro-

intestinal (GI) tract [1]. These limitations have become even

more prominent with the advent of protein and peptide drugs

and the compounds emerging as a result of combinatorial

chemistry and the technique of high-throughput screen-

ing [2]. Whenever a dosage form is administered orally, the

drug in the formulation is released and dissolves in the

surrounding GI fluid to form a solution. This process is

solubility limited. Once the drug is in solution form, it passes

across the membranes of the cells lining the GI tract. This

process is permeability limited. Then, onward, the drug is

absorbed into the systemic circulation. In summary, the oral

absorption and hence bioavailability of drug is determined by

the extent of drug solubility and permeability [3].

Cyclodextrins (CDs) can enhance the bioavailability of

insoluble drugs by increasing drug solubility, dissolution,

and/or drug permeability. CDs have played a very important

role in the formulation of poorly water-soluble drugs by

improving drug solubility and/or dissolution toward inclu-

sion complexation or solid dispersion. They act as hydro-

philic carriers for drugs with unfavorable molecular

characteristics for complexation, or as tablet dissolution

enhancers for formulation with a high drug-loading dose

and are inappropriate to form inclusion complexes [4]. CDs

have a wide range of applications in pharmaceutical tech-

nology. Hydrophilic CDs can increase the rate of drug

release, which can be used for the enhancement of drug

absorption across biological barriers, serving as a potent drug

carrier in immediate-release formulations. On the other hand,

hydrophobic and ionizable CDs are used in the design of

controlled-release dosage formulations [5].

The objective of this contribution is to focus on the

potential use of CDs as high-performance drug carriers in

the development of advanced oral dosage forms. For this

purpose, some topics are considered: in particular, the

Biopharmaceuticals Classification System (BCS), in order

to understand when CDs can increase drug solubility and

permeability in oral administration in accord with drug

physicochemical properties. Taking the latest topic, into

account CD and drug permeability through biological mem-

braneswas also approached. CDcomplexation is the first step

in increasing drug solubility, and for this reason strategies to

increase CD complexation efficiency are described. Finally,

the use of CDs in oral, buccal, and sublingual dosage forms is

discussed and several examples are provided.

2. BIOPHARMACEUTICALS CLASSIFICATION

SYSTEM

The invivo performance of orally administered drug depends

on its solubility and tissue permeability properties. Based on

these characteristics, drug substances are divided into four

classes in the BCS classification system [6]. This system acts

as a guide to the development of various oral drug delivery

technologies. The BCS is a useful tool not only in obtaining

results for invivo bioequivalence studies but also for decision

making in the discovery and early development of new

drugs [6–8].
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TheBCS is a drug development tool that allows estimation

of the contributions of three major factors—dissolution,

solubility, and intestinal permeability—that affect oral drug

absorption from immediate-release solid oral dosage

forms [9]. To classify a drug according to the BCS, the

solubility, dose, and permeability of the drugmust be known.

According to a U.S. Food and Drug Administration (FDA)

guidance for the industry [9], in vivo bioavailability and

bioequivalence studies for immediate-release solid oral dos-

age forms are based on theBCS.Abiowaiver can currently be

requested only for solid, orally administered immediate-

release products (>85% release in 30min), containing drugs

with a high solubility over the pH range from 1 to 7.5 (dose/

solubility (D:S) ratio <250mL) and a high permeability

(fraction absorbed >90%) [3]. In addition, only excipients

that do not affect the rate or extent of absorptionmay be used.

Further restrictions are that drugs with a narrow therapeutic

range and drug products designed to be absorbed in the oral

cavity may not be considered for biowaivers [10].

According to BCS, drug substances are classified as:

. Class I: high solubility and high permeability

. Class II: low solubility and high permeability

. Class III: high solubility and low permeability

. Class IV: low solubility and low permeability

This classification is associated with drug dissolution and

the absorption model, which identifies the key parameters

controlling drug absorption.

Class I drugs exhibit high absorption and a high dissolu-

tion number (e.g., metoprolol, diltiazem, verapamil, propran-

olol). The rate-limiting step is drug dissolution, and if

dissolution is very fast, then the gastric-emptying rate be-

comes the rate-determining step. In general, hydrophilic CDs

are not able to improve the bioavailability of class I drugs.

However, they are used to reduce local drug irritation and to

increase the rate of drug absorption [11]. In general, non-

steroidal anti-inflammatory drugs (NSAIDs) have an oral

bioavailability greater than 90%, and in this type of system,

CD complexation does not result in any drastic improvement

of the absolute bioavailability. However, CD formulations

can decrease drug absorption variability [12–16].

Class II drugs have high absorption but a low dissolution

number. In vivo drug dissolution is the rate-limiting step for

absorption except at a very high dose number. The absorption

for class II drugs is usually slower than for class I and occurs

over a longer period of time. In vitro–in vivo correlation is

usually expected for class I and II drugs. Examples include

phenytoin [17,18], itraconazole [19], and nifedipine [20,21].

Normally, drugs from this class are hydrophobic with very

limited aqueous solubility. Complexation of these drugs with

water-soluble CDs can increase drug solubility and enhance

their diffusion to the mucosal surface, leading to enhanced

oral bioavailability [22].

Class III drugs are water soluble but do not readily

permeate biological membranes, due to their size and extent

of hydration; consequently, permeability is the rate-limiting

step for drug absorption (e.g., cimetidine [23], acyclovir [24],

neomycin B [25], captopril [26]). These drugs exhibit a high

variation in the rate and extent of drug absorption. Since the

dissolution is fast, the variation is due to changes in phys-

iology and membrane permeability rather than the dosage

form factors. Thus, poor bioavailability of drugs in this class

is due to the inability of the drugs to permeate biological

membranes. Therefore, CDs do not enhance their bioavail-

ability after oral administration [3], but they can increase the

ability of the dissolved drug molecules to partition from the

aqueous exterior into the GI mucosa.

Class IV drugs are water insoluble and do not readily

permeate lipophilic biological membranes, consequently,

they exhibit more problems for effective oral administration.

Fortunately, class IV compounds are the exception rather than

the rule and are rarely developed and reach the market. Some

examples are water–insoluble zwitterions or relatively large

lipophilic molecules. Hydrophilic water–insoluble com-

pounds such as zwitterions do not readily form CD com-

plexes, and thus hydrophilic CDs are not likely to improve

their oral bioavailability. However, CDs are able to improve

the aqueous solubility of some large lipophilic molecules,

leading to increased drug availability at the mucosal surface.

This will frequently leads to increased oral bioavailability. A

good example is cyclosporine A, and CDs can turn this class

IV drug into class I, increasing drug solubility [27], or into

class II, increasing drug permeability [28].

In summary, high-throughput screening approaches for

drug development have generated an increasing number of

lipophilic water-insoluble drug candidates [29] or drugs

whose clinical usefulness is hampered by their insolubility

in water. It is possible to increase the apparent aqueous

solubility of class II or IV drugs without decreasing their

lipophilicity and consequently their absorption through

biological membranes using complexation with CDs.

3. CDs AND DRUG PERMEABILITY THROUGH

BIOLOGICAL MEMBRANES

It is not well known how CDs act as penetration enhancers

and several possible mechanisms have been suggested. The

potential use of CDs and methylated derivatives as a new

class of transmucosal penetration enhancers for therapeutic

drugs has been demonstrated [30,31].

CDs do not readily permeate biological membranes, due

to its chemical structure (i.e., the large number of hydrogen

donors and acceptors), their molecular weight (i.e.,

>970 Da), and their very low octanol/water partition coef-

ficient (approximately log P between �3 and 0) [32]. Neg-

ligible amounts of hydrophilic CDs and drug–CD complexes

178 ORAL DRUG DELIVERY WITH CYCLODEXTRINS



are able to permeate lipophilic membranes. Only the free

form of the drug, which is in equilibrium with the drug–CD

complex, is capable of penetrating lipophilic mem-

branes [32–35].

In aqueous CD solutions saturated with drug (guest

molecule), the drug flux through a biomembrane increases

when the CD concentration increases. On the other hand, if

the drug concentration is kept constant and below saturation,

the flux will decrease with increasing CD concentration.

These observations have been explained by the existence

of an aqueous diffusion barrier at the membrane sur-

face [30,36] (Fig. 1).

Biomembranes are lipophilic with an aqueous exterior

that forms a structured water layer frequently referred as an

unstirred diffusion layer at the membrane surface [37].

Hydrophilic CDs act as carriers by keeping hydrophobic

drug molecules in solution in the diffusion layer and deliv-

ering them at the lipophilic membrane surface, where the

drug molecules leave the CD cavity in the lipophilic mem-

brane only if the drug permeation through the aqueous

diffusion layer is the rate-limiting step.

CDs can, theoretically, enhance drug bioavailability by

stabilizing drug molecules at the biomembrane sur-

face [38,39]. However, methylated CDs act as absorption

enhancers by different pathways. These CD derivatives

probably act by transiently changing the membrane perme-

ability, overcoming the aqueous diffusion barrier and open-

ing tight junctions [30].

CDs do not, in general, enhance the permeability of

hydrophilic water-soluble drugs through lipophilic biologi-

cal membranes, and numerous studies have shown that

excess CD will reduce drug permeability through biological

membranes [32,36].

Additionally, the physicochemical properties of the

drug (its solubility in water), the composition of the drug

formulation (aqueous or nonaqueous), and the physiological

composition of the membrane barrier (the presence of an

aqueous diffusion layer) will determine whether the CDs

will enhance or hinder drug absorption through a biological

membrane [36].

4. STRATEGIES TO IMPROVE CD
COMPLEXATION EFFICIENCY

For a variety of reasons, including cost, production capa-

bilities, and toxicology, the amount of CDs that can be

incorporated into drug formulations is limited. Even under

ideal conditions, CD complexation will result in a 4- to

10-fold increase in the formulation bulk. This limits

the use of CDs in, for example, solid oral dosage

forms to potent drugs that possess good complexing

properties [40].

The complexation efficiency of CDs is frequently low;

hence large amounts of CD are needed to complex relatively

small amounts of drug. It is therefore important to develop

methods that can be applied to enhance the complexation

efficiency of CDs [41]. Furthermore, inadequate optimiza-

tion of CD containing drug formulations frequently leads to

reduced drug availability.

If one drug molecule forms a complex with one CD

molecule, the complexation efficiency will be equal to the

intrinsic solubility of the drug (S0) times the stability constant

of the drug–CD complex (Kc). Thus, increased complexation

efficiency can be obtained by increasing either S0 orKc, or by

increasing both simultaneously (Fig. 2).

Aqueous
membrane exterior

Aqueous
diffusion barrier

+ +

Lipophilic
biomembrane

Systemic
circulation

Figure 1. Drug permeation through a biomembrane from an aqueous vehicle containing CD–drug

complex. (Adapted from [37].)
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4.1. Drug Ionization

The nonionized form of drugs leads to more stable inclusion

complexes than those of their ionic counterparts [42,43].

Ionized forms of drug molecules are more hydrophilic, thus

having less propensity to form an inclusion complex by

displacing water molecules from the CD cavity [44,45].

However, ionization is a commonway to increase the aqueous

solubility of ionizable drugs, and in aqueous solutions, CD

complexation of ionized drug molecules can result in larger

total drug solubilization (i.e., the solubilization of a drug due

to both ionization and inclusion in the CD cavity) [46].

4.2. Salt Formation

Salt formation is an other tool used to increase drug solu-

bility. It is possible to enhance the apparent intrinsic solu-

bility of a drug through a combination of salt formation (i.e.,

forming a more water-soluble salt of the drug) with the

formation of inclusion complexes without significantly re-

ducing the ability of complexation [47–49]. Complexation

with CDs and simultaneous salt formation can be used

successfully to improve the properties of anionic drugs: in

particular, to increase their water solubility and photo- or

chemical stability. Also, this can result in fewer irritant

effects, an improve rate and extent of absorption, and

taste-masking enhancement [49].

4.3. Acid–Base Ternary Inclusion Complexes

Various organic acids, such as a-hydroxyl carboxylic acids
(citric [50], tartaric [51,52], malic [53] acids), have been

shown to increase complexation through noncovalent mul-

ticomponent (or ion pair) associations between CD, basic

drug, and the acid. The addition of hydroxyl carboxylic acids

yields freely water-soluble complexes that can be isolated by

freeze- or spray-drying. The resulting amorphous com-

pounds dissolve very quickly, producing supersaturated so-

lutions that remain stable for several days [54]. In the same

way, certain organic bases (hydroxylamines [47,55] and

basic amino acids [56,57]) are able to enhance the complex-

ation efficiency by formation of ternary complexes.

Multicomponent complex formation in the presence of an

acid or a base is a useful and powerful approach to improving

the solubilizing power of CDs and therefore reducing the

amounts required. The examples reported show that the

solubility of the hydrophobic drug can be enhanced by

several orders of magnitude, while that of CD solubility can

be enhanced more than 10-fold. Oral formulations with

increased dissolution rate and bioavailability of the com-

plexed drug over a wider pH range can be prepared

accordingly [54].

4.4. Polymer Complexes

Water-soluble polymers are widely used as pharmaceutical

excipients: for example, as emulsifying and suspending

agents, flocculating agents, coating materials, and binders.

In addition, controlled-release dosage forms are frequently

based on water-soluble polymers. Although the polymers

are usually considered to be chemically inert, they are known

to form complexes with small molecules in aqueous

solutions [58,59].

A notable increase in drug solubility is frequently ob-

served, due to the formation of water-soluble drug–polymer

complexes. These polymers can form ternary systems with

inclusion complexes, increasing the stability constant and

consequently the complexation efficiency. Studies have

shown that hydrophilic polymers can enhance the solu-

bilizing effect of CDs and the aqueous solubility of

b-cyclodextrin (b-CD) [60,61]. The polymers interact with

drug molecules mainly via electrostatic bonds (i.e., ion-to-

ion, ion-to-dipole, and dipole-to-dipole bonds); however

other types of forces, such as van der Waals forces and

hydrogen bridges, frequently are found in complex

formation [62,63].

Addition of polymers increases the apparent stability

constant of a drug–CD complex, and the entropy of the

stability constant becomes more negative, indicating a more

ordered complex structure. In aqueous solution, polymers

can reduce themobility of the CDmolecules and enhance the

solubility of formed complexes. When polymer and CD are

mixed together, CD achieves a greater extent of solubiliza-

tion than when the polymer and CD are used separately. This

solubilization enhancement is more than a simply additive

effect; it is more a synergistic effect. However, in the case of

micelle-polymer complexes, the precise chemical structure

of the drug–CD–polymer complexes is not known [64].

4.5. Solubilization of CD Aggregates

Studies by several research groups have shown that CDs form

both inclusion and noninclusion complexes and that different

types of complexes can coexist in aqueous solutions [41].

Figure 2. Complexation efficiency of 1 : 1 drug (F)/cyclodextrin

(CD) complexes. (Adapted from [41].)
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Furthermore, CDs and CD complexes can self–associate to

form nanoscale aggregates [53,65]. These aggregates are

able to solubilize drugs and other hydrophobic molecules

through noninclusion complexation or micelle-like struc-

tures [66]. The formation of such structures is not easily

detected. Their existence has been elucidated only recently.

In addition, common pharmaceutical excipients such as

polymers and buffer salts can participate in the complex

formation. Thus, stability constants obtained from phase-

solubility diagrams are apparent stability constants describ-

ing the combined effect of the various complex structures on

drug solubility [66]. The noninclusion complex formation of

water-soluble microaggregates of drug and drug–CD com-

plexes can contribute to the overall solubility. In such aque-

ous systems, water-soluble polymers such as hydroxypropyl

methylcellulose (HPMC) appears to enhance the contribu-

tion of the noninclusion complexation to the overall drug

solubility, as well as solubilize and stabilize drug/b-CD
complexes [67]. Discovery of these aggregates, as well as

the ability of CDs to form noninclusion complexes, is likely

to have a profound influence on future CD research.

4.6. Combination of Two or More Methods

Frequently, the complexation efficiency can be enhanced by

combining two or more of the aforementioned methods: for

example, drug ionization and polymer addition or solubi-

lization of the CD aggregates by adding both polymers and

cations or anions to the aqueous complexationmedium [41].

5. CDs IN ORAL DOSAGE FORMS

Controlled release is used as a collective term for any dosage

forms of which the onset and/or rate of drug release is altered

by pharmaceutical technology. Controlled-release dosage

forms can be used to obtain more adequate plasma drug

level–time profiles. Thus, plasma drug level–time profiles

can be classified into two categories: rate controlled and time

controlled.

Time-released formulations can be classified further as

delayed release. These systems release the drug after a

programmed lag time following oral administration [68].

Ionizable CDs derivatives such as carboxymethyl–b-
cyclodextrin (CM-b-CD) have been used to obtain this

release type. On the other hand, colon-specific drug delivery

can be considered a delayed release and can be obtained

using drug–CDs conjugates. In rate-controlled release, the

system delivers the drug at a predetermined rate for a specific

period of time. Rate-controlled release includes immediate

release, prolonged release, and modified release.

Drug absorption from immediate-release systems in the

GI tract consists of a series of processes, including tablet

disintegration, drug dissolution in the aqueous GI fluids,

permeation of the drug molecules from the intestinal fluid

through an aqueous diffusion layer immediately adjacent to

mucosal surface, and permeation through the mucosa [3]. In

the case of immediate-release dosage forms, the drug is

released immediately after oral administration. This type of

delivery is particularly useful in emergency situations, and it

is applicable for analgesics, antipyretics, and coronary va-

sodilators. The hydrophilic CDs are useful for obtaining

immediate-release profiles.

Prolonged-release provides slow drug release at a rate

sufficient to cause a therapeutic response over a period of

time after ingestion. Thus, prolonged release allows for a

reduction in dosing frequency compared to a drug amount

presented in a conventional dosage form [68]. Hydrophobic

CDs, such as alkylated and acylated derivatives, with low

aqueous solubility, are useful as slow-release carriers in

prolonged-release formulations of water-soluble drugs.

Modified-release formulations can be obtained by com-

binations of the different release types.VariousCDs derivates

have been used in order to modify drug release in oral dosage

forms. Moreover, modified-release formulations can be ob-

tained by combinations ofCDswith different release carriers.

5.1. Immediate Release

CDs have the ability to interact with poorly water-soluble

drugs to form noncovalent dynamic inclusion complexes.

The central cavity of CDs has a lipophilic microenviron-

ment which has the ability to form inclusion complexes by

taking the entire molecule or, rather, some nonpolar parts in

its hydrophobic cavity. Thus, these inclusion complexes are

more hydrophilic and consequently have higher solubility

than that of the free drug itself. The increase in solubility

can also increase the dissolution rate, so CD has been used

as a potent drug carrier in an immediate-release formula-

tions. Moreover, this increase in the dissolution perfor-

mance can result in an improvement in the oral bioavail-

ability of classes II and IV, increasing the pharmacological

effect and allowing a reduction in the dose of the drug

administered [22,69–71].

The use of CDs is often preferred to organic solvents

(cosolvents and surfactants) from both a toxicological per-

spective and a mechanistic point of view. This is because

although, the drugmay be soluble in organic solvent, once the

drug solvent mixture is diluted with an aqueous solvent, the

poorly soluble drug often precipitates en masse. On the other

hand, this nonlinearity is not a problem with the use of CDs,

especially those that form 1 : 1 complexes [72]. CDs act as

carrier materials and help to transport the drug through an

aqueousmedium to the lipophilic absorption surface in theGl

tract. After dissolution of the inclusion complex, the guest

molecule may be released through complex dissociation by

replacement of the included guest by excipient and endog-

enous molecules (bile acids, cholesterol, lipids, and other
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compounds) which compete with the drug for the CD cavity

at the absorption site. If the complex is located close to a

biological membrane, the guest may be transferred to the

matrix for which it has the highest affinity. These factors are

responsible for the acceleration of drug absorption [5].

Additionally, CDswill operate locally on the hydrodynamic

layer surrounding the particles of drug. This action results in

an in situ inclusion process, producing a rapid increase in

the amount of drug dissolved [73]. At the same time, this

process removes some components from the membrane

surface and perturbs the membrane fluidity, thereby mod-

ifying the transport properties of the membranes and facil-

itating drug absorption, especially for water-soluble drugs

(Fig. 3). [5,71].

In fact, there are many studies related to the use of CDs to

improve the dissolution kinetics of drugs with the use of

different methods to form inclusion complexes. For example,

an inclusion complex was developed between warfarin, a

drug practically insoluble in acidic aqueousmedia, andb-CD
to increase the dissolution rate of a commercial formulation.

The dissolution rate of warfarin was increased in the order

drug< physicalmixture< kneaded product� co-evaporated

product< freeze-dried product [74] (Fig. 4).

Similarly, inclusion complexes between carvedilol,

another drug with poor aqueous solubility, and methyl-

b-cyclodextrin (M-b-CD) demonstrated a clear higher

dissolution rate than dissolution of the drug alone. In this

case, the highest drug dissolution rate was obtained for

the kneading system (Fig. 5) [75]. Thus, dissolution profiles

were influenced by the preparationmethod of binary systems,

and this aspect has been demonstrated in numerous

studies [73,75,76].

Figure 3. Overall process of drug absorption from an inclusion complex following dissolution and

dissociation in the gastrointestinal tract. Ks, dissolution rate constant of drug–CD complex; Kc,

stability constant of drug–CD complex; Ki, stability constant of competing agent–CD complex; Ka,

absorption rate constant of drug. (Adapted from [5].)

Figure 4. Dissolution profiles at pH 1.2 of pure warfarin (.),
physical mixture (&), kneaded product (~), co-evaporated product

(^), and freeze-dried product (&). (Adapted from [74].)
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Figure 5. Dissolution diagram of CAR/-M-b-CD systems: CAR,

carvedilol; PM, physical mixture; CG, co-ground; CE, co-

evaporated; KN, kneaded. (Adapted from [75].)
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The improvement in the drug dissolution rate was attrib-

uted to the surfactant-like properties of CDs, which can

reduce the interfacial tension between water-insoluble drugs

and the dissolution medium, leading to the formation of

soluble inclusion complexes. The lower energetic state of the

amorphous drug compared to the crystalline form results in

increased solubility becausewater molecules break up amor-

phous material much easier than does the crystalline drug,

leading to better wettability and a reduction in the drug

particle size [74,75,77].

Among the CDs, b-CD has been widely used in the early

stages of pharmaceutical applications because of its ready

availability and cavity size suitable for the widest range of

drugs, but its anomalous lowaqueous solubility is a drawback

to its wider use. To overcome this limitation, derivatives have

been prepared to improve their solubility and their ability to

dissolve hydrophobic compounds. Thus, hydroxypropyl-

b-cyclodextrin (HP-b-CD), 6-O-maltosyl-b-cyclodextrin
(G2-b-CD) and sulfobutyl ether- b-cyclodextrin (SBE-

b-CD) were used in immediate-release formulations that

dissolve readily in the GI tract and enhance the oral bio-

availability of poorly soluble drugs. SBE-b-CDwas shown to

be an excellent solubilizer for several drugs and was more

effective than b-CD but not as effective as DM-b-CD.
Methylated CDs with a relatively low molar substitution

appear to be the most powerful solubilizers [4].

Studies have been carried to compare the solubility

potential of different CDs after formation of inclusion com-

plexes with drugs. Figueiras et al. [73] verified through

dissolution studies in artificial saliva media that after 6min,

the percentage of pure omeprazole dissolved was nearly 12%

and above 90% when complexed with b-CD and M-b-CD.
M-b-CD proved to have better solubilizing and complexing

properties for omeprazol than did the parent b-CD. Badr-
Eldin et al. [78], investigated inclusion complexes formation

between tadalafil, a drug with limited water solubility, and

three CDs: HP-b-CD, DM-b-CD, and b-CD. Results dem-

onstrated that inclusion complexes prepared using HP-b-CD
and DM-b-CD exhibited enhancement of tadalafil dissolu-

tion superior to that prepared using b-CD. Inclusion com-

plexes of CD derivatives showed a burst effect of more than

75% during the first 5min. Tadalafil-DM-b-CD systems also

demonstrated higher dissolution than that of the correspond-

ing systems with HP-b-CD. Authors suggested that it is,

probably, due to the stronger interaction between tadalafil

and DM-b-CD and/or better inclusion of the drug molecules

into the CDhydrophobic cavity that was expanded by the two

methyl groups.

Sathigari et al. [76], used b-CD, HP-b-CD, and ran-

domly methylated-b-cyclodextrin (RM-b-CD) to improve

the solubility and dissolution rate of efavirenz. They

verified that the dissolution of this poorly water-soluble

drug was substantially higher for HP-b-CD and RM-b-CD.
However, the dissolution was faster for HP-b-CD than for

RM-b-CD. The maximum drug release (�55%) was ob-

tained within 30 and 180min for HP-b-CD and RM-b-CD,
respectively [76].

To improve the solubility of b-lapachone (b-LAP), four
CDs have been selected: b-CD, HP-b-CD, SBE-b-CD, and
RM-b-CD. The derivatives with high efficiency for b-LAP
solubilization studied were SB-b-CD and especially

RM-b-CD. Profiles with nearly 100% of the drug dissolved

at 5min were obtained for freeze-drying and kneading

systems [79].

Moreover, different studies have showed that complexa-

tion with CDs is a motivating factor in increasing the oral

bioavailability of drugs. For example, inclusion complexes

between albendazole and HP-b-CD induce better drug bio-

availability, characterized by doubleCmax (mg/mL) and lower

Tmax (h) values [80]. Similarly, inclusion complexes between

tolbutamide-b-CD and HP-b-CD showed an increase in the

oral bioavailability of the drug [81].

However, enhancement in dissolution kinetics is not

always followed by improvement in drug bioavailability. An

example was the case of complexation of piroxicam with

CDs, which did not have any significant effect on the absolute

bioavailability of the drug but resulted in faster drug absorp-

tion, faster onset of analgesia, and improved GI

tolerability [3].

Regarding pharmaceutical dosage forms, CDs can en-

hance the rate of drug release from matrices systems by

various mechanisms. According to Bibby et al. [82], when

drug concentration in the hydrated polymeric matrix is above

the saturation level, equilibrium is attained between solid and

dissolved drugs in the hydrated matrix. The amount of drug

molecules solubilized in the hydrated polymer increases

upon the addition of CD. If diffusion of CDs and its com-

plexes are comparable to drug diffusion, an increase in the

concentration of mobile drug molecules occurs, resulting in

increased drug release. The addition of CDs to polymeric

systems may also enhance drug release by acting as a

channeling or wicking agent or by promoting erosion of

the matrix.

The influence of SBE-b-CD and b-CD on the predniso-

lone and carbamazepine release profiles from HPMC, a

hydrophilic matrix, has been investigated [83,84]. It was

found that CD increased drug dissolution rate, with the

increase being greater when the drug and CD were formu-

lated as a complex rather than a physicalmixture. The authors

concluded that the enhanced drug release in the presence of

CDs appears to be due primarily to the improved solubility

and dissolution rate as a result of in situ complex formation,

with only a minor effect due to enhanced water

uptake [84,85].

Pose-Vilarnovo et al. [85] reported that CDs can act as

solubilizing agents, promoting drug release of sulfametizol

from HPMC tablets, a hydrophobic drug. This effect was

greater in the case of the most hydrophilic CD, HP-b-CD.
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Sangalli et al. [86] found that b-CD increased the release

rate of the poorly water-soluble drugs naproxen and keto-

profen from inert matrices (acrylic resins) and hydrophilic

matrices. This increase was relatively much higher for the

inert matrices (eightfold) than for swellable ones (2.5-fold).

In inert matrices, the increase in release rate may be directly

associated with the ability of CDs to form complexes rather

than its channeling properties. On the other hand, in hydro-

philic matrices, complexes showed a limited ability to dif-

fuse, because they have higher molecular weight and larger

size than the active ingredient alone, and transport could be

hindered by the relatively small size of the macromolecular

mesh due to the entanglement of the swollen hydrophilic

polymeric chains.

The influence ofHP-b-CDon carvedilol release from poly

(ethylene oxide) (PEO) tablets showed that CDs are respon-

sible for the improvement in the drug release rate because

they promoted an increase in the erosion rate of the tablet and

consequently improved the dissolution of the drug inside the

polymeric matrix [87]. Recently, it was reported that incor-

poration of HP-b-CD in PEO tablets also resulted in an

increased drug release for both forms of diclofenac (Dic):

poorly soluble free acid (DicH) and freely water-soluble

sodium salt (DicNa) [88].

5.2. Prolonged Release

Hydrophobic CDs such as ethylated and peracylated have

been proposed as sustained-release carriers for highly soluble

drugs with short biological half-lives, in virtue of poor water-

soluble complexes. Among the alkylated CDs, diethyl–b-
cyclodextrin (DE-b-CD) and triethyl-b-cyclodextrin (TE-

b-CD) were the first to be used, and their hydrophobic

complexes with diltiazem and isosorbide dinitrate provided

slow drug release after administration in dogs [4].

To improve patient compliance with salbutamol, a bron-

codilator with a short biological half-life, Lemesle-Lamache

et al. [89], prepared inclusion complexes with five types of

ethyl-b-cyclodextrin (Et-b-CD) of different degrees of

substitution and aqueous solubility (Fig. 6). They obtained

different sustained-release profiles, and it was suggested that

sustained release of salbutamol was due to its stronger

complexation with the ethylated derivates than with b-CD.
The ethylation of the hydroxyl groups may change the nature

of host–guest interactions, because ethylation may expand

the hydrophobic region of the CD cavity and enhance the

binding of the substrate by means of hydrophobic effects.

They concluded that the degree of substitution, the pattern

of the CD derivatives, and consequently the dissociation of

the complexes are responsible for the dissolution rates of

the drug.

Similarly, studies have been developed with acylated CDs

in order to obtain slowly dissolving complexes of drugs.

Some of these studies are described below.

Nicardipine hydrochloride, a calcium channel blocking

agent with very limited bioavailability (15 to 40%) and a

short elimination half-life (about 1 h) is a weak basic drug

with a pH-dependent solubility. Binary systems between

nicardipine and triacetyl-b-cyclodextrin (TA-b-CD) retarded
the dissolution rate of the drug in simulated gastric fluids

(Fig. 7). The retarding effect was more evident for the spray-

dried complex than for the kneading system.The drug release

profile consisted of very slow release in the first stage, with

zero-order kinetics and a faster release in the second phase. In

simulated intestinal fluids (pH 6.8) the nicardipine/TA-b-CD
system showed lower drug dissolution; consequently, the

binary systems presented sustained drug release [90].

Metformin hydrochloride is an oral antihyperglycemic

agent that is highly water soluble, with low bioavailability

and a short and variable biological half-life (1.5 to 4.5 h);

consequently, this drug needs frequent administrations to

Figure 7. Dissolution profiles of NC and NC/TA-b-CD binary

systems in simulated gastric fluid (pH 1.2). (Adapted from [90].)

Figure 6. Release profiles of salbutamol with b-CD and different

Et-b-CDs. (Adapted from [89].)

184 ORAL DRUG DELIVERY WITH CYCLODEXTRINS



maintain effective plasma concentrations. To improve patient

compliance Corti et al. [91] used TA-b-CD as a carrier to

obtain a slow-dissolving complex of the drug. The spray-

dried method showed the greatest retarding effect on the

dissolution of metformin hydrochloride and made it possible

to obtain an almost linear slow dissolution profile, reaching

100% of dissolved drug after only about 7 h (Fig. 8). Authors

attributed the slow drug dissolution rate to the interactions

established between the drug and the hydrophobic carrier

during sample treatment, which were more or less intense,

depending on the different conditions and methods

used. Furthermore, CDs have been shown to decrease the

rate of drug release from controlled-release devices under

certain conditions.

Fil�ıpovi�c-Grci�c et al. [92], using cross-linked chitosan

microspheres containing HP-b-CD, demonstrated a reduced

release in the buffer of the poorly water-soluble drug nifed-

ipine, compared to microspheres containing free drug

(Fig. 9). This reduction occurred despite a nearly twofold

increase in the aqueous solubility of nifedipine in the pres-

ence of HP-b-CD. Although diffusion of the CD molecule

itself from the microspheres was considered unlikely, its

release was not analyzed. The authors proposed that during

the release studies, nifedipine dissociated rapidly from the

complex, resulting in an increased concentration of free CD

within the polymer matrix. A more hydrophilic matrix,

chitosan–CD, was formed as a result, decreasing the drug–

matrix permeability and slowing the release of drug. It is

interesting that the microspheres were prepared using sun-

flower oil, whose lipid components have been shown to form

strong complexes with CDs.

Bibby et al. [82] postulated that in hydrated polymeric

matrices, when drug is present in concentrations below

saturation, the addition of b-CD would decrease the free

drug concentration. This reduction in the free concentration

of drug would result in a decrease in the diffusion rate of free

drug, due to the reduction in its concentration gradient.

Consequently, any reduction in drug release observed would

be attributed to the difference in the diffusion coefficient

between the free and complexed drug.

Quaglia et al. [93] attributed the decrease in the release

rate of nicardipine, after inclusion with b-CD from a poly

(ethylene glycol) hydrogel, to the decrease in drug diffusion

when it is complexedwithCDs, due to an increase in effective

molar size.

Similarly, Pose-Vilarnovo et al. [85] studied the influence

of b-CD and HP-b-CD in the release rate of hydrophilic

diclofenac from the HPMC gels and tablets. They verified a

delay in the release profile of diclofenac. This effect was

attributed to the hindering effect of the free CDs on drug

diffusion. They considered that in contrast to the hydropho-

bic drug, the solubilizing effect of CDs is not the dominant

effect in the hydrophilic drug release.

Ikeda et al. [94] verified that the release of metoprolol

frommetoprolol/HP-b-CD/ethylcellulose tablets was depen-
dent on the amount of HP-b-CD in the tablets. It was

observed that the release rate decreased when small amounts

ofHP-b-CDwere added, whereas large amounts ofHP-b-CD
accelerated the release rate. Detailed studies on water pene-

tration, scanning electron microscopic observations and

physicochemical properties of HP-b-CD indicated that the

retarding effect of HP-b-CDwas attributable to a viscous gel

formation in small pores on the surface of the tablets, HP-

b-CD gels may work as a barrier towater penetration into the

tablets and consequent drug release.

Therefore, hydrophilic CDs are used largely as solu-

bilizers and fast-dissolving carriers for many poorly

Figure 9. Release profile of drug complexed with HP-b-CD alone

(.), and microspheres with incorporated nifedipine/HP-b-CD com-

plexes (!) in comparison to drug dissolution from microspheres

with nifedipine alone (&). Points are experimental, and curves are

the best fit for first-order kinetics of the biphasic type. (Adapted

from [92].)

Figure 8. Dissolution curves of metformin�HCl (MF�HCl) alone or
from its equimolar physical mixture (PM), sealed-heated (SH),

kneaded (KN), co-ground (GR), and spray-dried (SP) products with

TA-b-CD. (Adapted from [91].)
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water-soluble drugs. However, they can work as retarding

agents in the release of water-soluble drugs from controlled

drug delivery devices.

5.3. Delayed Release

A delayed release can be classified as a time-controlled

release, since the drug is preferentially released in the intes-

tinal tract. Carboxy-methyl-b-CD (CM-b-CD) has proved to
be an ideal candidate for the development of delayed-release

formulations. CM-b-CD displays limited solubility under

acidic conditions such as those found in the stomach, and it

is freely soluble in neutral and alkaline regions as the result of

ionization of the carboxyl group. Thus, CM-b-CD could

perform as an enteric-type drug carrier, with the additional

advantage of stabilizing the labile drugs because of its inclu-

sion ability.

Diltiazem was complexed with CM-b-CD and then com-

pressed into a tablet. The release rate of the drug was

relatively low in low-pH solutions and increased when the

pH rose. The release of water-soluble diltiazem�HCl from
CM-b-CD was suppressed at low pH (Fig. 10). These studies

indicated that the release rate of water-soluble drugs can be

suppressed at low-pH regions of the stomach and increased at

intestinal pH values, due to ionization of the carboxyl group

of the drug molecule [95].

Horikawa et al. [96] studied the release of molsidomine, a

water-soluble drug, from tablets, where the drug was com-

plexed with CM-b-CD. The release rate of molsidomine was

suppressed at a lower pH values and was increased following

an increase in pH values, thereby showing a typical delayed-

release pattern.

Colon-specific drug delivery systems can be classified

as a delayed-release type of dosage form, although a fairly

long lag time is required to reach the colon after oral

administration. When a CD complex is applied orally, it

dissociates readily in the GI fluid, depending on the magni-

tude of the stability constant. This indicates that CD complex

is not suitable for colon-specific delivery as the drug is

released, because of the dilution and competitive effects

before it reaches the colon. Therefore, the conjugation of the

drug with CDs may be useful to design a time-controlled oral

drug delivery system. In the conjugation, the drug is bound

covalently to the CD [97]. Recent results on colon drug

delivery systems usingCDs are described below, even though,

at the moment, there are few reports regarding this subject.

Biphenylylacetic acid (BPAA), an anti-inflammatory, was

conjugated selectively onto one of the primary hydroxyl

groups of a-, b-, and c-CDs through an ester or amide

linkage. In the rat cecum and colon, the ester prodrugs are

subject to ring opening followed by hydrolysis tomaltose and

triose conjugates. The ester bond of the small saccharide

conjugates is subsequently hydrolyzed to release the drug.

In the case of amide prodrugs, the conjugate is hydrolyzed

to small sacharide conjugates, but the amide bond resists

hydrolysis and is retained as a maltose conjugate in the

colon [98,99].

The serum levels of BPAA after oral administration of

three ester conjugates with the drug alone and b-complex in

rats were studied (Fig. 11). They showed higher serum levels

than those of BPAA alone. The serum drug levels of a- and
c-CD conjugates increased after a lag time of about 3 h, and

reached maximum levels at about 9 and 8 h, respectively,

accompanied by a significant increase in the extent of

bioavailability [98,99].

Hirayama et al. [100] prepared n-butyric acid/b-CD con-

jugate and studied the release behavior of the drug. They

Figure 11. Serum levels of BPAA after oral administration of

a-conjugate (*), b-conjugate (D), c-conjugate (&); BPAA (.) or
BPAA-b-CD complex (^) (equivalent to 10mg/kg BPAA) to rats.

Each point represents the mean� S.E. of three experiments.

(Adapted from [98].)

Figure 10. Plasma levels of diltiazem after the oral administration

of tablets containing CME-b-CD complex (equivalent to diltiazem

at 30mg/body) in gastric acidity–controlled dogs; (*), high-

gastric-acidity dogs; (.), low-gastric-acidity dogs. Each value

represents the mean � standard error of four dogs.�, p< 0.05 vs.

high-gastric-acidity dogs. (Adapted from [5].)
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suggested that two enzymes, sugar-degrading and ester-

hydrolyzing, are necessary to release the drug from the

conjugate in large intestinal contents. A recent study reached

the same conclusion [101].

Prednisolone succinate/a-CD conjugate, ketoprofen/

b-CD conjugate, and flurbiprofen/a- and b-CD conjugates

may be degraded similar to those of the BPAA and n-butyric

acid conjugates [102–104]. These conjugates may be useful

as a delayed-release type of prodrug for colon specific

delivery. Moreover, release of the drug from CD conjugate

in the cecum and colon depends on the degree of substitution

or the solubility of the conjugate. This was proved after

preparation of conjugates between a, b, c-CDs and 5-ami-

nosalicylic acid with different degrees of substitution. The

higher degree of substitution lowers the aqueous solubility

and the hydrolysis rate [100,105].

Thus, the design of CD conjugates with nonsteroidal anti-

inflammatory drugs such as biphenylylacetic acid [98,99],

ketoprofen [103], acid mefenamic [106], flurbiprofen [104],

a short-chain fatty acid, n-butyric acid [100], and a steroidal

drug, prednisolone [102]may be presented as new candidates

for colon-specific delivery prodrugs.

5.4. Modified Release

5.4.1. Combination of Drug with Hydrophilic and Hydro-
phobic CD Complexes and Drug–CD Conjugates The

critical combination of inclusion complexes obtained with

different types of CDs derivatives could be a promising ap-

proach to developing new controlled drug release systems. To

obtain the rapid appearance of nicardipine (NC) in the blood

and to maintain a constant drug level for a long period of time,

Fernandesetal. [107,108]combineda fast-releasingHP-b-CD/
NC complex with a slow-releasing TA-b-CD/NC complex.

In a similar way, Ikeda et al. [109] concluded that a

combination ofHP-b-CD and perbutanoyl-b-CD (TB-b-CD)
is useful to control the release of a water-soluble drug,

captopril. HP-b-CD forms 1 : 1 solid complexes, while the

hydrophobic form, TB-b-CD, forms a solid dispersion or

solid solution with the drug. Both authors concluded that the

drug release rate could be controlled by adjusting the molar

ratio of its hydrophilic and hydrophobic complexes, depend-

ing on the sustained release frame time required [107–109].

In the ternary captopril/TB-b-CD/HP-b-CD system, the

release rate was slowed by the addition of small amounts of

HP-b-CD, whereas the rate become faster as the molar ratio

of HP-b-CD increased further (>0.25 molar ratio). It hap-

pened because the pore size was dependent on the compo-

sition of HP-b-CD (i.e., small pores in lower HP-b-CD
contents, larger pores in higher HP-b-CD contents). Thus,

in the case of less HP-b-CD, after contact with water, HP-

b-CD forms a gel on the surface or inside the tablets with tiny

pores that prevent the penetration of water into tablets and

consequent captopril release. In the case of high HP-b-CD

contents, captopril, HP-b-CD, or its complex dissolved or

eroded from the surface, resulting in larger pores on a smooth

surface [109].

These authors proposed that hydrophilic and hydrophobic

CD systems seem to resemble a blend of water-soluble

hydroxypropylcellulose (HPC) andwater-insoluble ethylcel-

lulose. Moreover, HP-b-CD has better stabilizing abilities

than HPC [109].

Different drug-release profiles can be obtained based on a

combination of CD complexes and CD conjugates. The

immediate-release type of complex and the delayed-release

type of conjugate are used simultaneously to obtain a

repeated release profile (i.e., double peaks are observed in

plasma drug levels) [97]. Kamada et al. [103] demonstrated

this by a combination of the CD conjugate and the fast-

dissolving ketoprofen/HP-b-CD complex [103] (Fig. 12).

On the other hand, a combined preparation of the conju-

gate with a slow-release fraction may provide a prolonged-

release profile [97] (Fig. 13B). Furthermore, a combination

of water-soluble complex, slow-release complex, and CD

conjugates provide a gradient release profile [97] (Fig. 13C).

5.4.2. Combination of CDs with Others Controlled-
Release Technologies A pertinent combination of CD

derivatives and pharmaceutical polymers is useful for ad-

vanced-controlled released systems [110]. Wang et al. [110]

have developed a double-layer tablet in order to obtain amore

balanced oral bioavailability with a prolonged therapeutic

effect of nifedipine, a poorly water-soluble drug with a short

elimination half-life. The double-layer tablet, consisting of

a nifedipine/2-HP-b-CD/HCO-60 system as the fast-release

portion and a nifedipine/HPC system as the slow-release

Figure 12. Plasma levels of ketoprofen (KP) after oral adminis-

trations of KP/HP-b-CD complex (O, equivalent to 2mg/kg KP),

KP/a-CD conjugate (~, equivalent to 5mg/kg KP) and the com-

bined preparation (^, the complex þ conjugate, containing the

equivalent amounts of KP). Each point represents the mean� S.E.

of three to four experiments. (Adapted from [103].)
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portion, gave prolonged plasma drug levels with a more

balanced bioavalibility. Thus a combination of HP-b-CD,
HCO-60, and HPC serves as a modified-release carrier of

nifedipine and can be applied to other poorly water-soluble

drugs, with a short half-life [110,111].

Coadministration of the conjugate and the slow-releasing

ketoprofen/ethylcellulose solid dispersion gave a typical

sustained-release profile (i.e., a constant plasma level was

maintained for at least 24 h) [103] (Fig. 14).

CDs have been used in osmotic systems. These systems

use osmotic pressure as a driving force for controlled drug

delivery. Drug release from these systems is, to a large extent,

independent of the physiological variables factors of the GI

tract and can be used for systemic as well as for local delivery

of drugs. These systems are generally used only for water-

soluble drugs. Poorly water-soluble drugs cannot dissolve

adequately in the volume of water drawn into osmotic pump

tablets (OPTs), making release from OPTs incomplete.

Sulfobutyl ether-b-cyclodextrin (SBE7m-b-CD) serves both
as a solubility modulator and as an osmotic pumping agent

for OPTs, from which the release rate of both water-soluble

and poorly water-soluble drugs can be controlled. The os-

motic pressure of SBE7m-b-CD is due to the fact that it

includes seven sulfonic acid sodium salt moieties per mol-

ecule. The advantages of controlled OPTs include controlled

and complete release for poorly water-soluble drugs. For

Figure 13. Drug release profiles based on a combination of CD complexes and CD conjugate.

(Adapted from [97].)
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Figure 14. Plasma levels of ketoprofen after oral administra-

tions of KP-EC solid dispersion (&, equivalent to 6mg/kg KP),

KP-a-CD conjugate (~, equivalent to 5mg/kg KP) and the

combined preparation (^, EC solid dispersion þ conjugate,

containing the equivalent amounts of KP). The drugs were

administered as powder filled in capsules. Each point represents

the mean� S.E. of three to four experiments. (Adapted

from [103].)
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soluble drugs, SBE7m-b-CD acts primarily as an osmotic and

an OPT control agent [112].

Okimoto et al. [113] compared the release of testosterone

from the device in the presence of SBE7m-b-CD and in

the presence of HP-b-CD. The testosterone release was

significantly faster with SBE7m-b-CD than with HP-b-CD,
which is consistent with greater osmotic pressure from

SBE7m-b-CD. Testosterone forms an inclusion complexwith

SBE7m-b-CD. It appears that the major contribution from

testosterone/SBE7m-b-CD devices is osmotic, while from

testosterone/HP-b-CD the major contribution may be

diffusion [113,114].

OPTs using SBE7m-b-CD were prepared for poorly sol-

uble and two highly water-soluble drugs. The results con-

firmed that SBE7m-b-CD serves as a solubilitymodulator and

as an osmotic pumping agent for OPTs, from which the

release rate of both water-soluble and poorly water-soluble

drugs can be controlled [112].

Comparison of prednisolone and sodium chloride release,

formulated as a complex with SBE7m-b-CD from OPTs,

demonstrated that the release rate was almost identical for

the two drugs. The prednisolone was released from OPTs in

the complexed form; however, NaCl, which has high polarity

and a small molecular size, is not expected to form an

inclusion complex. Thus, the release rates are controlled by

the presence of SBE7m-b-CD [112].

SBE7m-b-CD and HP-b-CD increased the release rates of

prednisolone (neutral drug) and chlorpromazine (basic drug)

at pH 6.8 compared to a sugar mixture, which is consistent

with their solubilizing effects, but decreased the release rate

of the polar drugs clorpromazine at pH 1.2 and diltiazem. It is

because the release rate is controlled by the osmotic, diffu-

sion and viscosity properties of the CDs and not the drug

themselves [112].

6. CDs IN BUCCAL AND SUBLINGUAL

ADMINISTRATIONS

Buccal and sublingual routes for drug administration are

two of the most efficient ways to bypass hepatic first-pass

metabolism [115]. After contact with the buccal mucosa, the

drug permeates the mucosal tissue until it reaches the sys-

temic circulation. An important factor that preceeds drug

permeation through the buccal mucosa is its solubility in the

aqueous environment that surrounds the oral cavity (saliva).

Due to the small volume of saliva in the mouth, the thera-

peutic dose has to be relatively small, and dissolution en-

hancers must usually be applied. In an attempt to improve the

solubility of drugs with poor aqueous solubility, and consid-

ering that the majority of drugs present a hydrophobic

structure, complexation with CDs appeared in the formula-

tion of buccal drug delivery systems as a promising tool.

Several authors have directed their research to the appli-

cation of CDs to enhance the aqueous solubility of drugs

destined to be delivered through buccal mucosa. Jain et

al. [116] conducted a study with the aim of improving the

bioavailability of danazol. They prepared buccal tablets

containing polycarbophil (PC) or HPMC as bioadhesive

polymers, where they incorporated the complexed drug with

SBE7m-b-CD. In an initial phase, the authors verified that

buccal tablets containing PC presented better mucoadhesive

properties than the tablets containing HPMC. Afterward,

they conducted an in vivo study in four female police dogs to

compare the absolute bioavailability resulting from the oral

administration of a marketed formulation, Danocrine

(200mg of danazol) and from buccal tablets containing the

danazol/SBE7m-b-CD complex. Table 1 illustrates the dif-

ferent pharmacokinetic parameters calculated after admin-

istration of the various formulations in four dogs.

Authors verified that the absolute bioavailability resulting

from the oral administration of Danocrine to dogs was only

1.8% compared with the absolute bioavailability determined

after the administration of buccal tablets (25%). In relation to

the relative bioavailability of buccal tablets, it increased

about 13- fold compared to the relative bioavailability of

Danocrine, which is illustrated in Fig. 15.

They concluded that the increase in drug bioavailability

observed when buccal tablets were administered in com-

plexed form was due to the absence of the hepatic first effect

when the drug was administered by the buccal route and to

the increase in the drug aqueous solubility after complexation

with SBE7m-b-CD.This contributed to clarifying the cause of
low drug bioavailability in oral administration and to noting

Table 1. Pharmacokinetic Parameters After Administration of Various Drugs

Formulation Cmax (ng/mL) tmax (h) AUC 0–24 (ng�h/mL)a
Absolute

BD (F, %) Relative BD

Intravenous — — 2154.64 (417.80) 100

Danocrine, 200 mg 124.99 (82.06) 1.13 (0.63) 40.57 (30.44) 1.88

Inclusion complex, 50mg 205.19 (1046.95)b 0.75 (0.29) 137.00 (30.61)c 63.86 33.91

Buccal tablets, 40mg 210.57 (79.18) 4.00 (0.00) 554.95 (133.13)c 25.76 13.67

aAUC values normalized to 2mg/kg dog weight.
b Statistically significantly different from Danocrine and buccal formulation.
c Statistically significantly different from Danocrine.
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that the buccal administration of the danazol in the com-

plexed form could be clinically useful, due to the reduction of

secondary effects associated with the high clinical doses that

are normally administered.

Jug and Be�cirevi�c-La�can [117] developed a controlled

release formulation for buccal administration of piroxicam.

They prepared buccal tablets that contained piroxicam and

hydrosoluble excipient (lactose or HP-b-CD) and as an

alternative to the piroxicam/HP-b-CD complex, using as

bioadhesive polymers HPMC or a mixture of HPMC and

C940 (Carbomer 940). All of the formulations obtained

contained an equal quantity of the drug sample. The authors

verified that the dissolution of the piroxicam in lactose or in

HP-b-CD without complexation, in buccal tablets, was com-

paratively slower than that of tablets containing the drug in a

complexed form. The low aqueous solubility of the pirox-

icam permitted only a limited amount of noncomplexed drug

to dissolve in the interior of the hydrated polymeric matrix.

According to the results obtained, incorporation of the

piroxicam in complexed form with HP-b-CD in the matrix

increased the aqueous solubility of the drug, dissolving more

easily in the hydrated polymeric environment, resulting in a

high driving diffusion force and fast dissociation of the

complexed drug. They also observed that by increasing the

drug’s solubility, the addition of HP-b-CD to the polymeric

matrix caused an increase in the drug flow from the tablets or,

rather, of the diffusible species of the drug in the interface

membrane. Even though the complex does not penetrate the

membrane, since the drug in the inclusion complex is in

dynamic equilibriumwith themolecules of the “free” drug, it

promotes a continuous supply of molecules of the drug in the

diffusible form to themembrane’s surface. They also verified

that all formulations presented an increase in weight due to

the water uptake. The rate of swelling decreased in the order

lactose<HP-b-CD< drug complexed with CD, suggesting

that the high water uptake by the complex could be a

consequence of the faster hydration of the bioadhesive

polymers in the presence of the amorphous complexes.

Finally, the authors concluded that the CD did not interfere

with the formation of mucoadhesive connection between the

polymers and the mucin present in the saliva.

In the sublingual formulations the complexation of poorly

water-soluble drugs with CD has been shown to increase

the bioavailability of various lipophilic drugs. 2-HP-b-CD
has been shown to increase the bioavailability of 17b-
estradiol [118], androstenediol [119], clomipramine [120],

and danazol [121]. In the case of lipophilic compounds, the

aqueous solubility and dissolution rate of a drug is usually

the rate-limiting step for drug absorption. The increased

bioavailability achieved by CDs is due to the increased

aqueous solubility and drug dissolution rate. One limitation

in the use of CDs in sublingual administration is the effect of

CDs on formulation bulk.

Mannila et al. [122] studied the effect of complexation

with RM-b-CD in the bioavailability of the D9-tetrahydro-

cannabinol (THC) and the canabidiol (CBD), two main

cannabinoids present in marijuana and hashish, when ad-

ministered by the sublingual route. They verified that the

complexation with RM-b-CD increased significantly the

dissolution rate in both (THC and CBD). Two equally

important aspects were also observed; the absolute bioavail-

ability of the complex when administered by the sublingual

route was superior in relation to the bioavailability of the

isolated cannabinoids when administered by the same route.

The bioavailability of the complex when administered by the

sublingual routewas superior in relation to the bioavailability

of the same complex when administered orally. The authors

concluded that the complexation with RM-b-CD increased

the aqueous solubility and the dissolution rate of the canna-

binoids (THC andCBD) and the sublingual administration of

the complex led to an increase in the absorption rate and the

bioavailability of the active substances.

On the other hand, CDs can act as penetration enhancers

in buccal mucosa. RM-b-CD, a more hydrophobic CD, can

permeate the buccal mucosa and form inclusion complexes

with hydrophobic molecules, lipids from the cellular mem-

brane. This modified CD can change buccal mucosa perme-

ability acting as a penetration enhancer for drugs adminis-

tered by the buccal route [30]. Because the methylated CD

derivatives have a highest affinity toward the most lipophylic

components of the cell membranes (cholesterol and phos-

pholipids), they have the highest hemolyzing capacity.

Boulmedarat et al. [123] carried out a study whose main

objective was to evaluate the toxicological effects of

RM-b-CD on the human oral epithelium, in order to verify

the acceptance of these compounds as solubilizing agents and

absorption promoters of formulations for buccal mucosa

Figure 15. Average danazol concentrations after oral admini-

stration of the drug in capsules containing 200mg of danazol

(Danocrine) and in buccal tablets containing the complex between

danazol and SBE7-b-CD, equivalent to 40mg of danazol. (Adapted

from [116].)
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delivery. The study revealed that RM-b-CD does not present

any toxic or inflammatory effects on the human buccal

epithelium when exposed to concentrations between 2 and

5%. They verified that after 24 h of exposure using doses

superior to 5%, the cellular layers presented alterations,

although these were only of a superficial nature. They

concluded that the methylated derivatives could be used

safely as absorption promoters on buccal mucosa drug

delivery in a concentration between 2 and 5% [124].

7. CONCLUSIONS

Solubility, stability, and membrane permeability issues

continue to be major formulation barriers in the develop-

ment of advanced dosage forms for the next generation of

drugs. CDs are able to eliminate some of these undesirable

properties of the drug candidates through inclusion complex

formation, which consequently improves oral drug delivery.

In the beginning, CDs were used to enhance the aqueous

solubility and chemical stability of drugs, and their func-

tionalities were related to their ability to form inclusion

complexes with drugs. However, in recent years CDs have

been shown to participate in various types of noninclusion

complexes with organic salts or water-soluble polymers.

They have also been shown to form aggregates, either alone

or in combination with other excipients. These aggregates

can form dispersed drug delivery systems such as micro-

and nanoparticles.

We can conclude that CDs satisfied the requirements for a

drug carrier in oral drug delivery systems very well. A

desirable attribute for a carrier in oral drug delivery is the

ability to control the rate and the time of drug release. For

example, peracylated CDs act as novel hydrophobic carriers

to control the release rate ofwater-soluble drugs.On the other

hand, amphiphilic or ionizable CDs can modifiy the rate or

time of drug release, and bind to the surface membrane of

cells, which may be used for the enhancement of drug

absorption across biological barriers. The final requirement

of the drug carrier is its ability to deliver a drug to a target site.

CD–drug conjugates may fulfill this requirement regarding

the design of colon-specific delivery systems. A combined

use of different CDs and pharmaceutical additives will

provide more balanced oral bioavailability with prolonged

therapeutic effects. The future promises a number of com-

mercial products using various CD derivative-based ad-

vanced drug formulations.

8. FUTURE TRENDS

More than 30 different pharmaceutical products containing

CDs are currently in the worldwide market. New CD-based

technologies are constantly being developed, and thus 100

years after their discovery, CDs are still regarded as novel

excipients of unexplored potential [125,126]. Thus, because

of the multifunctional characteristics and bioadaptability,

CDs are capable of overcome the undesirable properties of

drugmolecules in different areas of drug delivery: namely, in

oral drug delivery. The final requirement of the drug carrier is

its ability to delivery a drug to a target site, if desired. Owing

to the increasingly globalized nature of the CD-related

science and technology, development of CD-based drug

formulation is also rapidly progressing [72].

CDs have applications in the design of some novel oral

drug delivery systems, such as microspheres, osmotic pump,

peptide and protein delivery, colon-specific drug delivery,

and nanoparticles. The first studies on the role of CDs in

microparticle preparation were carried out by Loftsson et

al. [127].

Osmotically controlled oral drug delivery systems are

available in various designs to control the drug release based

on the principle of osmosis. Osmotic tablets offer many

advantages, such as a zero-order delivery rate, improving

patient compliance, a high degree of in vitro–in vivo corre-

lation and they are simple of operation [11].

On the other hand, advances in biotechnology have in-

creased the production of therapeutically active peptide- and

protein-based drugs, making them more available for ther-

apeutic uses [128]. However, there are considerable hurdles

to be overcome before practical use can be made of thera-

peutic peptides and proteins because of chemical and

enzymatic instability, poor absorption through biological

membranes, rapid plasma clearance, peculiar dose–response

curves, and immunogenicity.Many attempts have beenmade

to address these problems by chemical modifications or by

coadministration of adjuvants to eliminate undesirable prop-

erties. CD complexation seems to be an attractive alternative

to these approaches [129].

Recently, intensive efforts have been made to design

systems able to deliver drugs more efficiently to specific

organs, tissues, or cells. CD complexes are in equilibrium

with guest molecules in aqueous solution; however, the

inclusion equilibrium is disadvantageous when drug target-

ing is to be attempted, because the complex dissociates

before it reaches the specific site to which the drug is to be

delivered. A new method to prevent this dissociation is to

bind a drug covalently to CDs [130].

The major drawback of nanoparticles is associated with

the drug-loading capacity of polymeric nanoparticles. CDs

are used for this reason to improve water solubility and

sometimes the hydrolytic or photolytic stability of drugs for

better loading properties [131]. CD complexes act to solu-

bilize or stabilize active excipients within the nanoparticles,

resulting in increased drug concentration in the polymeriza-

tion medium and increased hydrophobic sites in the nano-

sphere structure when large amounts of CDs are associated

with the nanoparticles [11].
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In summary, various controlled-release preparations can

be designed by employing CD conjugated or complexed in

combination with other carriers, displaying different releas-

ing mechanisms [103]. The potential of CDs in oral drug

delivery formulations has not been totally exploited, and the

possibility of discovering new systems is present.
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dóttir, B.J., Baldvinsdóttir, J. (1992). Preparation and physical

evaluation of micorcapsules of hydrophilic drug–cyclodextrin

complexes. J. Microencapsul. 9, 375–382.

128. Soares, F.A., Carvalho, R.A., Veiga, F. (2007). Oral adminis-

tration of peptides and porteins: nanoparticles and cyclodex-

trins as biocompatible delivery systems. Nanomedicine, 2,

183–202.

129. Irie, T., Uekama, K. (1999). Cyclodextrins in peptide and

protein delivery. Adv. Drug Deliv. Rev., 36, 101–123.

130. Hattori, K. (2007). Synthesis and evaluation of novel targeting

cyclodextrins as drug carrier. Presented at the 4th Asian

Cyclodextrin Conference.

131. Eguchi, M., Yong-Zhong, D., Ogawa, Y., Okada, T., Yumoto,

N., Kodaka, M. (2006). Effects of conditions for preparing

nanoparticles composed of aminoethylcarbamoyl-b-cyclo-
dextrin and ethylene glycol diglycidyl ether on trap efficiency

of a guest molecule. Int. J. Pharm., 311, 215–222.

196 ORAL DRUG DELIVERY WITH CYCLODEXTRINS



PART II

NOVEL AND SPECIALIZED APPLICATIONS
OF CYCLODEXTRINS



11
AMPHIPHILIC CYCLODEXTRINS: SYNTHESIS AND
CHARACTERIZATION

FLORENT PERRET AND HÉLÈNE PARROT-LOPEZ
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Universit�e de Lyon, Lyon, France

1. INTRODUCTION

The use of biologically active substances that are insoluble in

water is a difficult problem to resolve in pharmaceutical

formulation. Their solubilization at the molecular level as

inclusion complexes inside cyclodextrins (CDs) is a good

alternative and has been well described in the literature.

Native CDs are therefore widely used as solubilizers and

excipients, masking the physicochemical properties of the

guest molecule (poor water solubility, stability problems, or

undesired side effects). However, since dissociation takes

place too readily upon dilution, inclusion complexes in simple

water-soluble CD are not effective for drug delivery applica-

tions (binding constants of 102 to 104M). Chemical modi-

fication of CDs has been the aim of many research groups,

mainly to improve safetywhilemaintaining the ability to form

inclusion complexes with various substrates. Well-defined

chemical modification allows some of them to self-organize

as larger assemblies aimed at resolving this liability issue.

Nanoparticles, for example, have been widely used with CDs

for drug delivery systems, because of their active and passive

targeting properties and because they do not require cosol-

vents, potentially toxics, for the delivery of nonsoluble drugs.

The most used CD derivatives in the pharmaceutical field

are methyl cyclodextrins, which are obtained by methylation

of cyclodextrins, on either all C2 secondary and C6 primary

hydroxyl groups [dimethyl-cyclodextrins (DIMEBs)] or all

the hydroxyl groups C2, C3, and C6 [trimethyl-cyclodextrins

(TRIMEBs)]. Hydroxypropylated cyclodextrins (HP-CDs)

are also used in this field, but their structure is not well

defined and they are more statistically substituted than the

methylated cyclodextrins. They are commercially available

as ocular collyrs, tablets, and as excipients under the trade-

marks Encapsin and Molecusol [1,2].

More than 20 years ago, amphiphilic CD synthesis began

to interest research groups. Indeed, amphiphilic CDs can

self-organize in water to form supramolecular assemblies

such as vesicles [3], solid–lipid nanoparticles [4], nano-

spheres [5], liquid crystals [6], or micellar systems [7].

Emulsions and many complex structured particles can also

be prepared with the help of CD-based surfactants. Such

supramolecular assemblies often retain the complexation

properties of the parent CD. They offer good opportunities

for drug solubilization and possible sustained delivery and

are expected to improve the vectorization of the entrapped

drug in the organism.

2. SYNTHESIS OF AMPHIPHILIC CDs: GENERAL
APPROACHES

Amphiphilic CDs have been synthesized for more than a

decade, mainly to overcome problems of native CDs that

limit their applications in the pharmaceutical field [8]: for

example, to:

. Enhance the interaction of CDs with biological

membranes
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. Modify or enhance interaction of CDs with hydropho-

bic drugs arising from the large number of long aliphatic

chains

. Allow self-assembly of CDs, allowing the formation of

nanosize carriers and encapsulation of drugs

Indeed, amphiphilic CDs were believed to be promising

carriers as nanoparticles because their structure gives them

the ability to include active molecules in their hydrophobic

cavity as well as within their long aliphatic chains [9,10].

Numerous reviews have recently been published on the

synthesis and physical properties of amphiphilic CDs, par-

ticularly by Bilensoy [8], Sallas and Darcy [11], and Dje-

da€ıni-Pilard et al. [12–14]. In this chapter we focus on the

synthesis of amphiphilic CDs.

Preparation of amphiphilic CDs involves modification of

the primary face and/or the secondary face by lipophilic

groups. Persubstituted amphiphilic CDs are obtained by

persubstitution of the hydroxyl groups, on the secondary

and/or primary face, but amphiphilic derivatives can also be

obtained by grafting only one, two, three, or four hydrophob

ic anchors (Fig. 1).

In most cases, the hydrophilic CD architecture plays the

role of the polar group of a surfactant-like molecule; never-

theless, increasing the hydrophilic character of the CD by

grafting polar substituents is a supplementary possibility for

controlling the physicochemical properties. The first

amphiphilic CD derivatives were made by Kawabata et

al. [15]. Hydrophobicity was introduced by substituting

primary hydroxyl groups of b-CDs by alkylsulfinyl groups,

of various lengths (Fig. 2). These molecules were not soluble

in water and showed a high capacity to form monolayers at

the air–water interface. The same amphiphiles could also

form thermotropic liquid crystals, as demonstrated by Ling

et al. [6].

Since then, numerous groups have synthesized amphiphi-

lic CDs to form supramolecular assemblies able to complex

and/or encapsulate drugs. Most of them studied b-CD substi-

tuted by alkyl chains; b-CD is slightly hydrophilic compared

to a- and c-CDs (the smallest water solubility: 18 g/L) and

the grafted alkyl chains are inmost cases short in length (from

6 to 12 carbon atoms). We will not describe the syntheses of

all the known amphiphilic CDs, only examples of each type

of amphiphilic CD. First we describe the synthesis and

characterization of nonionic amphiphilic derivatives, among

them the medusa-like [16,17], skirt-shaped [18–21], and

bouquet-like [22,23] CD derivatives (Fig. 3), named directly

from their shape. In these derivatives, all of the 6-hydroxyls

and/or 2,3-hydroxyls are modified by lipophilic groups.

We then focus our attention on the synthesis of mono-

substituted (lollipop [24] and cup-and-ball [25] cyclodex-

trins) and selectively functionalized derivatives, with special

attention on di-, tri-, and tetra-substituted amphiphilic

a-CDs, synthesis that has recently been developed, and on
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Figure 1. Common synthetic pathways to amphiphilic CDs.
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fluorinated derivatives. Finally, the synthesis of some cat-

ionic and anionic amphiphilic CDs is described.

3. NONIONIC AMPHIPHILIC CDs

3.1. Persubstituted Derivatives

Among the three types of hydroxyl groupspresent inCDs, those

at the 6-position are themost basic and oftenmost nucleophilic;

those at the 2-position are the most acidic; and those at the

3-position are the most inaccessible. Thus, an electrophilic

agent will attack the 6-position. This situation can be reversed

by the use of a strong base. Because the hydroxyl groups at the

2-position are the most acidic, they will be deprotonated first

and the resulting oxyanion is more nucleophilic than the

nondeprotonated hydroxyl at the 6-position. Persubstituted

amphiphilic CDs are thus obtained by substitution of all the

hydroxyl groups on the secondary and/or primary face. Among

them we can distinguish three families.

3.1.1. Medusa-Like CDs Due to their easy synthesis, me-

dusa-like CDs (Fig. 3), persubstituted on the primary face,

are abundant. They are generally obtained in two steps by

nucleophilic substitution of a CD bearing a good leaving

group. Another reason for the abundance of medusa-like

amphiphilic CDs is that the primary face is more easily

modifiable than the secondary one, thus avoiding the pro-

tection and deprotection steps of the primary face. Selective

permodification of all the primary hydroxyl groups is rela-

tively easier than mono-, di-, or tri-substitution because

symmetrical substitution is achieved when the reaction is

allowed to run longer with appropriate amounts of reagents.

For the syntheses of these derivatives, activation of the

hydroxyls groups is required.

Synthesis of Activated CDs It has been necessary to wait

more than a century (CDs were discovered in 1890) to see the

emergence in the literature of selective and reproducible

methods for the introduction of leaving groups in a one-step

synthesis, leading only to persubstituted derivatives with

good yields. These indispensable derivatives will be used

for the synthesis of amphiphilic CDs. The main methods for

the preparation of these activated CDs are outlined in Table 1.

Per-sulfonated derivatives, generally prepared directly

fromCDs and a large amount of sulfonyl chloride in pyridine,

O
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Figure 2. First amphiphilic CDs made by Kawabata et al. [15].

Figure 3. Schematic structures of amphiphilic CDs.
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are usually obtained in lower yields than the halogeno

derivatives (19 to 24% vs. 90%). The good leaving group

behavior of the sulfonate ion poses a major limitation in this

reaction because as the reaction proceeds, the tosylated

groups at the 6-position tend to change to the 3,6-anhydro

form, and thus the presence of by-products decreases the

yield. Furthermore, in the presence of an excess of TsCl, the

tosylation of secondary hydroxyls in position O2 can occur,

although the reaction in the presence of pyridine is selective

for primary hydroxyls [26,27]. In the case of c-CD, a hepta-
tosylated by-product is also obtained [27]. An additional

purification step on a chromataography column is then

required. To bypass this problem, Fujita et al. [28] had the

idea of using a bulkier reagent to avoid the substitution in

position O2. In the presence of naphthalenesulfonyl chloride,

the derivative, per-substituted by leaving groups, is obtained

with 78% yield. Despite all these complications and diffi-

culties, many workers have reported pertosylation or perme-

sylation of the primary side of CDs [26–28,35].

Per-6-deoxy-6-substituted CDs are then easily obtained

by displacing the 6-sulfonate groups with suitable nucleo-

philes, such as halides, azides, or thiolate ions [36]. When

treated with sodium halides in DMF, pertosylated CDs give

the corresponding perhalogenated compounds [37]. Never-

theless, perhalogeno-6-deoxycyclodextrins can also be pre-

pared directly: The original method entails the use of metha-

nesulfonyl halide in DMF, leading to perhaloderivatives with

excellent yields [29]. Twenty years later it has been shown

that this reaction was not really selective and that some

sulfonated side products were also synthesized.

The presence of imidazole in the reactionmixturemakes it

possible to avoid these side reactions [31]. The second

method consists in activation of the primary hydroxyl groups

by a Vilsmeier–Haack type of complex, generated in situ by

the reaction of a dihalide (Br2 or I2) [32] or n-halosuccini-

mide [34] in the presence of triphenylphosphine and DMF.

This is a very simple method that gives a very high yield

(>90%) of pure product. This complex can also be prepared

separately by the reaction of N-formylmorpholine in the

presence of oxalyle halide [33]. Isolation and purification

of the Vilsmeier–Haack reagent [(CH3)2NCHBr]
þBr� prior

to reaction with cyclodextrin avoids severe problems of

removal of triphenylphosphine oxide in this reaction. Be-

cause of their greater stability as compared to per-6-sulfo-

nates, per-6-deoxy-6-halogenocyclodextrins are an impor-

tant class of derivatives that can be used for the selective

functionalizations of the primary face with hydrophobic

chains or other groups. However, the use of per-halo deri-

vatives is limited because of their insolubility in less polar

solvents.

Per-azidocyclodextrins are also an important class of

derivatives, generally obtained from per-6-mesitylated CDs

and sodium azide in DMF in good yield. These are also

synthesized from6-halo-6-deoxy [38] derivatives by reacting

with sodium azide inDMFat high temperatures in a very high

yield (Fig. 4).

Reduction of the azido group by PPh3 in aqueous ammo-

nia solution followed by treatment with dilute hydrochloric

acid yields to the corresponding amine salt [39]. This is a

rather straightforward method of making aminocyclodex-

trins and other substituted amino derivatives, but the major

disadvantage of this approach is that PPh3/PPh3O is difficult

to be removed from the final crude product. Amino CD

derivatives are very useful in the synthesis of amphiphilic

Table 1. Methods for the Persubstitution of the Primary Face in a One-Step Reaction

O

O
OH

OH

OH

n

O

O
OH

OH

X

n

n=6,7, 8 ; 

CDs X Conditions Yield (%) Ref.

b OTs TsCl, pyridine, H2O, room temp., 5.5 h 24 [26]

c OTs TsCl, pyridine, 10�C, 2 h 19 [27]

a 2-naphthalensulfonyl 2-Naphthalenesulfonyl chloride, (Bu3Sn)2O, toluene, 50
�C, 24 h 78 [28]

a, b, c Br CH3SO2Br, DMF, 65�C, 16 h 95–98 [29]

b Br CH3SO2Br, DMF, room temp., 24 h 80 [30]

b Cl CH3SO2Cl, imidazole, DMF, 70�C, 24 h 90 [31]

b Br PPh3, Br2, DMF, 80�C, 15 h 93 [32]

a, b I PPh3, I2, DMF, 80�C, 15 h 80–88 [32]

a, b, c Cl Chloromethylenemorpholinium chloride, DMF, 60�C, 20 h 80–99 [33]

a, b, c Br Bromomethylenemorpholinium bromide, DMF or DMAC, 45 to 55�C, 20 h 86–97 [33]

a, b, c Br, Cl, or I N-Halosuccinimide, PPh3, DMF, 3.5 h, 75�C (20 h, 90�C for iodo) 76–96 [34]
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CDs, where the chains are linked to the cavity by amide

bonds.

Synthesis of Medusa-like Amphiphilic CDs Per-halogeno,

per-amino, and per-azido CD derivatives are thus key

intermediates for the synthesis of medusa-like amphiphilic

derivatives by nucleophilic substitution: grafting amino,

amido, sulfo, or thioalkyl aliphatic chains lead to the

derivatives desired [16,17]. Per-iodocyclodextrins react, for

example, with alkylamines at a high temperature to produce

secondary amines in a very good yield (Fig. 5) [40]. Alkyl-

[41] or aryl [42,43]-thiolate ions also displace the halogen

groups from the 6-position to produce thio derivatives.

Among these medusa-like CDs, we can also cite the work

published by Inamura et al. [44] on the synthesis of adipic-

glucamine derivatives where peptide chemistry on perami-

nated b-CD derivative has been used (Fig. 6). D-Glucamine

was connected with adipic acid monoethyl ester using DCC/

HOBT followed by the hydrolysis of the ester with aqueous

sodium hydroxide solution to obtain a carboxylic acid. The

latter was then reacted with 6-heptaamino-b-CD in the

presence of EDC at pH 4.5 to 6.0, and the compound desired

has been identified by elemental analysis, 1H NMR spectra

including two-dimensional NMR, and mass spectra. They

have shown particularly that these adipic chains enhanced

binding of aniline–naphthalene sulfonic acid and other guest

molecules, as they act as an extension of the cavity.

Other CDs fully substituted with lipophilic chains only on

the primary face have been described by Memisoglu

et al. [45] and used as nanoparticles for encapsulation. They

reported the synthesis and characterization of amphiphilic

CD derivatives modified on the primary face with substitu-

ents of different chain lengths (C6 linear, C6 branched, and

C14 linear) and biodegradable bonds (hydrophilic amide or

relatively hydrophobic esters bonds) (Fig. 7).

In these sets of experiments, the per-aminated b-CD has

first been synthesized as described previously, then the

amphiphilic derivatives with six, 14, or ramified carbon

chains were obtained via an amide bond formation, by

reacting the per-aminated b-CD with the corresponding

anhydride or acid under peptide synthesis conditions. The

effect of the nature of the linker has also been studied by

linking the hydrophobic linear hexanoic chain via an ester

bond, using periodo derivatives with cesium hexanoate

(Fig. 7) [46]. All these compounds have been characterized

by 1H NMR, FAB mass spectroscopy, C, H, and N analysis,

and DSC and used as nanoparticles for encapsulation [45]. In

the case of caproyl derivatives, the authors demonstrated a

partial inclusion of progesterone and bifonazoleand clotri-

mazol in the CD cavity, leading to charged nanospheres.

Direct peralkylation of the primary face can also be

achieved using an indirect method, implying many steps.

The primary face of CDs is first protected by silyl groups, and

the secondary side is then esterified. Desilylation of the

primary face and reaction with an alkyl halide under strongly

basic conditions gives the alkyl ether derivative, but with

lower overall yields, due to these many steps [37,47].

Recently, an amphiphilic CD derivative has also been

obtained in the group of Djeda€ıni-Pilard [48] by an original

method, consisting of controlling the esterification of the

primary face by lauric acid chloride. The original strategy of

this synthesis was based on only one step, easy to apply, and
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making it possible to obtain reproducible batches with a

given average substitution rate permolecule that could be

varied (Fig. 8).

The control of substitution of the primary face of the CD

(from 0 to 7) was a function of three experimental para-

meters, such as an amount and ratio of reagents, temperature,

and reaction time. The reaction was optimized with 10 equiv

of lauric acid chloride for a reaction time of 65 h at room

temperature. Purification by sublimation allows the removal

of excess lauric acid and was followed by DSC. Product

characterization were performed by mass spectroscopy that

showed the presence of a mixture of grafted CDs with a

degree of substitution ranging from one to seven chains per

molecule and confirmed by 13C NMR.

Fluorinated Amphiphilic Derivatives Finally, concerning

these medusa-like CDs, fluorinated chains, known to have

an important lipophilicity (hydrophobic character of

difluoromethylenic groups 1.75 higher than the

hydrogenated analog [49]) have been anchored to CDs in

order to stabilize the supramolecular architectures (e.g.,

nanospheres, nanocapsules) obtained with hydrocarbonated

analogs. The first fluorophilic CD, per-subtituted on the

primary face by seven fluorinated groups, has been

synthesized by Diakur et al. [50] for the study of their

complexation with biologically active molecules. The

synthesis of the symmetrical heptakis(6-deoxy-6-fluoro)-

b-CD was a five-step reaction. Protection of the primary

face by 7.7 equiv of TBDMSCl in pyridine gave the

persilylated derivatives, which was then acylated on the

secondary face at high temperature and in high yields

(84%). 13C NMR spectrum of this intermediate indicated a

highly symmetrical structure, meaning full substitution.

Desilylation was accomplished with boron trifluoride

O
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OH
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7

i

Reagents and conditions : i, NaN3 then PPh3, NH4OH20%, DMF ii, a)hexanoic anhydride, DMF/MeOH; b) Myristic acid, DCC,
HOBT, DMF, c) terbutyl acetic acid, DCC, HOBT, DMF, iii cesium hexanoate, DMF
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Figure 7. Synthesis of myristil, caproyl, and ramified amphiphilic CD derivatives.
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Figure 8. Synthesis of lauric acid CD derivatives.
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etherate in chloroform, and the heptafluoro-CD was

obtained by reacting this last intermediate with excess

diethylaminosulfur trifluoride (DAST) in chloroform. The

yield for this transformation was low (35%). O-deacylation

in methanolic sodium methoxide solution yielded the desired

heptakis-(6-fluoro-6-deoxy)-b-CD (Fig. 9).

The 13C NMR spectrum of this compound was highly

symmetrical,meaning that this compoundwas persubsituted.

Nevertheless, we cannot say that this derivative was amphi-

philic! One year later, Granger et al. [51] prepared the 6-

pertrifluoromethylthio-b-CD (Fig. 10), which, despite its

short hydrophobic chain, formedmonolayers at the air–water

interface. To favor the hydrophobicity, the fluorinated chain

length has also been increased.

These derivatives have been obtained by thio-alkylation of

tosylated or iodinated CD derivatives. Thioether links have

been chosen in this case, not only to avoid their hydrolysis in

biological medium, but also because these thiolates have a

high level of nucleophilic activity, thus compensating the

high inductive effect of the fluorous chains, which decreases

the reactivity [52–54].

These novel derivatives were first obtained by thioalkyla-

tion of b-CD derivatives having tosyl or iodo groups at the C6

position (Fig. 11). Unfortunately, whatever the conditions

used, these compounds do not allow nanoparticles formation

as desired; it was argued that the origin of such failures was

the noncompatibility of the sevenfold symmetry of the b-CD
heptamers toward tight chain organization in the assem-

blies [55]. Attention has been then focused to a-CD deriva-

tives so as to favor both the interactions with water and the

organization of the molecular assemblies [56]. Amphiphilic

a-CD derivatives substituted at the primary face by alkylthio

and perfluoroalkylpropanethio groups, and their analogs

substituted at the secondary face by methyl groups have

thus been synthesized (Fig. 12) [53].

After activation of the primary face by an iodo or

mesyl group, introduction of the alkyl or perfluoroalkyl

chains has been done by adding perfluoroalkylpropyl- or

O
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AcO

O
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ii

Reagents and conditions : i TBDMSiCl, Pyridine, ii 2:1 Pyridine Ac2O, iii BF3, Et2O, CHCl3 iv DAST, CHCl3, v NaOMe/MeOH.
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Figure 9. Synthesis of the first fluorinated amphiphilic CD on the primary face.
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Figure 10. Synthesis of the 6-per-trifluoromethylthio-b-CD.
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alkylisothiouronium salts in the presence of cesium carbon-

ate in DMF. Unfortunately, the molecules having free hydro-

xyls have shown very poor solubility in aqueous, organic, or

fluorinated solvents. The O2 and O3 methyl ether analogs

have shown higher solubilities in organic solvents and their

interfacial properties have been studied. Due to the low

solubility of the derivatives per-substituted at the primary

face and nonmodified at the secondary face in common

solvents, another strategy has been used by this same re-

search group, to lead to more soluble a-CD derivatives, with

the introduction of only two or four hydrophobic chains.

These derivative syntheses are described in Section 3.2.2.

In Table 2 the different amphiphilic CDs belonging to this

medusa-like family are described in the literature. This list is

not exhaustive.

3.1.5. Skirt-Shaped CDs Skirt-shapedCDs, persubstituted

on the secondary face, are generally obtained in three steps

starting from native CDs, implying protection of the primary

hydroxyls, acylation by an acid chloride or anhydride (or

alkylation in the presence of a strong base) of the secondary

hydroxyls, and then deprotection of the primary ones [20,21].

The secondary face ismore crowded than the primary face due

to the presence of twice the number of hydroxyl groups. Silyl

ethers of CDs have been investigated widely because silyl

groups are good protecting groups, due to their ease of

removal [37,47,75]. A common synthetic approach to the

synthesis of silyl ethers on the primary side is the treatment of

tert-butyldimethylsilyl chloride (TBDMSCl) in pyridinewith

CDs at room temperature [76]. TBDMS is relatively more

selective in pyridine or DMF at room temperature and pro-

ceeds to mostly the 6-positions, whereas at higher tempera-

tures it starts reacting with the secondary side of CDs.

Trimethylsilyl chloride (TMSCl) is less discriminatory than

TBDMSCl and attacks all three positions ofCDs in pyridine at

room temperature [77,78]. An improved method of silylation
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R=S(CH2)3C2F5, S(CH2)3C6F13 or S(CH2)3C8F17

Reagents and conditions : i 3-(perfluoroethyl)propanethiol or 3-(perfluorohexyl)propanethiol, MeONa/MeOH, DMF, 70°C, 24h

Figure 11. Preparation of fluorinated b-CD amphiphiles.
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Figure 12. Preparation of hydrocarbonated and fluorinated a-CD amphiphiles.
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Table 2. Medusa-like Amphiphilic CDs and Their Corresponding Supramolecular Assemblies

CDs

O

O
OH

OH

R6

n R6 Supramolecular Assemblies Refs.

Aminoalkyl

a, b NHC12H25 Air–water interface film [40,57]

a, b, c NHC16H33 Air–water interface film [58–60]

b NH(C3H7)2, NH(C4H9)2, NH(C5H11)2,

NH(C6H13)2

Nanospheres [61]

Sulfoalkyls

b SOC4H9, SOC8H17 Air–water interface film [15,62]

b SOC12H25 Air–water interface film [15,58,62]

Thioalkyls/thiofluoroalkyls

b SCF3 Air–water interface film [51]

b SC2H5, SC4H9 [41]

b SC6H13 Air–water interface film [63]

SC6H13 Nanospheres [64]

b SC10H21 Air–water interface film [41,63]

a, b, c SC12H25 Air–water interface film [21]

b SC14H29 Air–water interface film [63]

a SC16H33 Air–water interface film [21]

b SC16H33 Air–water interface film [21,58]

Micelles [65]

c SC16H33 Air–water interface film [21]

a SC18H37 Air–water interface film [62,66]

b SC18H37 Air–water interface film [29,41,62,63,65,67]

Micelles [65]

c SC16H37 Air–water interface film [62,66]

b SC3H7C6F13, SC3H7C8F17 Nanospheres [64]

Thioaryles

a, b, c SPh, SPhBr(p), SPhOC4H9(p), SPhC5H11(p),

SPhNO2(p)

Air–water interface film [42,43,68]

b SPhNO2(o), SPhNO2(m) Air–water interface film [43]

b Tetrathiafulvalene, triSMe, and derivatives Air–water interface film [69]

c Tetrathiafulvalene, triSMe Air–water interface film [69]

Esters

b OCOC5H11 Air–water interface film [70]

b OCOC5H11 Nanospheres [70]

Nanocapsules [45,70]

b OCOC11H23 Nanospheres [61]

Amides

b NHCOC5H11, Air–water interface film [70]

Nanospheres [71,72]

Nanocapsules [45,71]

b NHCOC5H11, NHCOC13H27, NHCOC(CH3)3 Nanocapsules [45,71]

b NHCOC13H27, NHCOCH-tBu Air–water interface film [71]

Air–water interface film

b NHCOC11H23, NHCOC12H25 Air–water interface film [72,73]

Air–water interface film

Pyridinyls

a, b, c 50-Methyl-2,20-bipyridinyle-ureido-5-methylene Air–water interface film [74]

Tiazolyls

b 50-Methyl-2,20-bithiazolyle-ureido-5-methylene Air–water interface film
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in which the final product was purified by flash column

chromatography has been published [75,79]. These silylated

derivatives are key intermediates for most of the skirt-shaped

CD derivative synthesis. After reaction of the secondary face

with anhydride, the silyl ethers are removed by tetrabutylam-

moniumfluoride (TBAF) in THF [80] or dioxane [47] refluxes.

Furthermore, on the secondary face, the acidity of the hydro-

xyls at positions C2 and C3 are quite different. The first is the

most acidic (pKa¼ 12.2), whereas the last is the most inac-

cessible, then allowing a high selectivity in the modification of

the secondary face directed toward C2-hydroxyl [36].

The first method describing the per-2,3-di-O-acyl-b-CDs,
was published in 1991 by Zhang et al. [20] and gave over-

acylated compound with 21 chains for the mean substitution

degree. In 2000, Lesieur et al. reported conditions for grafting

only 14 hexanoyl chains on b-CD in the presence of hexanoic

anhydride and using tert-butyldimethylsilane to protect pri-

mary hydroxyls (Fig. 13) [18].

Duchêne et al. [10] also worked on esterification of the

secondary face of the a-, b-, and c-CD with hydrophobic

chains varying from C2 to C14 [20,21]. By comparing these

skirt-shaped b-CDs it has been shown that the most-surface-

active molecule was the one with the C6 chain length [56].

Wazynska et al. [81] also described the synthesis of skirt-

shaped CDs by using these silyl-protected CDs which were

then alkylated with iodo alcanes in DMF in presence of

sodium hydride and then desilylated to give amphiphilic per

(2,3-di-O-alkyl)-a- and b-CD derivatives (Fig. 14).

The per-(6-thio)-a-CD analog was also prepared by the

same group, and similar synthesis of per-(2,3-di-O-heptyl)-b
and c-CD has been reported by Badi et al. [82]. The char-

acterization of those products is realized by 1H and 13C NMR

in CDCl3 and mass spectrometries (MALDI-TOF MS and

ESI MS).

Concerning fluorinated derivatives, the first b-cyclodex-
trin derivative, substituted on the secondary face by 14

C7F15 groups, has been described by Skiba et al. [83], who

showed that these derivatives were able to self-organize in

water. They also showed that nanocapsules formed from

these derivatives can encapsulate oxygen because of the
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Reagents and conditions : i, TBDMSCl, Pyridine,r.t., 15h; ii, hexanoic anhydride, DMAP, Pyridine, 70°C, 48h;
iii, TBAF, THF, r.t., 15h
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Figure 13. Synthesis of acylated b-CD amphiphile.
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Figure 14. Synthesis of alkylated CDs.
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fluorinated chains; these assemblies could have a potential

role in oxygen delivery [83,84].

Among these skirt-shaped derivatives we can also site the

work done by the group of Wouessidjewe [85], who shown

that b-CD ester amphiphilic derivatives were found to self-

organize into CD nanospheres [86] that can encapsulate

drugs such as metronidazole [87] or tamoxifen used in breast

cancer treatment [88]. Some of the skirt-shaped amphiphilic

CDs are included in Table 3.

3.1.6. Bouquet-Shaped CDs Bouquet-shaped CDs con-

tain hydrocarbon chains on both sides of the cavity, increas-

ing their hydrophobicity. All hydroxyl groups on the CD can

be converted directly and in a nondiscriminatory way in ester

or ether functions, using appropriate reactants. Esters are

generally obtained by a carboxylic acid chloride in pyridine

in the presence of a ternary amine as base. The size of the

alkyl or aryl groups of the reactants generally have no effect

on the substitution, and per-modified derivatives obtained are

homogeneous, without side products. Complete acetyla-

tion [77,108,109] and benzoylation [18] of these CDs can

be obtained with acetic anhydride and benzyl chloride in

pyridine, respectively, with relatively long reaction times for

total substitution.

Peralkyltions of CDs, which increase their solubility in

organic solvents, are achieved by reacting alkyl halides with

CD alkoxyde ions [110].

This type of amphiphilic CD can also result, for example,

from the grafting of 14 polymethylene chains on 3-mono-

methylated b-CDs, leading to an equal number of chains on

the primary (C6) and secondary (C2) side [22]. Variants in

these series are per(2,6-di-O-alkyl)-cyclodextrins with alkyl

chains of different length [23].

Lehn’s group [111,112] has grafted one poly(oxyethy-

lene), polymethylene, orO-alkyl chain on each side of theCD

cavity (Fig. 15), and shown that these derivatives mimic

transmembrane ion channels after insertion in lipid

membranes.

Table 3. Skirt-Shaped Amphiphilic CDs and Their Corresponding Supramolecular Assemblies

CDs

O

O
OR2

OR
3

OH

n R2 and R3 Supramolecular Assemblies Refs.

Ester

b Ac, COC5H11, COC7H15, COC9H19, COC11H23 Air–water interface film [21,56]

a, b, c COC13H27 Air–water interface film [21,56,81]

b 21 chains COC5H11 Air–water interface film [89]

b COC5H11 Nanospheres [4,5,45,71,86,88,90,92,93]

c COC5H11 Nanospheres [10,91,99–101]

b COC7H15, COC9H19, COC11H23, COC13H27 Nanospheres [91,94,96,97,98]

a, c COC13H27 Nanospheres [94,98,102]

b COC7F15 Nanospheres [103]

b, c COC5H11, COC11H23, COC13H27 Nanocapsules [45,70,95,102,104–106]

[91]

b COC7F15 Nanocapsules [83,84]

Ethers

b, c Bn Air–water interface film [107]

a, b C5H11, C6H13, C7H15 Air–water interface film [81]
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Figure 15. One of the amphiphilic CD designed by Lehn

et al. [111,112] as an ion channel mimic.
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In 2000, Ravoo, Darcy, and others [3,113,114] designed

the first amphiphilic b-CD having the ability to form bilayer

vesicles. 6-per-bromo-CD is first transformed by a nucleo-

philic substitution with the sodium or potassium salt of

alkylthiols to per-alkylthio-b-CDs. These then reacted with

an excess of ethylene carbonate only at the C2 position,

resulting in an average of two ethylene glycol units per

grafted oligomers (Fig. 16).

These new compounds were characterized by microanal-

ysis, electrospraymass spectrometry, andNMRspectroscopy.

In positive-ion-mode electrospray spectroscopy, the peaks for

the singly charged compounds are separated by 44mass units,

indicating a variable degree of substitution of the secondary

face.

The m/z ratios in the spectra show that these compounds

has been substituted with 9 to 14 ethylene glycol units, a

conclusion that was confirmed by microanalysis and by

integration of the 1H NMR spectrum. The assignment of

protons from the 1H NMR and carbons from the 13C NMR

spectra were assisted by two-dimensional NMR experiments

(COSY,DEPT, andHSQC spectra). These spectrums showed

that CD molecules have reduced symmetry as a result of the

introduction of ethylene glycol substituents.

In the bilayers of CD vesicles, the hydrophobic tails

are directed inward and the hydrophilic head groups are

facing water, increasing their colloidal stability. This

concept was later extended to a- and c-CD [3]. These

neutral vesicles were shown to bind small guest molecules

(adamantanes) and even polymers [115,116] by their

inclusion in the CD cavity. Other bouquet-shaped amphi-

philic CDs have been synthesized to make self-assembled

architecture, which can interact with target biological

molecules such as lectin proteins. To create such assem-

blies, Sallas et al. [117] synthesized CDs esterified on the

secondary side and glycosylated on the primary side

(Fig. 17).

Starting from the the perazido b-CD derivative, the reac-

tion with palmitoyl anhydride and DMAP in dry pyridine

gave an intermediate with seven azido groups on the primary

rim and 14 palmitoyl chains on the secondary rim in 40%

yield. The one-pot coupling reaction between these inter-

mediates and an excess of the amino terminal unprotected

glucosamine derivative was carried out in pyridine in the

presence of a large excess of triphenylphosphine and con-

stantly bubbling CO2. The first step is similar to a Staudinger

reaction, after which the reaction proceeds through an iso-

cyanate intermediate which is formed in situ and reacts with

the nucleophilic amino derivative. In this derivative, the

carbohydrate is linked to the CD by an urea spacer. The

same kind of derivative has also been synthesized using

another synthetic strategy, starting with the same azido

derivative and an amide bond for linking the glycosylated

residues to the CD core. It consisted of a simple coupling

between an active ester and an amino group. The reactionwas

carried out in dry pyridine using a large excess of the active

ester (Fig. 18).

All these compounds were characterized by NMR

spectroscopy (CDCl3 or pyridine-d5), mass spectra (FAB

and/or MALDI-TOF), and elemental analysis. The authors

demonstrated that these amphiphilic CDs could then self-

assemble, with polar glycosylated groups pointing out-

ward, being able to bind to carbohydrate-specific lectin

proteins.

The group of Stoddard has also synthesized CD-based

carbohydrate clusters persustituted on the primary, second-

ary, or both faces, by using photochemical addition of sugar

thiol to allylic groups [118].One- and two-dimensionalNMR

spectroscopic investigations were performed on these com-

pounds to determine their structures and establish that the

products were homogeneous and contained no under-

“substituted” products. Furthermore, MALDI-TOF mass

spectrometry proved to be a useful technique for character-

izing these cluster compounds. The mass ions expected,

without fragmentation, have been observed for all of these

compounds, and no peaks corresponding to undersubstituted

compounds were observed (Table 4).

3.2. Selectively Modified Derivatives

The selective differentiation of two to five primary hydroxyl

groups of a CD is a real synthetic challenge. Indeed, primary

OH groups have a similar reactivity, implying selective

synthetic methods and/or efficient purification methods.

Before describing the amphiphilic CD derivatives, we have
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Reagents and conditions : i, RSH, tBuOK, DMF, 80°C, 4d,ii, K2CO3, ethylene carbonate, TMU, 150°C, 4h
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Figure 16. Synthesis of oligo(ethylene oxide) b-CD.
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to focus our attention on the various methods for selective

functionalizations leading to multisubstituted CD

derivatives.

3.2.1. Monosubstituted Derivatives The key step for the

linkage of a functional group on only one of the primary

hydroxyl groups is selective sulfonation, leading to the 6-O-

tosylated derivative [124]. Twomethods have been described

in the literature for the synthesis of the well-used mono-6-O-

tosyl-cyclodextrin. The “classical” method consists of the

preparation of these monosulfonate derivatives by reacting 1

equivalent of benzene or p-toluenesulfonyl chloride with CD

in pyridine or DMF containing a base, and is based on

rigorous control of the progress of the reaction (i.e., temper-

ature, pH, etc.) [125,126]. The major inconvenient of this

synthesis is that di- and tri-tosylated derivatives are synthe-

sized as side products, and thus long purificationmethods are

required to obtain the pure mono-6-O-tosyl derivative. The

yield of the final product is often reduced because the tosylate

can undergo an exchange by chloride ions or an elimination

process to give either the 3,6-anhydro compound or an

alkene. The method of choice for the synthesis of mono-

tosylcyclodextrin is to react cyclodextrin with tosyl chloride

in a 1:1 equivalent ratio in aqueous alkaline medium for a

short time to give mono-6-tosylate in fairly good

yield [127,128]. The product is obtained in reasonable purity

either by repeated crystallization from water or by chroma-

tography on a charcoal column. More recently, Brady et al.

replaced tosyl chloride by p-toluenesulfonylimidazole, more

stable toward hydrolysis [124].

Nucleophilic displacement of tosylate by nucleophilic

groups as halides, azides, thiolates, hydroxylamines, or

alkyl- or poly(alkylamine) produce the corresponding func-

tionality: monohalogeno- [125,129], monoazido- [125],

monothio- [130,131], mono(hydroxylamino) [132], or

mono(alkylamino)-cyclodextrines [133], respectively.

Monoazido-CDs are usually synthesized from monotosy-

lated derivatives in the presence of lithium or sodium azide

in refluxing DMF [125]. They can also be prepared directly

from the native CD by aVilsmeier–Haack type of reaction, in

which the CD reacts with lithium azide in the presence of

PPh3 in DMF [134].

Reduction of monoazide derivatives with PPh3 in the

presence of NH3 gives the monoamino-CD deriva-

tives [134,135]. These aminated derivatives are precursors

for the synthesis of a lot of monosubstituted CD derivatives,
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Figure 17. Synthesis of glycosylated amphiphilic CDs via an urea spacer.
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especially for the anchorage of saccharides [136], pep-

tides [137,138], or alkyl chains [24], by a peptide type of

coupling. Monothio-CD derivatives have also been obtained

from the monotosylated derivative [139]. Direct synthesis of

monothio a-CD derivatives from native CDs and thioaryls

has also been realized via a Mitsunobu reaction, giving a

mixture of mono-, di-, and tri-substituted products, then

purified by HPLC [140].

Among all the monosubstituted amphiphilic CDs de-

scribed in the literature, we focus our attention on only few

recent examples. Recently, the group of de Rossi [141]

described the direct synthesis of monoacylated amphiphilic

CD derivatives from the reaction of 3-(E)-dec-2-enyl)-dihy-

drofuran-2,5-dione with a-CD. 13C NMR spectroscopy in-

dicated that both isomers were formed (Fig. 19), but the exact

amount of each of them could not be determined. 1H NMR

also indicated that the average substitution is one alkenyl

succinic chain per CD molecule, but FAB analysis of the

product indicates the presence of a small amount of unsub-

stituted and disubstituted product.

Nevertheless, the compound was an interesting surfactant

that forms large aggregates. The self-inclusion of the chain in

the cavity of CD as well as the intermolecular inclusion was

demonstrated by 1H NMR measurements that were able to

detect methyl groups in three different environments. Be-

sides, in the aggregates, the cavity is available to interact with

external guests, such as phenolphthalein, 1-aminoadaman-

tane, and prodan. The latter result was attributed to the fact

that this probe interacts with the micelle in two binding sites:

the cavity of the CD and the apolar heart of the micelle.

Djeda€ıni-Pilard et al. also described recently the synthesis
of a monosubstituted amphiphilic CD by appending a single

hydrophobic anchor, with the aim of improving the cell

targeting of a drug containing CD cavities through their

liposome transportation after insertion in the lipid bilayer

[13]. They obtained the poorly soluble lollipop, in which the

alkyl chain tends to loop back and enter the CD hydrophobic

cavity, leading to intramolecular self-inclusion [24]. This self-

inclusion can be weakened by adding a bulky Boc-amino

protective group at the end of the alkyl chains, giving then a

very water-soluble “cup and ball” derivative (Fig. 20) which

can include sodium anthraquinone-2-sulfonate in the CD

cavity, and which could be inserted in phospholipid mem-

branes [144]. Furthermore, to increase the membrane

7
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Figure 18. Synthesis of glycosylated amphiphilic CDs via an amide bond.
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insertion, the hydrophobicity of the alkyl chain was increased

by grafting a lipidlike anchor such as a cholesteryl or phos-

pholipidyl moiety.

For the synthesis of cholesteryl-conjugated CDs, mono-

amino-b-CD was reacted with cholesteryl chloroformate or

with succinic anhydride, then with 3-a-aminocholesterol to

give similar products, differentiated by the presence of a

spacer link in the last case (Fig. 21). The synthesis of their

methylated analogs has also been reported [12,142,143], and

the authors showed that these conjugates could form mono-

disperse micelles and incorporate them into phospholipid

membranes while retaining their included biological active

compound [144].

Apart from these classical reactions (i.e., nucleophilic

substitution, peptide-type coupling, etc.), the group of Parrot-

Lopez prepared a series of novel primary face mono-substi-

tuted b-CD derivatives by using the olefin metathesis reac-

tion (Fig. 22). Mono-6-allylamino-6-deoxy-b-cyclodextrin,
easily synthesized by nucleophilic substitution of mono-6-

tosyl-b-cyclodextrin, was the key synthon in the preparation
in four steps of CD derivatives monofunctionalized at the

primary face by alkyl, aryl, or perfluoroalkyl groups using

Grubbs catalyst. For all these derivatives, the degree of the

substitution was assessed byMALDI mass spectrometry and

the structure confirmed by 1H, 13C, and HMBC NMR

spectroscopies.

Table 4. Bouquet-Shaped Amphiphilic CDs and Their Corresponding Supramolecular Assemblies

CDs

O

OOR2

OR3

R6

n R2 R3 R6 Supramolecular Assemblies Refs.

b Ac Ac SOC4H9, SOC8H17, SOC12H25,

SC4H9, SC8H17, SC12H25

Air–water interface film [15,62]

a, b, c (C2H4O)m-H,

1<m< 3

H SC12H25, SC16H33 Air–water interface film [3]

a Me Me SH Air–water interface film [81]

b Me Me NHCO(CH2)8C�C–C�C

(CH2)9CH3

Air–water interface film [119]

b Me Me NHCO(CH2)20CH¼CH2 Air–water interface film [119]

b C8H17 C8H17 C8H17 Air–water interface film [120]

b C12H25 Me C12H25 Air–water interface film [120]

b C12H25 H C12H25 Air–water interface film [120]

b C8H17 C2H5 C8H17 Air–water interface film [120]

a, b, c Me Me 50-Methyl-2,20-bipyridinyl-urei-
do-5-methylen

Air–water interface film [74]

b (C2H4O)n-C2H4S-b-D-
glucose, 1< n< 3

H SC6H13 Nanospheres [121]

b (C2H4O)n-C2H4S-b-D-
galactose, 1< n< 3

H SC6H13 Nanospheres [121]

b (C2H4O)n-C2H4OC(S)

NH-a-D-mannose,

nmoy¼ 2

H SC6H13 Nanospheres [122]

b (C2H4O)n-C2H4OC(S)

NH-b-D-fucose,
nmoy¼ 2

H SC6H13 Nanospheres [122]

b (C2H4O)n-H, nmoy¼ 3 H NHCOC2H4SS-C2H4COOC8H17 Nanospheres [123]

6

O

O

OH

O

OH

OH

O

O

OH

OH

O

OH

OH

6

O

O

OH

O

OH

OH

O

O

OH

OH

O

OH

OH

Figure 19. Monosubtituted b-CD directly prepared from native CD.
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Finally, Cavalli et al. [145] described another type of

amphiphilic CD derivatives, a b-CD/poly(4-acryloylmor-

pholine) monoconjugate, which is a tadpole-shaped polymer

in which the b-CD ring is the hydrophilic head and the

polymeric chain the amphiphilic tail (Fig. 23). The nano-

particles preparedwith this derivative by the solvent injection

technique showed good encapsulation properties. Particular-

ly, the antiviral activity of acyclovir loaded into these nano-

particles against two clinical isolates ofHSV-1was evaluated

and found to be remarkably superior compared with that of

the free drug.

3.2.2. Di-, Tri-, and Tetra-substituted Derivatives As we

have already seen, selective differentiation of two to five

primary hydroxyls is a real synthetic challenge. Indeed, the

primary hydroxyl functions have relatively the same reac-

tivity, implying selective synthetic methods and/or efficient

purification techniques for separating the different regioi-

somers (Fig. 24).

Even if the compound obtained is pure, the 1H and 13C

NMR spectra become very complex because of the desym-

metrization of the CD derivative compared to the native CD.

Two-dimensional NMR is then required for the characteri-

zation of these derivatives, and mass spectroscopy is gener-

ally performed to confirm the structure.

Synthesis of Selectively Activated CDs Many strategies have

been described in the literature for selectively differentiating

the primary hydroxyl group in native CDs, and they can be

grouped in four families: (1) efficient separation of amixture of

different substituted CDs, (2) use of bridged reactants, (3) use

of an oversized reagent, and (4) use of the Sina€y reaction.
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Figure 20. “Cup and ball” amphiphilic CD.
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Figure 21. Synthesis of lipid-conjugated b-CDs.
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1. Di-substituted CDs can be obtained by usingmore than

1 equiv of reagent with CDunder conditions suitable to

give amixture of products. The formation of positional

and regioisomers in these conditions requires exten-

sive purification by HPLC and leads to poor yields.

Fujita et al. [146] have synthesized the di-substituted

a-CD in the A-B, A-C, and A-D positions using

mesitylenesulfonyl chloride (8.7 equiv/CD) in pyri-

dine (Fig. 25). The separation of these different iso-

mers has been carried out by reversed-phase column

chromatography, and the pure di-substituted isomers

have been obtained with low yields (7 to 14%). Even if

not mentioned in this paper, we can suppose the

presence of other derivatives, more or less substituted

in the reaction mixture. Tetra-substituted sulfonates

derivatives have been also synthesized in the presence

of an excess of reactant (18 equiv/CD) leading to three

regioisomers: ABCD, ABCE, and ABDE. In addition

to the purification described above, their purification

requires a preparative HPLC, yields so far being very

low, from 0.7 to 3.6%. Reactions of tosyl chloride with

CDs were reported to give a mixture of di-O-6 [147],

di-O-2 [148,149], or di-O-3 [150] derivatives along

with other products. Thesewere separated by reversed-

phase column chromatography to give the desired di-

substituted products. Despite all these difficulties, a

variety of disulfonates are reported in the litera-

ture [151].Di-sulfonatedCDs are important intermedi-

ates for the synthesis of di-substituted amphiphilic

CDs, the latter generally being synthesized by nucle-

ophilic substitution. It is worth noting that the posi-

tional isomerism (AB,AC, andAD) of the disulfonates

is retained in these di-substituted derivatives.

2. The use of bridging reagents is an elegant and efficient

method of introducing selectively two sulfonate

groups on the primary face (e.g., by reaction of

6
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Figure 23. b-CD polyacryloylmorpholine monoconjugate.
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arenedisulfonyl chlorides with CDs to give AB, AC,

and AD isomers) [79,152,153]. Although these dis-

ulfonyl chlorides give a mixture of regioisomers, they

show distinct regiospecificity based on their structures.

An elegant method to control the regiospecificity to

produce AB, AC, or AD isomers by the use of the

geometry of the reagents has been described [152]. For

example, as shown in Fig. 26, trans-stilbene and

biphenyl-based capping reagents preferentially give

AD isomers [79], benzophenone-based reagents give

AC regioisomers, and 1,3-benzenedisulfonyl chlorides

[155] gives the AB isomer. ACDF tetra-substituted

derivatives can be synthesized in relative good yields

(35%) by using an excess of benzophenone-based

capping reagents (2.6 equiv/CD) [154].

3. The use of oversized reagents can limit the substitution

of primary hydroxyl groups because of the steric

hindrance thus generated on the primary face. Use of

trityl chloride allows the formation of tri- or tetra-

substituted CDs, depending of the ratio used

(Fig. 27) [156]. Purification is done by chromatogra-

phy aftermethylation of all other free hydroxyl groups.

In 2003, Poorters et al. [157] reported the use of a

supertrityl protecting group, sTrCl or tris(4-tert-butyl-

phenyl)methyl chloride, for the protection of four

primary hydroxyl groups on a native a-CD (Fig. 28).

After reaction of the free hydroxyl group with the

appropriate reactant, deprotection of the supertrityl

group with HBF4 in acetonitrile afforded the corre-

sponding tetrol in very good yields.

In 2000, Sina€y’s group [158] described the selective depro-

tection of two diametrically opposed benzyl groups on a

primary face of a perbenzylated CD (a, b, or c), in the

presence of diisobutylaluminium hydride in anhydrous tol-

uene (Fig. 29). In the case of a-CD, the A-D di-deprotected

regioisomer is obtained in 82% yield. The mechanism of this

very nice reaction has been explainedmore recently, in 2004,

following numerous studies [159]. The supposedmechanism

implies two sequential reactions of de-O-benzylation, and
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selectivity for the primary face has been explained by the high

density of benzyl groups on the secondary face. In the same

paper, the authors reported the mono-deprotection of the

perbenzylated CD with DIBAL (30 equiv), but in a final

concentration of 0.1M in toluene. The spectroscopic 1H and

13C NMR data become complexes (Fig. 30), due to the

desymmetrization of the CD [160]. Nevertheless, the di-

deprotected compound has a third-order symmetry that sim-

plifies the spectrum.The conventional two-dimensionalNMR

analyses (COSY, HSQC, and HMBC) make possible the
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Figure 27. Synthesis of tri- and tetra-substituted a-CD derivatives. (See insert for color represen-

tation of the figure.)
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differentiation of each type of proton (H-1, H-2, . . ., H-6a and
H-6b), failing to assign all protons to a unique glycoside unit.

In these cases, mass spectroscopy experiments are useful for

confirming the molecular weight of the CD derivatives.

To summarize, selective synthesis of di- and tetra-substi-

tuted CDs on the primary face is not trivial. To do that with a

good yield, two techniques are most efficient: use of over-

sized reagents (TrCl or sTrCl) on a native CD or use of

DIBAL in a perbenzylated CD. The latter seems to have had

more and more success for the synthesis of amphiphilic CDs.

Synthesis of Di- and Tetra-functionalized Amphiphilic

CDs Di-sulfonated or di-halogenated CDs react with

alkanethiolates in an aqueous or DMF medium to give

thioethers of CDs; thiolate ions act as good nucleophiles

and do not produce elimination products or 3,6-anhydro

compounds. Bis(methylthio)-, bis[(pyridinoalkyl)-thio]-, and

bis(phenylthio)-a-cyclodextrin [147,161] have been prepared

from ditosylates using the appropriate thiolate reagent.

More recently, Bertino-Ghera et al. [160] described the

synthesis of di- and tetra-derivatized amphiphilic b-CD
molecules having either alkylthio and perfluoroalkylpropa-

nethio functions at the primary. These compounds had been

synthesized in order to lead to more soluble b-CD deriva-

tives, persubstituted derivatives being insoluble in most

common solvents. The procedure of Sina€y for di-O-deben-

zylation of perbenzylated b-CDs, described in Fig. 29, has

been used and a new strategy of protection/deprotection has

been developed for introducing the lipophilic chains, as

shown in Fig. 31.

Activation of the free hydroxyl groups with methanesul-

fonyl chloride in anhydrous pyridine led to the desired

compound in quantitative yield. Deprotection of all benzyl

groups undertaken via catalytic hydrogenation in an AcOEt:

MeOH 1:1 mixture using stoichiometric quantities led to

6A,6D-di-O-methylsulfonyl-a-cyclodextrin, with controlled
regioselectivity in 75% yield starting from nativea-CD. This
intermediate compound is the precursor for the syntheses of

all the di-substituted amphiphilic derivatives. For the intro-

duction of perfluoroalkyl chains, authors have developed a

new strategy using a polar reaction between a perfluoroalk-

ylpropanethiol and this intermediate to give fluorinated

derivatives (and their hydrocarbonated analogs) with good

yields. Two-dimensional NMR spectroscopy (HSQC,

HMBC two-dimensional NMR spectroscopy HSQC,

HMBC, and TOCSY-HSQC) made possible the complete

assignment of all proton and carbon signals, and the success

of the coupling reaction in this series was confirmed by 13C

NMR spectroscopy. The structures of these derivatives were

also confirmed by mass spectroscopy [160].

Tetra-substituted a-CDs have been synthesized from

6A,6B,6D,6E-tetra-O-benzyl-per-2,3-di-O-benzyl-a-cyclo-
dextrin in four steps, as shown in Fig. 32. Free hydroxyl

groups were first methylated in the presence of sodium

Figure 30. 1H NMR (300MHz, CDCl3) of perbenzylated (a), di- and mono-de-O-benzylated (b and

c, respectively) CD derivatives.
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Reagents and conditions : i, MsCl, Pyridine, ii H2 , Pd/C, EtOAc MeOH iii Cs2CO3, DMF,

O

OBn

BnO

OH

O

O

OBn

BnO

OBn

O2
4

ABDE

CF

i
O

OBn

BnO

OMs

O

O

OBn

BnO

OBn

O2
4

ABDE

CF

ii

R S NH
2

NH2
+

X
-

O

OH

HO

OMs

O

O

OH

HO

OH

O2
4

CF

O

OH

HO

S

O

O

OH

HO

OH

O

R

2
4

CF

ii

iii

ABDEABDE

R = C
n
H

2n+1
and C

n
F

2n+1

n= 4,6,8 A

B

C

D

E

F

Figure 31. Synthesis of disubstituted amphiphilic derivatives.

Reagents and conditions : i, NaH, CH3I, DMF, ii H2 , Pd/C, EtOAc MeOH iii PPh3, I2, DMF, iv Cs2CO3, DMF,

O

OBn

BnO

OH

O

O

OBn

BnO

OBn

O2
4

ABDE
CF

i
O

OBn

BnO

OMe

O

O

OBn

BnO

OBn

O2
4

ABDE
CF

ii

R S NH2

NH2
+

X
-

O

OH

HO

OMe

O

O

OH

HO

OH

O2
4

CF

2
4

CF

ii

iii

ABDEABDE
O

OH

HO

OMe

O

O

OH

HO

I

O

2
4

CF
ABDE

iv

S

R

O

OH

HO

OMe

O

O

OH

HO

O

R = CnH2n+1 and CnF2n+1

n= 4,6,8

Figure 32. Synthesis of tetrasubstituted amphiphilic derivatives.

220 AMPHIPHILIC CYCLODEXTRINS: SYNTHESIS AND CHARACTERIZATION



hydride and methyl iodide in DMF. Hydrogenolysis of the

benzyl ether groups is then realized. Because of the selec-

tivity of iodination for the primary face, the authors have

chosen to introduce iodine atoms in the presence of PPh3/I2
for activating these positions. (6A,6B,6C,6D-tetradeoxy-

6A,6B,6C,6D-tetraiodo)-(6C,6F-di-O-methyl)-a-cyclodex-
trin has been characterized by use of HSQC-TOCSY, HSQC,

and HMBC. Then nucleophilic reagents obtained from the in

situ basic hydrolysis of the alkylisothiouronium bromides or

perfluoalkylropropane isothiouronium iodides are added to

these iodo derivatives to afford the desired tetra-substituted

amphiphilic a-CDs in good overall yields.

Synthesis of Tri-Functionalized Amphiphilic CDs As

discussed previously, the literature contains well-

characterized examples of tri-functionalized CDs derivatives,

such as tri-acetylated a-CD [162] and tri-sulfonated b-CD
[], contrary to trihalogenocyclodextrin, for which there is

no example in the literature. Among the most used

tri-functionalized intermediates are the triazido CDs.

Reaction of sodium azide on permethylated-6-tri-

mesylated cyclodextrins in DMF gives permethylated-6-

triazidocyclodextrins [164]. These are also prepared directly

from CD as a mixture of mono-, di-, and tri-azido derivatives

andPh3P inDMFcontaining sodiumazide. Thismixture is then

separated and purified by HPLC.

More recently, Marsura’s group developed a new efficient

and simple synthetic method making it possible to obtain

triazido CDs derivatives on a large scale (Fig. 33) [165]. The

first reaction consists of the direct bromination of freshly

dried CD by NBS into DMF, giving after one crystallization

the mixture of A,C,E-tribromo and A,B,D,E-tetrabromo

isomer. Themixture of the crude bromomethyl CDs is readily

transformed into the final 6A,6C,6E-triazido-6A,6C,6E-tri-

deoxy-6B,6D,6F-tri-O-methylhexakis-(2,3-di-O-methyl)a-

CD after an azidation/methylation “one-pot” reaction. The

pure final product was obtained after extraction of the solid

residue by ether and a simple crystallization in CH3CN

(overall yield 50%).

The tri-azidos are often reduced to triamino-cyclodex-

trins with Ph3P in ammonia solution [134]. The amino

functionalities behave as better nucleophiles than the

hydroxyl groups in these trifunctional cyclodextrins. Tris

(alkyl or aryl) amino derivatives have been synthesized by

displacing sulfonates groups by nucelophiles such as substi-

tuted amines [166].

One recent example of an amphiphilic CD functionalized

with three hydrophobic arms has recently been described by

Menuel et al. [167]. Indeed, they reported a four- or five-step

original synthesis of three novel a-CD tripods bearing three

ureido-bipyridyl tethers distributed symmetrically in the A,

C, and E positions on the CD upper rim, or alternated with

lauryl ester moieties grafted in the B, D, and F positions,

using the tandem Staudinger–Aza–Wittig or phosphine im-

ide strategy, starting with the triazido compound (Fig. 34).

All the compounds have been characterized by IR, UV-

Vis, 1H, 13C NMR, and elemental analysis. The complexa-

tion properties toward different cations (i.e., EuIII, TbIII,

CuII, etc.) were examined in solution, and it was shown that

these complexes could be interesting as potent fluorescent

tracers.

4. IONIC AMPHIPHILIC CDs

4.1. Cationic Amphiphilic CDs

Amphiphilic cationic derivatives have also been synthetized.

We can note, for example, the amphiphilic derivative syn-

thesized by Darcy’s group [168], in which the amine groups

have been added on oligoethylene oxide chains of bouquet-

shaped amphiphilic CDs (Fig. 35). After iodination of the

chain extremities at high temperature, the intermediate deri-

vatives are then submitted to azidation. The per-azido com-

pounds were then reduced to per-amino amphiphiles in PPh3/

NH3, then protonated to their hydrochloride salts. The latter

compounds have been used in gene delivery studies and

proved to be at least five times more efficient again, that is,

20,000 times more efficient than uncomplexed DNA and

comparable to commercial cationic vectors [169,170]. Pos-

itively charged nanoparticles obtained from the same deri-

vatives were also shown to encapsulate an anionic porphyrin

which could be used in photodynamic cancer therapy [171].

Furthermore, the amino derivative with a thio hexyl chain on
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the primary face, can form nanoparticules which have been

used as an inhibitor against the photochemical degradation of

diflusinal, a photosensitive commercial medicine. Pyridyla-

mino amphiphilic derivatives have also been obtained di-

rectly from the iodo derivatives (Fig. 35).

More recently, in 2009, Byrne et al. described the synthesis

of a series of amphiphilic CDs but containing cationic groups

at the 6-position and alkyl or biolabile ester groups at the 2-

positions (Fig. 36) [172]. The cationic groups are cysteamine

derived, while the alkyl and ester groups are C1 to C16 and

benzyl estergroups. Two routeswere first used for synthesis of

the 2-O-allylated derivatives: introduction of the polar groups

first on the primary side using an 6-deoxy-6-brominated

intermediate or by protecting these positions and introducing

first the allyl groups (which will be extended to form the

lipophilic groups) on the secondary side. The following

photochemical addition of lipophilic thiols allows solubility

and self-assembly in water. The main advantages of poly-

cationic CDs is their enhanced ability to interact with nucleic

acid combined with self-organizational properties [170].

These derivatives are capable of acting as gene delivery

vectors by condensing DNA and forming liquid crystalline

complexes with oligonucleotides. Polyaminothiourea deriva-

tives, derived frompolyamino-b-CDs (Fig. 37) have also been
described by Diaz-Moscoso et al. [173,174].

Gel electrophoresis revealed that these cationic CDs

derivatives self-assemble in the presence of plasmid DNA

to provide homogeneous and stable nanoparticles that fully

protect plasmidDNA from the environment. The transfection

efficiency of the resulting nanoparticles have been investi-

gated on different cell lines and have been found to be

intimately dependent on architectural features.

4.2. Anionic Amphiphilic CDs

Among these ionic amphiphilic CDs, anionic CDs have also

been synthesized. Kraus et al. have used the allylated CDs

described by Leydet et al. [175] and oxidized them in the

presence of osmium tetroxyde [176]. The diastereoisomeric

diols thus obtained were then oxidized in carboxylic acid to

afford the desired carboxylated amphiphilic CDs (Fig. 38).

Another type of carboxylated amphiphilic derivative has

been synthesized, but with anionic groups on the primary

face of the CD. Roehri-Stoeckel et al. [177] used a click

chemistry reaction between per(2,3-acetylated-6-azido-6-

deoxy)cyclodextrin (prepared directly from acetylation of

the perazido compound) and 2-butyne dicarboxylic acid ester

at high temperatures in an aqueous alkaline medium to give a

1,3-dipolar cyclo-addition product (Fig. 39). This 1,2,3-

triazole heterocyclic compound has been obtained in 91%

yield and was highly soluble in water.

The most studied anionic amphiphilic CDs are those

carrying a sulfate or sulfonate group in their structure. The

first was prepared by Dubes et al. [178,179] via esterification

of the O2 and O3 position with hexanoic anhydride of a CD

protected on the primary face by silyl groups. Acylation by
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hexanoyl chloride led to suracylated derivatives, as shown by

NMR, in which broad peaks and loss of the axial symmetry

are observed. Removal of the silyl groups allows the sulfata-

tion of the 6-hydroxyls with SO3�pyridine complex (Fig. 40).

These derivatives were able to form aggregates in an aqueous

medium. It has also been shown that the sulfonated b-CD
derivative with C14 chains formed stable vesicles.

Sukegawa et al. [180] prepared sulfated amphiphiles

using a similar procedure, and they showed that both sulfated

and nonsulfated compounds form stable monolayers. How-

ever, the sulfated CDs showed higher monolayer collapse-

pressure values. All these anionic derivatives formed 1:1

inclusion complexes with acyclovir, an antiviral drug. The

complexeswere characterized byUV-Vis spectrophotometry

and electrospray ionization mass spectrometry (ESI-MS).

Noncovalent interactions appear to involve only the hydro-

phobic region of the alkanoyl chains [179].

Schwint�e et al. [181] synthesized sulfonated derivatices

from acylated 6-per-bromo-b-CD via reaction with sulfo-

nated thiols salts (Fig. 41). In contrast to the previous one,

these sulfonated amphiphiles were water soluble and

could form micellar aggregates in water that solubilized

clofazimine, an antileprosy drug, better than did the native

b-CD. Various charged CDs, such as sulfobutyl ether-

b-cyclodextrin, are also well suited for pharmaceutical

preparations [182].

5. CONCLUSIONS

Numerous methods have been described in the literature to

modify selectively one or several specific positions on CDs.

Due to the presence of 18 (a-CD), 21 (b-CD), or 24 (c-CD)
hydroxyl groups on the CD core, there are infinite

i

Reagents and conditions : i, DMF, PPh3, NIS, 100°C, 4-5h ,ii, DMF, NaN3, TMU, 100°C, 4-5d, iii,DMF, PPh3, 2h,,NH3 aq, then 1M HCl
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possibilities for substitution. Concerning amphiphilic CDs,

numerous syntheses have been described in the literature,

leading tomedusa-like, bouquet-shaped or selectively substi-

tuted derivatives. Nevertheless, there is a lot of work to

achieve on the methodology of synthesis in order to improve

the efficiency of the reactions (better selectivity, better

yields). Indeed, the majority of the amphiphilic CD deriva-

tives reported will never have any industrial utilization

because they involve complicated multistep syntheses,

resulting in expensive products. The cost/benefit ratio often

precludes their production and utilization. In order to be

industrially produced andmarketed, aCDderivative has to be

produced by a simple, possibly “one-pot” reaction. For this

reason, the only CDs that are produced in ton quantities

industrially are the methylated (RAMEB), hydroxyalky-

lated, acetylated, and branched (glucosyl- and maltosyl-

a-CD) CDs. Furthermore, for pharmaceutical use these

derivatives must be nontoxic, which is not always the case

for amphiphilic deirvatives.

It is thus necessary to find more successful synthesis

strategies for constructing targetmoleculeswithwell-defined

properties (i.e., increasing water solubilities of drugs, cell

targeting, enzymatic activity, etc.) and low production cost.

Amphiphilic cyclodextrins are original compounds that are

still developed in many groups, primarily to form nanopar-

ticulate drug delivery systems (nanospheres, nanocapsules,
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nanosize vesicles, and micellar aggregates). They have been

shown to be efficient, for example, for delivering poorly

soluble drugs, for DNA and oligonucleotide delivery, and for

photodynamic and targeted tumor therapy. The optimum

amphiphilic CD derivative for such a use should be nontoxic

even in high doses, stable in physiological media, receptor

specific, available in high purity, and should be produced on a

large scale and at low cost. This ideal amphiphilic CD

derivative does not yet exist.
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(1995). Direct imaging of modified b-cyclodextrin nano-

spheres by photon scanning tunneling and scanning force

microscopy. Int. J. Pharm., 120(1), 1–11.

98. Skiba, M., Wouessidjewe, D., Puisieux, F., Duchêne, D.,
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GENE DELIVERY WITH CYCLODEXTRINS

VÉRONIQUE WINTGENS AND CATHERINE AMIEL

Institut de Chimie et Mat�eriaux Paris Est, Thiais, France

1. INTRODUCTION

In this chapter we update recent progress made in developing

cyclodextrin (CD)-based gene delivery systems. In the fol-

lowing, the principles of gene therapy [1–3] are presented

briefly, and the criteria that a system should meet to be an

efficient DNA vector for transfection are emphasized. The

peculiarity of CD-based gene delivery systems is then

introduced.

Gene therapy is the treatment of human genetic-based

diseases by the transfer of genes into specific cells of the

patient. Due to its broad potential, gene therapy has been

investigated largely during the last 20 years. The first clinical

trial was reported in 1990 [4] and the first clinical success in

2000 [5], but the number of successes is still small compared

to the number of clinical trials.

Gene therapy has to fulfill the following challenges: cell

targeting specificity, gene transfer efficiency, gene expres-

sion regulation, and vector safety. Gene delivery carriers can

be divided into two categories:

1. Viral vectors have been used in the majority of gene

delivery studies and for around 70% of ongoing clin-

ical trials. Safety concerns limit their use; the possible

side effects are induced cancer, immune reactions, and

others.

2. Synthetic vectors can improve safety and show greater

flexibility and easier manufacturing than can viral

vectors. Usually, they are based on materials that bind

DNA or RNA electrostatically, condensing the genetic

materials into particles of a few tens to several hundred

nanometers, and making possible DNA protection and

cellular entry. Plasmid DNA complexes with cationic

lipids and polymers are called lipoplexes and poly-

plexes, respectively. The first reports of cationic lipid

use for gene delivery were in 1987 [6], and recent

reviews [7–9] update the state of the art in this field.

Cationic polymers are numerous and varied, and

chemistry allows the specific design of the polymer

to provide the multiple functions required for efficient

gene delivery. Therefore, they have a great potential,

but their relatively poor gene-transfer efficiency has

limited their clinical application.

Figure 1 summarizes the various biological barriers that

face efficient gene delivery vectors (see, e.g., [2,3] and

references cited herein), which should also remain biocom-

patible. The important steps, illustrated for polyplexes, are

the following:

. Gene packaging. The vector should neutralize the

negative charge of DNA to counterbalance the electro-

static repulsion against the anionic cell membrane,

condense DNA to the appropriate length scale (nano-

meter scale for receptor-mediated endocytosis), and

protect DNA from extracellular and intracellular nu-

clease degradation (e.g., stability and survival in the

bloodstream). Mixing of DNA and cationic polymers

leads spontaneously to polyplexes. Each polyplex par-

ticle often comprises many polymer chains and several

DNAmolecules. The number of cationic moieties has a

strong effect on polymer–DNA interactions.

. Cellular entry. Most of the polyplexes have been de-

signed to gain cellular entry via receptor-mediated
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endocytosis. Polymer chemistry allows attachment of

targeting molecules to induce cell uptake increase and

cell specificity.

. Endolysosomal escape. Polyplexes are sequestered

within endosomal vesicles. Only DNA that escapes into

the cytoplasm can go on to reach the nucleus; otherwise,

it undergoes degradation within the lysosomal com-

partment. Acidification occurs from endosomes to ly-

sosomes. This influx of protons is used to disrupt the

vesicle membrane, through materials known as proton

sponge, therefore releasing DNA.

. Transport through the cytoplasm and nuclear entry.

Once released from the endosomal vesicles, polyplexes

must move through the cytoplasm to the nucleus. Cy-

tosolic milieu is a physically and metabolically hostile

environment, and the residence time should be mini-

mized. Nuclear import of polyplexes is the last and

probably most difficult step; various ligands have been

proposed to promote cytosolic transport and nuclear

import, such as nuclear localization signals (NLSs;

short and cationic peptides) and carbohydrates. Subse-

quent to DNA–vector dissociation into the cytosol, or

into the nucleus, genes released should be transcribed

and translated into the therapeutic proteins.

. DNA–vector dissociation. Incorporation in a polyplex

protects DNA from enzymatic degradation, but also

prevents binding of the proteins required for gene

expression. Expression could be enhanced if dissocia-

tion occurs within the nucleus. Polymers should be

designed to incorporate a mechanism for nonspecific

or environmentally responsive release of genes; it has

been suggested that thermoresponsive properties, hy-

drolytically degradable bonds, or reducible linkages be

introduced into the vector.

Many systems involving CD compounds have been de-

signed especially for gene delivery. The main properties of

CDs—the biocompatibility, the ability to accommodate hy-

drophobic molecules within the cavity while remaining sol-

uble, and the plurifunctionality enabling a large number of

chemical modifications—make them suitable for the elabo-

ration of biomimetic supramolecular architectures for gene

therapy.Awaytoclassify thedifferent systems is todistinguish

the structures of the CD compounds: cationic CD derivatives,

polyrotaxanes, and CD-containing polymers or dendrimers.

These classes constitute the various parts of the chapter.

Far beyond the objectives of this chapter, it should be

noted that the ability of CDs to complex and interact with

drugs led to their wide use for controlled drug delivery.

However, interactions of CDs with nucleotides were ex-

plored (study of interactions between hydroxypropyl-b-CD
and 26 nucleotides [10]) and then CD derivatives were

studied with the aim of peptide, protein, and oligodeoxynu-

cleotide (ODN) delivery [11,12]. The first ODN delivery

studies were conducted with hydroxypropyl- and hydro-

xyethyl-b-CD [13], and other CD derivatives [14]. Delivery

of therapeutic antisense ODN, or siRNA, involves a peculiar

mechanism, but the synthetic vectors used have to meet

almost the same criteria as in gene delivery; therefore, the

same systems have been suggested as vectors (nanocarriers)

Figure 1. Barriers to gene delivery. Design requirements for gene delivery systems include the ability

to (I) package therapeutics genes, (II) gain entry into the cells, (III) escape the endolysosomal pathway,

(IV) effect DNA/vector release, (V) traffic through the cytoplasm and into the nucleus, and (VI) enable

gene expression. (From [2].)
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for both ODN and gene delivery. Several reviews report

progress in and development of synthetic polymer nanocar-

riers [15,16], in which linear cationic CD polymer has been

proposed [17].

2. SYSTEMS BASED ON CD DERIVATIVES

2.1. Cationic CDs

Per-cationic CDs, usually amino-CD derivatives protonated

at the physiological pH, were proposed to condense plasmid

DNA. Stable complexes were observed between DNA and

heptakis(6-amino-6-deoxy)-b-CD [18], and also with deri-

vatives for which the amino groups are replaced by pyridy-

lamino or imidazolyl groups. Complexes were characterized

by size and zeta-potential measurements; electron micros-

copy experiments revealed toroid-shaped particles with sizes

ranging from 200 to 300 nm. A relatively high ratio N/P

(nitrogen/phosphate) was necessary to neutralize the nega-

tive charge of DNA and to produce charge inversion; there-

fore, in vitro transfection could be obtained only for

N/P> 200. Transfection efficiencies deduced from luciferase

expression were about 100 times lower than that obtained

with DOTAP butwere 20 times larger than that obtained with

2,6-dimethyl-b-CD. Indeed, neutral CDs are known to in-

crease transfection levels due to their capacity to remove

cholesterol from various cell types and thus to induce mem-

brane instability [13]. Levels were improved 10- to 400-fold

by the use of chloroquine, an endosomolytic agent, implying

that the cationic CD–DNA complexes are endocytosed and

that release from the endosome may be rate limiting.

The affinity of CD molecules for DNA is largely influ-

enced by the type of substituent. It was shown that per-

modified a-, b-, and c-CDs by guanidino group [19] had a

strong affinity toward phosphorylated guests, and these CDs

achieved mobility inhibition of calf thymus DNA during gel

electrophoresis for an N/P ratio around 10 times lower than

with heptakis(6-amino-6-deoxy)-b-CD. Recently, b- and

c-CDs bearing guanidinoalkylamino (Fig. 2) and aminoalk-

ylamino groups [20] were designed as biomimetic structures

of cell-penetrating peptides. The introduction of seven or

eight branches resembling arginine or lysine side chains on

the primary side of a CD combined with its cyclic rigid

structure was considered as a favorable feature to achieve

spatial organization of the positive charges. The compounds

were found to cross the membranes of HeLa cells, the faster

penetrations being observed with the guanidinylated CDs.

Gel electrophoresis experiments have shown that the most

active compounds in reducing calf thymus DNA mobility

were guanidino derivatives bearing a propyl spacer group

with the largest number of functional groups (c-CD deriva-

tives more active than b-CD derivatives) to enable multiple

interactions with DNA. Additionally, ternary and quaternary

amino per-substituted CDs were also used in formulation

with an adenovirus to enhance adenoviral transduction effi-

ciency in two models of the intestinal epithelium [21]. CDs

enhanced both viral binding and internalization.

Monosubstitued CDswere also used to condense DNA, as

6-monodeoxy-6-monoamino-b-CD that could bind and com-

pact plasmid DNA [22] (revealed by atomic force micros-

copy images at an N/P ratio of 1). The strategy adopted for

DNA delivery was to dissociate the role of condensation and

the one of transport through the cell, which was ensured by

anionic and pH-sensitive liposomes. DNA was first con-

densed by addition of cationic CD andwas then encapsulated

into the liposomes. Loaded vesicles of diameter around

200 nm with nonnegligible DNA encapsulation (10 mg/mL)

were shown to be more stable and monodisperse than naked

vesicles.

Cationic CDs [pyridylamino-b-CD (pCD)] have also been

used inmaterial coating based on polyelectrolyte multilayers

containing adsorbed DNA and pCD [23]. The layer-by-layer

(LBL) buildup was made from polyelecrolytes, poly(L-glu-

tamic acid) (PLGA), and poly(L-lysine) (PLL) and was

followed by quartz crystal microbalance. The final architec-

tures comprised (PLL–PLGA)5–pCD–DNA–pCD–PL-

GA–PLL and were put in contact with a cell culture medium.

The biological activities of the films were tested by means of

induced production of specific proteins (analyzed by fluo-

rescence microscopy) into the cytoplasm or into the nucleus

of three different types of cells. The authors showed that the

films could act as an efficient gene delivery system, pCDs

playing the role of transfection enhancer, and that multiple

and sequential biological activity could be obtained depend-

ing solely on the level at which theDNAwas embedded in the

multilayer architectures.

2.2. Amphiphilic Cationic CDs

The strategy for incorporation of different functional ele-

ments on both CD sides has been developed to enhance

DNA complexing and delivery properties. Such CD deri-

vatives are constructed to perform specific tasks far beyond

the simple formation of inclusion complexes. The synthesis

of C7-symmetric CD derivatives was realized giving am-

phiphilic cationic CDs. Seven or 14 fatty acyl chains are

incorporated on either the primary [24–26] or the secondary

N
H

x

n

N
H

NH2

NH

(OH)nn(HO)

n = 6, 7 or 8
x = 2, 3 or 6

HCl

Figure 2. Chemical structure of per-guanidinoalkylamino a-, b-,
and c-CD (corresponding to n¼ 6, 7, or 8).
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CD side [27], respectively, the other side being fully substi-

tuted by cationic groups. Figure 3 is a schematic represen-

tation of such CD derivatives that induce DNA condensa-

tion. These amphiphilic molecules self-associate in water

into different types of architectures, such as vesicles or

nanoparticles [28].

Designed specifically as gene delivery vectors, each

substituent of the amphiphilic CDs has a definite task: The

lipophilic chains are introduced to enhance membrane

disruption activity, and the polycationic cluster should

promote DNA condensation as mentioned in studies with

cationic CDs [18–22]. The lipophilicity of the CDs was

shown to be an important parameter for promoting gene

transfection as transgene expression increased with the

lipophilic chain length in transfection experiments of Hep

G2 hepatocytes [26].

Two different types of cationic clusters have been re-

ported. The first are made of seven short oligoethyleneglycol

chains terminated by primary amino groups. The spacer role

was to improve solubility and to reduce potential immuno-

genicity [24,26]. The second, described in Fig. 3, are made of

7 or 14 short chains bearing terminal primary amino groups

and thiourea spacer groups [25,27]. The role of the thiourea

groups was to promote cooperative binding with DNA by

adding hydrogen-bond anchoring points.

It is quite difficult to compare quantitatively the perfor-

mances of the CDs bearing oligoethylene glycol spacers to

those bearing the thiourea spacers, as the experiments have

not been performed with the same cells. Anyhow, the am-

phiphilic CDs show large in vitro transfection efficiencies

which overpass that of the cationic poly(ethylenimine) (PEI;

25 kDa [27]) in the case of CDs bearing thiourea and that of

DOTAP in the case of CDs bearing oligoethylene glycol [26],

together with low-toxicity profiles.

2.3. Star-Shaped Cationic Polymers with a CD Core

Star-shaped cationic polymers were synthesized by conju-

gating multiple oligoethylenimine (OEI) arms onto an

a-CD [29] or b-CD [30] core. An example is given in

Fig. 4A for a-CD-OEI star polymers. Recently, star-shaped

cationic polymers [31] consisting of b-CD core and poly[2-

(dimethylamino)ethyl methacrylate] [p(DMAEMA)] and p

(DMAEMA)-block-poly[poly(ethylene glycol)ethyl ether

methacrylate] [p(PEGEEMA)] were prepared via atom

transfer radical polymerization (Fig. 4B). All these star-

shaped cationic polymers with an a- or b-CD core exhibited

good efficiencies to condense plasmid DNA, already at low

N/P ratios (around 2), as evidenced by gel electrophoresis.

The polyplexes formed spherical nanoparticles with sizes
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Figure 3. Amphiphilic b-CDs used as DNAvectors. (From [27].) (See insert for color representation

of the figure.)
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ranging from 80 to 200 nm and positive surface charges, at N/

P ratios of 8 or higher. The nanoparticles could be observed

by electron and atomic force microscopies.

The star polymers showed lower in vitro toxicity than that

of branched PEI. Results also reported in vitro transfection

efficiencies which are comparable or even higher than that of

PEI. Additionally, it was shown that the stability of the

polyplexes increased with their arm lengths, together with

their transfection efficiency.

3. SYSTEMS BASED ON

POLYPSEUDOROTAXANES AND

POLYROTAXANES

The biomedical applications of polyrotaxanes span from

biologically friendly degradable hydrogels, calcium-binding

agents, and protein targeting agents to DNA transfection

reagents [32,33]. As the properties and applications of

polyrotaxanes are also described in other chapters, we es-

sentially report only works related to gene delivery applica-

tion. The gene carriers (or polyplexes) are formed through

charge interactions between the phosphate anions of DNA

and the cations borne by the polyrotaxanes. There are two

ways to introduce a net positive charge in the polyrotaxanes:

Either the polymer axle of polypseudorotaxane or polyro-

taxane is charged with neutral CDs threaded onto the poly-

mer axle (see Section 3.1), or the polymer axle is neutral with

positively charged CDs threaded onto the polymer axle (see

Section 3.2).

3.1. Polypseudorotaxanes Involving Neutral CDs

Poly(ethylenimine) (PEI) has attracted considerable interest

due to its high positive charge density. PEI presents strong

DNA binding, and high in vitro transfections are obtained.

PEI with the secondary amines fulfilled the proton sponge

requirement, which should facilitate endosomal and lyso-

somal escape of DNA into the cytoplasm. Unfortunately, PEI

and PEI–DNA complexes show relatively high cytotoxicity.

Reducing the cationic charge density is a key parameter for

decreasing the cytotoxicity of the polyplexes. Yamashita et

al. [34] tried to reduce the charge density of linear PEI

(22 kDa) by using a polypseudorotaxane structure in which

the cationic groups are included in the threaded c-CDs.
Figure 5 reports schematic representation of PEI/c-CD poly-

pseudorotaxane inducing DNA condensation.

A 2.5-fold higher N/P (nitrogen/phosphate) ratio in the

PEI/c-CD polyplexes (pH 9) than in PEI is necessary to

achieve mobility inhibition of DNA during gel electropho-

resis. Yet PEI/c-CD improved the cellular uptake (evaluated

by flow cytometry and confocal-laser scanning microscopy),

and the cell viability was largely increased even at high N/P

ratios (N/P¼ 50). The transfection efficiency of the poly-

pseudorotaxane was comparable to or greater than that of

PEI, especially at high N/P ratios. It was suggested that

c-CDs could reduce the cytotoxicity by hindering the inter-

action of the secondary amines through c-CDs complexation.

Copolymers of PEI were suggested to lower the charge

density of PEI, but in most cases, if the cytotoxicity is

reduced, the transfection efficiency is also decreased. Shuai

et al. [35] proposed triblock copolymers PEI–PCL–PEG.

a-CDs form inclusion complexes with both poly(ethylene

glycol) (PEG) and poly(e-caprolactone) (PCL) chains, and
threading a-CDs largely improves the copolymer solubility.

The copolymer/a-CDs complexes condensed DNA at N/P

ratios similar to that of PEI (25 kDa). A reduced toxicity

about 100 times lower than that of PEI was observed with

copolymer/a-CD complexes. Confocal-laser scanning mi-

croscopy showed an efficient internalization of polyplexes,

and it was suggested that DNA and copolymers were co-

localized in the lysosomal compartment. The transfection

efficiencies of the copolymer/a-CDs complexes were greater

than that of PEI at higher N/P ratios.

3.2. Polypseudorotaxanes and Polyrotaxanes Involving

Cationic CDs

The neutral polymer axle used primarily to synthesize the

polypseudorotaxanes and polyrotaxanes involving cationic

CDs are poly(ethylene oxide) (PEO), poly(propylene oxide)

(PPO), or random copolymers (PEO–PPO). Ooya et al. [36]

and Yamashita et al. [37] designed biocleavable polyrotax-

anes based on dimethylaminoethyl-modified a-CDs
threaded onto a PEO (Mn¼ 4000) chain end-capped with

benzyloxycarbonyl tyrosine via disulfide linkages. Figure 6

reports the polyplex formation and its DNA release by

supramolecular dissociation. Cleavage of the disulfide

Figure 5. PEI/c-CD polypseudorotaxane inducing DNA condensation. (From [34].) (See insert for color representation of the figure.)
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linkages decreases the molecular weight of the polycations

inducing the dissociation of polyplexes—therefore the DNA

release in the cytosolic milieu. The authors tried to optimize

the transfection activity by varying the number ofa-CDs and
amino groups [37].

TheDNAcompaction, evaluated by the ethidium bromide

displacement assay, is not influenced by the number of

a-CDs but by the number of amino groups. The stability of

the polyplexes has been determined quantitatively using a

competitive displacement method against a counter-polya-

nion, such as dextran sulfate. The polyplexes formedwith the

polyrotaxanes showed a higher stability than the PEI poly-

plexes. In the reductive conditions (cleavage of the disulfide

linkages), DNA release increased while decreasing the num-

bers of a-CDs and amino groups. High transfection efficien-

cies were observed with low dependence on the N/P values,

particularly for low numbers of a-CDs and amino groups in

the polyrotaxanes.

Similarly, P�er�es et al. designed hydrolyzable polyami-

norotaxanes based on PEO and spermine grafted a-CD.
They used two pathways to build the polyaminorotaxanes,

either by grafting spermine on a pre-made polyrotaxane or

by grafting spermine on a-CD prior to threading along the

PEO chains. They have shown that these tools made it

possible to adjust either the structure of the polyrotaxane

chain or its charge density [38]. Yang et al. synthesized

polyrotaxanes based on oligoethylenimine (OEI) grafted

a-CDs [39] or b-CDs [40] threaded onto a random PEO–

PPO copolymer chain end-capped with a bulky stopper

(2,4,6-trinitrobenzene). Due to their cavity size, a- and

b-CD are preferentially complexed with EO and PO units,

respectively. Figure 7 shows the structure of one of these

cationic polyrotaxanes.

The ability of the cationic polyrotaxanes to condense

DNA was confirmed by gel electrophoresis, particle size

analysis, and zeta-potential measurements. The polyrotax-

anes had a similar or slightly betterDNAcondensation ability

than that of PEI (25 kD). All the cationic polyrotaxanes with

linear OEI exhibited less toxicity than did the PEI control.

The transfection efficiency was dependent on the chain

length of the OEI grafted onto CDs. The authors suggested

that the best results obtained with one of the polyrotaxanes

(linear OEI-grafted a-CDs threaded onto a random PEO–

PPO copolymer) are related to the mobility increase in the

cationica-CD rings and to the polyrotaxane flexibility,which

enhanced the interaction of a-CDs with DNA and/or the

cellular membrane. Polypseudorotaxanes based on cationic

b-CDs bearing anthryl groups and threaded onto a PPO chain

showed good binding ability to DNA, evidenced by fluores-

cence titration experiments [41].

4. SYSTEMS BASED ON CD OLIGOMERS

AND POLYMERS

In this section we report on CD oligomers and polymers used

for gene delivery. Different polymer structures are described

here: in the first part, polymers with a dendritic architecture;

in the second part, linear cationic polymers containingCDs in

the polymer backbone; in the third part, cationic polymers

Figure 6. (a) Chemical structure of biocleavable polyrotaxane; (b) polyplex formation, terminal

cleavage-triggered decondensation of DNA. (From [36].) (See insert for color representation of the

figure.)

Figure 7. Structure of a cationic polyrotaxane. (From [40].) (See

insert for color representation of the figure.)

240 GENE DELIVERY WITH CYCLODEXTRINS



withCDs as a pendant of the chain; and in the last part, neutral

CD polymers with a branched structure.

4.1. Dendrimer–CD Conjugates

The use of dendrimers in biomedical applications such as

drug delivery devices and gene transfection vectors has been

reviewed (see, e.g., [42–44] and references cited therein).

Starburst poly(amidoamine) (PAMAM) dendrimers (Fig. 8)

have been proposed as nonviral vectors. However, dendri-

mers with a low generation (generations 1 to 3) do not show

efficient gene transfer activity, whereas those with a higher

generation have sufficient gene transfer activity but exhibit

too high cytotoxicity. To improve the transfection efficiency,

Arima et al. proposed PAMAMdendrimer (generation 2, G2)

conjugates with a-, b- or c-CDs [45] (CDE conjugates with

molar ratio CD/dendrimer 1 : 1). The results of gel electro-

phoresis indicated that all CDE conjugates formed com-

plexes with plasmid DNA in the same manner as PAMAM

dendrimers; the CD moiety is not involved in the

complexation.

In any case, a-CDE conjugates showed the greatest

transfection efficiency (around 100 times higher than those

of PAMAM dendrimer alone and of the physical mixture

PAMAM/CD), also superior to that of the commercial agent

Lipofectin. At a high charge ratio, a-CDE conjugates affect

the intracellular trafficking, and confocal fluorescence mi-

croscopy experiments showed that a-CDE conjugates

change the distribution of DNA into the cells (probably due

to an increase in the DNA release from the endosomes into

the cytoplasm). Uekama’s group also prepared a-CDE con-

jugates (G2) bearing mannose [46,47] (man-a-CDE) or

galactose [48] (gal-a-CDE) with various degrees of substi-

tution of the sugar moiety, since mannose and galactose

moieties were proposed to target specific cells. The com-

plexation ability of man-a-CDE and gal-a-CDE conjugates

with plasmid DNA decreases with an increase in the substi-

tution degree, due to a decrease in the number of primary

amino groups. Therefore, there is an optimal degree of

substitution of mannose residues for sufficient gene

transfer [46,48]. Man-a-CDE conjugate (with a substitution

degree of 3.3) provided gene transfer activity higher than

dendrimer or a-CDE conjugate in in vivo experiments, even

thoughman-a-CDE did not show efficient DNA compaction,

as revealed by ethidium bromide fluorescence experi-

ments [47]. Additionally, Kihara et al. studied a-CDE con-

jugates with dendrimers of different generations (G3 and

G4) [49]. a-CDE conjugate (G3) possesses the greatest gene

transfer activity with the lowest cytotoxicity among the

a-CDE conjugates. The degree of CD substitution of an

a-CDE conjugate also affects the gene transfer activity, and it

was shown that an average of 2.4 CD for a a-CDE conjugate

of generation 3 gave the best results in terms of gene transfer

efficiency and cytotoxicity [50], both in vitro and in vivo.

Finally,Uekama’s group proposeda-CDEconjugate (G3)

with a degree of CD substitution of 2.2 and with various

degrees of substitution of mannose moieties (5 to 20) [51].

The most promising a-CDE conjugate has a degree of CD

and a mannose substitution of 2.2 and 10, respectively. The

enhancing effect of this vector on gene transfer activity in

four different cell lines (deduced from luciferase expression

at a charge ratio of 50 : 1) is unlikely to be dependent on cell

surface mannose-binding receptors. On the other hand, this

vector complexed plasmid DNA at a charge ratio of 1 : 1 (gel

electrophoresis experiments) and showed a nearly zero value

of the zeta potential even at a charge ratio of 50 : 1. This is

probably at the origin of the serum-resistant gene transfer

activity observed because the serum components bind pref-

erentially to cationic complexes. No plasmid DNA compac-

tion was observed (revealed by ethidium bromide fluores-

cence experiments), and additional studies suggested effi-

cient endosome-escaping abilities, but also the nuclear trans-

location ability to account for the efficient gene transfer

activity.

Regarding the remarkable aspects as a gene delivery

carrier, Tsutsumi et al. recently proposed the use of one of

the a-CDE conjugates (G3, degree of CD substitution of 2.4)

as a novel carrier for small interferingRNA (siRNA) [52] and

short hairpin RNA(shRNA) [53] expressing plasmid DNA.

Other dendrimers, such as polypropylenimine dendrimers

(DABs), have also been proposed as nonviral vectors. DAB

dendrimers with generations above 3, as PAMAM dendri-

mers, exhibit too high a level of cytotoxicity, limiting their

transfection efficiency significantly. Zhang et al. [54] syn-

thesized low-generation DAB (G2, eight terminal amino

groups) linked to an average of 1.7 b-CD. This new vector

provided a great capacity for DNA binding (as shown by gel

electrophoresis, zeta potential, and TEM experiments), low

cytotoxicity, and much higher transfection efficiency than

those of the parent DAB dendrimer.

A dendrimer-like oligo(ethylenediamino)-b-CD-modi-

fied gold nanoparticle has been synthesized and used to

complex DNA [55]. An average of 37 b-CDs surrounded

the gold nanoparticle (around 4 nm in size), and DNA

Figure 8. Chemical structure of polyamidoamine dendrimer con-

jugates (G2) with a-CD, R¼H [45], or CS-NH-C6H4-man-

nose [46,47], or CS-NH-C6H4-galactose [48].
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aggregation was shown by absorption, circular dichroism,

and TEM experiments. Compared to the commercial trans-

fection agent lipofectin, the cytotoxicity is lower but the

transfection efficiency has to be improved.

4.2. Linear Cationic CD Oligomers and Polymers

The first example of linear cationic polymers containing

b-CD in the polymer backbone for gene delivery applications

was reported by Gonzalez et al. [56] in 1999. Copolymers

with different structureswere synthesized by copolymerizing

difunctional b-CDs with other difunctionalized monomers.

One of these structures is shown Fig. 9. The effect of the

nature of the spacers [56] was studied, and the effect of the

length of the spacer [57] was detailed for a series of b-CDPn
copolymers, with n varying between 4 and 10. The spacer

length slightly influences the size of DNA/b-CDPn poly-

plexes, but strongly affects the transfection efficiencies (de-

termined by the luciferase protein activity) and the cytotox-

icity. At a high N/P ratio of 50, b-CDP8 showed almost no

cytotoxicity, whereas b-CDP6 showed the highest in vitro

transfection efficiency among the vectors series. It was

suggested that at this high N/P ratio, the free copolymers in

solution are mainly responsible for the toxicity. On the other

hand, heparin sulfate displacement studies revealed that

b-CDP6 demonstrated the highest binding constant with

DNA. A possible rationalization is that the spacing between

the cationic amidine groups in b-CDP6 is optimal for DNA

binding.

Davis’s group also studied the effects of the carbohydrate

size and its distance from the charge center [58,59] and the

structural effect of the charge center type [60]. They con-

firmed that the toxicity increases as the DNA-binding charge

center is farther removed from the carbohydrate moiety

within the polycation backbone. Increasing the size of the

carbohydrate moiety decreases the cytotoxicity, the b-CD
polycations display lower toxicity than the trehalose poly-

cations, and the absence of a carbohydrate moiety produces

high toxicity. Additionally, the authors showed that b- and

c-CD-containing polycations give an almost similar level of

gene expression, with slightly lower toxicity for the c-CD
polycations. A change of the amidine group to a quaternary

ammonium in similar polycations does not influence the

toxicity. However, the amidine polycations exhibit higher

gene expression than the quaternary ammonium analogs, due

to the inability of the quaternary ammonium–based poly-

plexes to escape from endosomes (results based on in vitro

experiments done in the presence of chloroquinine).

Modification of b-CDP6 with terminal imidazole groups

(CDPim) improves the transfection efficiency at a low charge

ratio without an increase in toxicity, the imidazole group

introducing intracellular pH-buffering activity to the gene

delivery vector [61], as reported for other systems. In any

case, after investigation by various methods [62], it is still

unclear if the improved transfection efficiency is a result

of enhanced endosomal escape, as CDPim also generates

greater amounts of unpackaged intracellular DNA than does

b-CDP6.
An important feature of these gene delivery systems is that

the polyplexes resulting from the association of the CD-

containing cationic polymer and DNA might be modified

further by inclusion complex formation. Davis’s group

reported postcomplexation pegylation of the b-CDP6/DNA
polyplexes using poly(ethylene oxide)–adamantane conju-

gate.Targeting ligands suchasgalactose [63]or transferrin [64]

were also added to the adamantane conjugates. Figure 10

depicts schematically surface modification of the polyplexes,

involving the use of an adamantane group as an anchor.

Interestingly, post-DNA-complexation pegylation

(through PEG–AD) introduced salt and serum stability to

the polyplexes, as shown by DLS and electron microscopy

experiments [63]. The salt-induced aggregation is prevented

by a steric layer surrounding the particles. Additionally, an

anionic galactosylated adamantane compound was used to

target b-CDP6-based polyplexes to hepatocytes. Galactose-

mediated targeting of the particles was demonstrated without

any increase in cytotoxicity [63]. Among several conjugates,

monofunctionalized transferrin adamantane conjugate
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Figure 9. Chemical structure of a linear cationic b-CD copolymers, b-CDPn. (From [56].)
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(Tf–PEG–AD), with a lysine conjugation, has been shown to

retain high receptor binding efficiency (tested on PC-3 and

K562 cell lines). Transferrin-modified particles were there-

fore formulated by mixing b-CDP6–Imid/PEG–AD/Tf-PE-

G–AD/DNA. The ratio of the different polymers was opti-

mized in order to get nanoparticles still positively charged,

stable in the presence of salt, and leading to efficient in vitro

transfection (determined by luciferase protein activity).

These multiple components systems were proposed to de-

liver not only plasmid DNA but also siRNA and DNAzymes

both in vitro and in vivo [65,66].

Recently, another family of linear polymers containing

b-CDs in the main chain was obtained via “click reaction”

with high molecular weight (up to 331 kDa) and was pro-

posed as a gene delivery vector [67] (Fig. 11). Two series of

polymers were tested to determine the effect of amine

stoichiometry and polymer length on delivery efficiency and

toxicity. All the polymers could condense pDNA into nano-

particles at a low N/P ratio of 2, but efficient protection of

pDNA against DNAse occurred only with polymers that had

a high amine stoichiometry. The transfection efficiency

(determined by luciferase protein activity on HeLa cells)

increased with the amine stoichiometry, and showed an

optimum with the polymer length; this is due partly to the

increase in toxicity with polymer length. But even if all the

polymers revealed higher cellular uptake than jet-PEI, their

transfection efficiencies were always lower. The authors

suggested that endosomal escape and/or transfection kinetics

could influence the transgene expression.

Menuel et al. recently proposed a bis(guanidinium)tetra-

kis(b-CD) tetrapod [68], the first example of a new host

family as a potential gene delivery system. The tetrapod has

b-CD cavities regularly distributed around a central skeleton

possessing a predefined number of cationic guanidinium

centers (Fig. 12). Supramolecular 1 : 1 complexes were

formed between the tetrapod and single-stranded DNA and

siRNA, as shown by capillary electrophoresis. The efficiency

of siRNA transfection inMRC-5 cellswas comparable to that

of PEI, with lower toxicity.

4.3. CD-Modified Poly(ethylenimine) and Polylysine

Poly(ethylenimine) (PEI) with high molecular weight is a

cationic polymer in wide use in nonviral gene delivery. Its

high in vitro efficiency, which is often used for comparison

with other systems, is speculated to be due partly to enhanced

endosomal escape via the proton sponge effect. Nevertheless,

the significant cytotoxicity of PEI limited its use. Pun
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Figure 10. Post-DNA-complexation pegylation by inclusion complex formation. (From [63].)

Figure 11. Structure of CD polymers (Cdnw). (From [67].) (See insert for color representation of the figure.)
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et al. [69]modified linear (l) and branched (b) PEI (25 kDa) to

merge the beneficial qualities of the CD-based polymers (low

toxicity and modification of the polyplexes by complex

formation, as described earlier) with the interesting efficient

transfection property of PEI. Increasing the b-CD grafting

ratio of PEI reduces the transfection efficiency (determined

by luciferase protein activity) but decreases the toxicity

(determined by MTT cell viability assay), as shown in

Fig. 13.

The best compromise activity, toxicity, was obtained for

CD–bPEI and CD–lPEI with 8 and 12% CD grafting, re-

spectively. The ability of these copolymers to complex and

deliver DNAwas compared with the parent bPEI and lPEI at

anN/P ratio of 10.CD–PEI polymers delivered plasmidswith

higher efficiency than PEI, as shown by flow cytometry

analysis using labeled plasmids. The transfection efficiencies

were compared using the expression of EGFP in an analysis

by flow cytometry. The transfection efficiencies were similar

(CD–bPEI) or higher (CD–lPEI) than that of the parent

polymer and were enhanced in the presence of chloroquinine

(an endosomal buffering agent), whereas choroquinine did

not enhance the transfection efficiency of PEIs. The authors

could conclude that therewere differences in the intracellular

behaviors of CD–PEIs and PEIs. Formulation of the poly-

plexes in the presence of PEG–AD led to stable particles in

physiological salt solutions. Then, in vivo experiments were

run in mice. Blood analysis and histological evaluation

showed that CD–lPEI/PEG–AD/DNAwas well tolerated and

provided a method of liver gene expression.

Similarly, Forrest et al. [70] synthesized and used b-CD
polyethylenimine conjugates for targeted in vitro gene deliv-

ery. They found that CD–bPEI polymers induced higher

transfection efficiency through luciferase protein activity

determinations on HEK293 cells (around fourfold) and lower

cytotoxicity than that of unmodified bPEI (25 kD). Human

insulin was derivatized with a hydrophobic palmitate group

(pal-HI) which could bind to the polyplexes and target the

insulin receptor ofmany cell groups. The addition of pal-HI to

the polyplexes enhanced gene expression by more than one

order ofmagnitude compared to unmodifiedbPEI, possibly by

facilitating internalizationvia receptor-mediated endocytosis.

As low-molecular-weight PEIs displayed much less tox-

icity (but poor transfection efficiency), several groups have

tried to cross-link low-molecular-weight PEI via CDs to get

high-molecular-weight copolymers. A b-CD containing PEI

polymer [71] (61 kDa) was synthesized by linking low-

molecular-weight PEI (0.6 kDa) with b-CDs activated by

1,10-carbonyldiimidazole. This copolymer has been pro-

posed for gene transfer into the nervous system. Besides its

degradability in the physiological medium, the CD–PEI

copolymer showed much lower toxicity (measured by cell

viability assays in neurons) than that of PEI (25 kDa). Size,

zeta potential, and AFM measurements indicated that the

copolymer could condense plasmid DNA at an N/P ratio

higher than 20. In vitro transfection efficiency close to that

offered byPEI (25 kDa)was determined by luciferase protein

activity, and in vivo tests indicated that after intrathecal

injection in the rat, transfected cells were mostly neuroecto-

dermal cells, astrocytes, and microglia.

Similarly, low-molecular-weight PEI (0.6 kDa) was also

cross-linked with (2-hydroxypropyl)-a- [72], -b-, and

-c-CD [73]. All three polymers exhibited lower toxicity than

that of PEI (25 kDa), and in vitro transfection efficiency was

optimal for N/P ratios of 50, 300, and 40 fora-, b-, and c-CD/
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PEI, respectively, and was close or even higher (for a-CD/
PEI in bovine serum) than that of PEI (25 kDa).

Choi et al. [74] modified poly(e-lysine) by a coupling

reaction with 6-deoxy-6-monoaldehyde-b-cyclodextrin. The
copolymer obtained (b-CDPL) could condense plasmid

DNA, and confocal-laser scanning microscopy suggested a

“sunflower”-shaped polyplex, the b-CD cavities being lo-

cated at the outer surface of the polyplex (Fig. 14). At an N/P

ratio of 10, the size and surface charge of the polyplexes

depend on pH. At pH 6.0, polyplexes are tightly packed and

slightly positive (the secondary amines being protonated),

whereas polyplexes are negative at pH 7.4. This should

suggest that the condensed polyplexes in the acidic endo-

somes will be weakened after release into the cytoplasm,

affecting the intracellular trafficking of the polyplexeswithin

cells. Efficient cellular uptake of b-CDPL/pDNA polyplexes

(nearly one order of magnitude compared to free pDNA) was

evidenced by both microscopy and fluorescence-based flow

cytometry. Confocal-laser scanningmicroscopy also showed

that the polyplexes escaped extensively from the endosome

or lyosome. Transfection efficiency (determined by lucifer-

ase protein activity) was one order of magnitude higher than

that of lPEI (25 kDa), with significantly lower cell viability.

The authors suggested that outward-facing b-CD in the

polyplex should promote the removal of cholesterol from

the cell membrane via CD complex formation, inducing local

membrane disturbances and assisting pDNA transfer into

cells. Furthermore, the secondary amines could promote a

proton-sponge effect, enhancing pDNA transfection.

Polyelectrolyte multilayers films (PEMs) have been used

as vectors for polymer-precomplexed DNA. Recently, a

b-CD-modified poly(e-lysine) copolymer (PLL–CD) was

reported [75] to complex pDNA, and the polyplexes formed

were further incorporated into multilayered films made of

hyaluronic acid (HA) and poly-(L-lysine) (PLL). PLL/pDNA

and PLL–CD/pDNA polyplexes were prepared at an N/P

ratio of 3. Formation of the multilayered films, (PLL–HA)5–

pDNA complexes–(PLL–HA)5, was followed by quartz

crystalmicrobalance. Transfection efficiencies obtainedwith

the polyplexes embedded in the multilayers were higher than

those determined in solution, with a slightly better cell

viability. Using fluorescent markers to label the pDNA and

endosomes, the authors showed by confocal microscopy that

the PLL–CD/pDNA polyplexes were not internalized by

endocytosis when they were delivered from the multilayer

system. Moreover, the green fluorescence of labeled pDNA

was observed in the cytoplasm and in the nucleus. The

nonendocytic intracellular pathway should contribute to the

higher transfection efficiency.

Park et al. [76] developed amethod for immobilizing gene

delivery vehicles onto solid surfaces by inclusion complexes.

Polyplexes were made of b-CD-modified linear PEI (CD–

PEI) and DNA at an N/P ratio of 5; the nanoparticles formed

were characterized by size and zeta-potential measurements.

Amine-terminated, self-assembled monolayers (SAMs) on a

gold surface were converted to adamantane-modified SAMs

and characterized by x-ray photoelectron microscopy. The

interaction of the polyplexes with SAMs was investigated by

surface plasmon resonance spectroscopy. As represented

schematically in Fig. 15, the CD–PEI/DNA nanoparticles
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were specifically immobilized on the AD–SAM surface by

CD–adamantane inclusion complex formation.

The binding affinity of CD–PEI/DNA polyplexes to ada-

mantane-modified SAMs was several orders of magnitude

higher than the binding of b-CDs due to multivalent inter-

actions. Therefore, a high density of nanoparticles was

immobilized on the surface, leading to more than 1 ng of

DNA per mm2 area (determined by fluorescence-based as-

say). Atomic force microscopy revealed that polyplexes

remained condensed.

4.4. Neutral CD Polymer

Among different systems described in a patent [77], Jon

Wolff proposed the use of a polyion formed by an inclusion

complex between amphiphatic molecules, positively or neg-

atively charged, and neutral b-CD polymer either to compact

DNA or to be added to particles of DNA and poly-L-lysine.

Examples were given with 4-t-butylbenzoic acid, 1-adaman-

tanamine, and oleylamine. Particles around 100 nm in size

were characterized, and in vitro transfection and in vivo

expression were reported briefly.

Amiel’s group [78–81] developed a DNAvector based on

amacromolecular association obtained by inclusion complex

formation between a neutral epichlorohydrin/b-CD copoly-

mer (poly-b-CD) and an amphiphilic cationic connector. The

resulting reversible polycation forms a polyplex with DNA

by electrostatic interactions. The charge density of the vector

can be controlled easily by the simple addition of a connector,

and the polyplex characteristics may be modified by chang-

ing the connector. The interaction scheme is presented in

Fig. 16.

The poly-b-CD used in these works was obtained by

polycondensation of b-CD with epichlorohydrin. The copol-

ymer has a branched structure where b-CDs are modified by

poly(2-hydroxypropyl)ether sequences of different lengths,

possessing a free end or acting as a bridge between CDs. In a

preliminary work [78], n-dodecyltrimethylammonium chlo-

ride (DTAC) was chosen as an amphiphilic cationic connec-

tor. Low-molecular-weight DNA (herring sperm DNA frag-

ments) were taken to ensure the solubility of the ternary

complexes (poly-b-CD/DTAC/DNA) under the conditions of
viscometry and small-angle neutron scattering (SANS) tech-

niques used to investigate the complex formation. The

authors showed that the aggregates have a core–shell struc-

ture: a core composed of poly-b-CD and DTAC, and a shell

consisting of DNA interacting with the core surface via

DTAC molecules implied in ternary complex formation.

DTAC acts as a link between poly-b-CD and DNA, through

inclusion (DTAC/poly-b-CD) and electrostatic (DTAC–

DNA) interactions.

Then a series of nonsurfactant connectors were synthe-

sized and tested [79–81]. They consist of a hydrophobic part

[an adamantyl group (Ada)], a spacer with different chemical

structure and length, and a polar head group, mono- or

bicationic, as shown in Fig. 17. The affinity of the connectors

to poly-b-CD, determined by fluorimetric titration, was

shown to be strongly dependent on the steric hindrance

generated by the spacer and polar head groups, which limit

the entrance of the adamantyl groups into the CD cavities

already embedded in a polymer structure. The affinities are

thus in the order Ada4<Ada2<Ada3<Ada5. The poly-

b-CD/Ada/DNA polyplexes were usually prepared at a con-

stant quantity of CD cavities (20 equiv) and DNA (1 equiv),

with various amounts of Ada (ranging from 1 to 10 equiv).

Size and zeta-potential measurements showed that all the

poly-b-CD/Ada vectors could complex plasmid DNA.

Moreover, agarose gel electrophoresis indicated that full

retardation was obtained at lowN/P ratios (�5 for Ada2 and

Ada3, �2 for Ada4, �1 for Ada5). The results were

corroborated by surface-enhanced Raman spectroscopy

(SERS) experiments, which monitored the accessibility of

adenyl residues to silver colloids. The SERS signal intensity

decreased with N/P increase, showing that adenyl residues

have a reduced accessibility as DNA is bound to the vector.

The bicationic head group of Ada4 and Ada5 led to poly-

plexes that are less sensitive to the ionic strength of the

medium than those formed with Ada2 and Ada3, as eval-

uated by agarose gel electrophoresis and complemented

with SANS measurements. In vitro transfection experi-

ments were performed on two cell lines, HepG2 and

HEK293, and transfection efficiency was determined by

luciferase protein activity. The best efficiencies were ob-

tained with Ada4 [80] and Ada5 [81], with polyplexes

formed at a poly-b-CD/Ada/DNA ratio of 30 : 60 : 1 and

30 : 40 : 1, respectively. Addition of the fusogenic JTS1

peptide led to a noticeable increase in the transfection

efficiency, reaching values close to those of DOTAP for

Ada4 polyplexes and even more than 10 times higher for

Ada5 polyplexes on the HEK293 cell line.
Figure 16. Ternary association between polybCD, an amphiphilic

cationic connector and DNA.
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5. CONCLUSIONS

A large variety of architectures involving CDs have been

designed to fulfill the requirements of gene delivery. Among

them, it has been shown that CDs impart to these systems

lower toxicities together with comparable or larger transfec-

tion efficiencies than comparable synthetic vectors free of

CDs. A key feature of CD-containing vectors is that inclusion

complex formation gives high flexibility to the system and

allows surface modification of the vector (targeting ligands,

PEGylation of the vectors).
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1. INTRODUCTION

Among the different approaches aimed at drug delivery,

targeting has always exerted a potent fascination. The idea

of delivering a bioactive substance in a specificway to the site

of action, the cells affected by the disease, or even to the

subcellular compartment where the drug reaches its molec-

ular target comes from the “magic bullet” concept of Paul

Ehrlich. At the very dawn of the era of medicinal chemistry,

he envisaged a specific targeting of the therapeutically active

substance to the body region affected as the ideal treatment

for any disease [1].

The successful targeting of the pharmaceutical active

ingredient by conjugation to a targeting moiety allows for

higher efficacy, milder side effects, and dose reduction as a

consequence of the improved specificity of the treatment.

From the very beginning, targeting has been proposed and

investigated for the improvement and optimization of anti-

cancer chemotherapies, generally associatedwith severe side

effects [2].

Issues related to targeting are far more complex and

challenging than the simplifications used for describing

the mechanisms, in particular because of random distri-

bution of the targeted drug delivery system and of the

probability of interaction with its target [3]. However,

once targeting has been achieved, the delivery system may

penetrate cells, providing cellular accumulation that does

not take place for untargeted systems. In addition, the

discovery of new biological targets is expected to provide

further control on the efficiency and specificity of the

delivery process [4].

Since the 1970s, cyclodextrins (CDs) and their deriva-

tives, in virtue of their peculiar inclusion properties, have

been proposed as pharmaceutical excipients and have found

application in several marketed products. They are deemed

unique products since natural and semisynthetic CDs can

modulate the physical, chemical, and biopharmaceutical

properties of guest molecules, eventually ameliorating crit-

ical drug properties such as water solubility, dissolution rate,

stability, and bioavailability [5]. In addition, CDs have been

studied as functional excipients in controlled-release systems

[6]. The advances in chemical strategies for CDs derivati-

zation, along with the exciting results obtained with site-

selective colloidal drug carriers (i.e., liposomes and nano-

particles) has led to the development of targeted CDs. In

recent years, CDs have been regarded not only as simple

functional excipients but rather as multifunctional supramo-

lecular carriers. Two requirements must be fulfilled to obtain

such targeted CDs: (1) conjugation of targeting moieties on

the CD scaffold, without impairing their specific recognition

of cellular targets; and (2) adequate complexation of the

guest molecule, which has to be transported efficiently to the

specific disease site [7].

In this chapter, a critical overview of some of the most

interesting approaches aimed at developing targeted CDs is

presented. Particular emphasis is dedicated to tumor target-

ing, a field where selective treatments are required and

expectations from targeted therapies are extremely high.
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We also review a number of other modified CDs developed

as molecular carriers designed to attain tissues, organs, and

body regions where more specific and efficient treatment is

required.

Taking into account the latest evolution of semisynthetic

CDs, applications of targeted CDs will increase in the near

future. The new opportunities offered by biotechnology, in

terms of both biological targets and potent but fragile bio-

active molecules, are expected to sustain evolution in the

pharmaceutical field, with targeted delivery systems playing

a pivotal role.

2. TUMOR TARGETING

In recent years, significant advances have been made in

cancer therapy [8], with nanotechnology and biotechnology

playing a pivotal role in this evolution. Scientists have

investigated two major fields: the development of new mo-

lecules addressed toward new pharmacological targets [9],

and the site-selective delivery of drug-loaded nanosystems

by targeting receptors or antigens overexpressed in a tumor.

A few studies have shown interesting results by combining

both strategies. Limitations in the therapeutic approach are

mainly ascribable to an inability to design adequate drugs

that would specifically interfere with a selected molecular or

genetic target.

Site-selective drug delivery has been extensively investi-

gated to target tumor cells displaying specific receptors and

antigens on their surface. Enhanced site specificity and

internalization can enhance the efficacy of a therapeutic

treatment and decrease the secondary effects that are typical

of chemotherapy. Some research groups have emphasized

the pivotal role of active tumor cell targeting and uptake

aimed at accessing molecular targets [10]. Drug delivery

systems with cell-penetrating properties are often required to

deliver effectively anticancer drugs that poorly permeate

the cell membrane, such as oligonucleotides and biothera-

peutics [11].

Cell-specific expression or overexpression of defined

targets are essential for exploitation in selective drug deliv-

ery. So far, a few biological targets have been investigated for

addressing drug delivery systems to tumor tissues:

1. Vascular endothelial growth factor receptor (VEGFR),

a cytokine receptor overexpressed during neoangio-

genesis in tumor tissues. Few delivery systems have

been developed for VEGFR targeting.

2. avb3 integrin, highly expressed in neovasculature and

involved in the signaling pathway leading to endo-

thelial cell migration [12]. avb3 integrin has been

targeted using nanosystems decorated with an argi-

nine–glycine–aspartic acid sequence (RGD) or chem-

ical entities mimicking its structure [13].

3. Vascular cell adhesionmolecule-1 (VCAM-1), a trans-

membrane glycoprotein, absent on normal vasculature

and expressed mostly during neoangiogenesis. Anti-

VCAM-1 immunodecorated delivery systems have

been developed.

4. Metalloproteineases (MMPs), a family of endopepti-

dases enrolled in degradation of the extracellular ma-

trix [14]. These endopeptidases are extremely active in

tissues undergoing neomorphogenesis as tumors.

Metalloproteinases have been targeted by anti-MMP

monoclonal antibodies to direct drug-loaded nano-

systems [15].

5. Epidermal growth factor receptor (EGFR) and human

epidermal receptor-2 (HER-2), overexpressed in 30%

of solid tumors. These cytokines participate in the

signaling pathway of growth and proliferation in

tissues [16].EGFRhas been targeted by themonoclonal

antibody Cetuximab (Imclone Systems, NewYork, NY

and Bristol-Myers Squibb, Princeton, NJ) currently in

the market as a therapeutic agent and under investiga-

tion as targeting tool for addressing nanosystems [17].

Anti-HER-2 antibody trastuzumab (Herceptin, Genen-

tech, South San Francisco, CA) is used for the delivery

of a variety of nanoparticulate systems [18].

6. Transferrin receptor, overexpressed on metastatic and

drug-resistant cells compared to normal cells.

7. Folate receptor, upregulated on a variety of cancer cells

compared to normal tissue.

8. Luteinizing hormone–releasing hormone (LHRH) re-

ceptor, a target that has beenwidely investigated for the

diagnosis and treatment of localized and metastasized

breast cancer.

9. Prostate-specific membrane antigen (PSMA), identi-

fied as the main target for prostate cancer treat-

ment [19]. Recently, polymeric biodegradable nano-

particles decorated with aptamers recognizing the

PSMA, have shown promising results in xenograft

tumor models [20].

So far, only some of the biological targets mentioned

above have been considered for obtaining CDs with active

targeting properties aimed at site-specific delivery of che-

motherapeutics or biotechnological drugs for the treatment

of cancer.

2.1. Folate-Mediated Targeting

Folic acid is a vitamin essential for cell function and con-

tributes a biosynthetic cycleof purines andpyrimidines. Folate

has very low cell membrane permeability; thus, cells have

developed two transport mechanisms for this vitamin. In

normal cells, a low-affinity (KD� 1 to 5mM) membrane-

spanning protein transports reduced folates directly into the
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cell cytosol and remains anchored to the cell membranewhile

shuttling folate. However, this transmembrane transporter is

unable to translocate folate conjugates [21]. Malignant cells

transport folate and folate conjugates in an oxidized form (i.e.,

folic acid) through a high-affinity (KD� 100 pM) folate re-

ceptor by amechanism called potocytosis. The folate receptor

is a 38-kDa glycosyl-phosphatidylinositol-anchored glyco-

protein expressed on the membrane surface of several cell

types. It is located in caveolin-like clathrin-independent in-

vaginations on the cell surface [22]. Upon receptor binding,

the folate–folate receptor complex is taken up by cells and

moves through the many organelles involved in endocytic

trafficking [23]. The receptor is overexpressed by many types

of tumor cells, including ovarian, endometrial, colorectal,

breast, lung, renal, and neuroendocrine carcinomas and brain

metastases [24]. By virtue of its ability to be taken up by tumor

cells overexpressing the folate receptor, folic acid has been

widely investigated as a targeting molecule for the selective

delivery of anticancer drugs, because it allows cellular inter-

nalization ofmacromolecules and colloidal systems decorated

with folic acid.

Proper synthetic procedures have been developed to

conjugate folic acid to drug carriers. In particular, it has

been demonstrated that the chemical derivatization of the

glutamate c-carboxyl group does not result in a significant

loss in affinity of folic acid for its receptor, thereby allowing

the conjugated folic acid to maintain its biological activity.

Folate-based carriers have been produced by conjugating

folic acid to radionuclide deferoxamine complexes aimed at

radiopharmaceutical imaging, liposome-encapsulated drugs

and DNA, as well as cytotoxins [25–28].

CDs have been modified successfully in order to achieve

selective targeting of anticancer drugs to folate receptor–

overexpressing tumor cells. A defined chemical protocol was

established for folic acid conjugation to b-CD through a poly

(ethylene glycol) (PEG) spacer [29]. The structure of the

bioconjugate CD–PEG–folic acid (CD–PEG–FA) is reported

in Scheme 1.

This supramolecular system has been designed to allow

drug inclusion into the CD hydrophobic cavity, has a high

solubility conferred by PEG, and possesses targeting prop-

erties via folic acid. It was hypothesized that the simulta-

neous presence of folic acid and drug-loaded b-CDs would
guarantee uptake of the carrier into the target cells, where the

drug can be released by environmental changes. For example,

the pH-induced ionization of CD–loaded drug can take place

in lysosomes or other subcellular compartments that have an

acidic pH and can induce an affinity decrease for the CD

cavity with consequential drug release.

The preparation of the monosubstituted CD–PEG–folate

conjugate (CD–PEG–FA) was carried out by coupling a

700-Da diamino-PEG chain to 60-monotosylated-b-CD. The
resulting CD–PEG–NH2 was reacted with an excess of

succinimidyl ester–activated folic acid. PEG was used as a

spacer arm because it confers flexibility to folic acid, favor-

ing receptor interactions thatmay be hindered by theCDunit.

CD–PEG–FAwas found to be about three timesmore soluble

than the unmodified b-CDs. The ability of the CD–PEG–FA
conjugate to form inclusion complexeswithmodel drugswas

investigated using estradiol [30]. The solubility ofb-estradiol
complexed with CD–PEG–FA was about 540 times higher

than that of drug in plain buffer and nine times that obtained

with b-CD. The higher solubility of b-estradiol in the pres-

ence of CD–PEG–FAwas attributed to the high solubility of

the carrier. The CD–PEG–FA/estradiol inclusion constant

(Kc) was about five times lower than the CD/estradiolKc. The

decreased b-estradiol affinity for the targeted CDs as com-

pared to the native ones was partially ascribed to folic acid

competition for the b-CD cavity. In addition, the modifica-

tion of the epta-glucopyranose ring with the mobile and

hydrophilic PEG chain may prevent the inclusion of estra-

diol, which is a molecule with a flat but large sterically

hindered structure. In silico studies derived from the

dissolution profiles of b-estradiol with molecular dynamic

modeling showed that b-estradiol combines with CD–PEG–

FA at a 2 : 1 stoichiometry for the CD–PEG–FA/b-estradiol
complex, while CD/b-estradiol undergoes a 1 : 1 stoichiom-

etry (Fig. 1).

Preservation of the included drug from chemical degra-

dation was investigated using chlorambucil, which is a fast-

degrading model drug. The study showed that the CD-based

conjugate partially prevented drug degradation, although

the protective effect was significantly lower than that dis-

played by native b-CDs. However, it should be noted that the
chlorambucil/CD–PEG–FA affinity was significantly lower

than that calculated for b-estradiol.
The systemic biocompatibility of CD–PEG-FA was

investigated in vitro by the hemolysis test. Indeed, the

parenteral administration of natural CDs is known to induce

undesirable hemolysis as a consequence of cell membrane

cholesterol extraction, and nephrotoxicity due to deposition

of CD–cholesterol crystals in the kidneys [31]. CD–PEG-FA
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Scheme 1. Structure of the bioconjugate cyclodextrin-PEG-folic

acid. (In part, from [29], with permission. Copyright � 2003

American Chemical Society.)
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displayed negligible hemolytic characteristics (15%) up to a

concentration of 20mM compared to native b-CDs, which
was ascribed to the lower affinity of the former for erythro-

cytic cholesterol.

The affinity of the bioconjugate CD–PEG–FA for im-

mobilized folate-binding protein (FBP) and for the cell

membrane folate receptor was investigated by BIAcore

analysis and by cultured KB tumor cells overexpressing

the folate receptor, respectively [32]. BIAcore studies

showed that CD–PEG–FA bioconjugates interacted specif-

ically with the FBP immobilized on the sensor chip and

displayed a 400-fold lower affinity constant for the folate-

binding protein compared to the affinity of free folic acid

(Ka¼ 50 pM) [33]. However, it is important to note that a

decreased affinity of the bioconjugated folate for the folate-

binding protein was expected because about a 20% molar

ratio of folic acid was conjugated to PEG through the

a-carboxylic group of glutamate, which is involved in

receptor recognition.

The binding of CD–PEG–FA to the folate receptor on KB

cells was investigated by competition studies using radiola-

beled folic acid.The studydemonstrated that the bioconjugate

competes and displaces [3H]folic acid from the cell surface

receptor as theCD–PEG–FA concentration increased (Fig. 2).

These results showed that CD–PEG–FA maintains 7% of the

native affinity for the cell folate receptor in vitro.

Selective drug delivery to folate receptor overexpressing

cells was also investigated. The interactionwith the folic acid

receptor is known to promote cell internalization of folic acid

through a potocytosis pathway. CD–PEG–FA loadedwith the

fluorescent probe rhodamine-B was incubated with KB cells.

The cell uptake of rhodamine-B delivered by CD–PEG–FA

was 19% higher than that elicited by rhodamine-B-loaded

b-CDs. The bioconjugate selectivity for targeting folate

receptor overexpressing cells was confirmed by using MCF7

cells, a human breast cancer cell line that lacks the folate

receptor, as a control [34]. Low levels of cell-associated

fluorescencewere observed after incubationwith rhodamine-

B-loaded CD–PEG–FA and untargeted CDs. Confocal

laser-scanning microscopy visualized that CD–PEG–FA

loaded with rhodamine-B allowed active transport of the

fluorophore into KB cells and promoted its localization into

tubular endosomal structures (Fig. 3).

Multivesicular bodies with a predominantly perinuclear

fluorophore disposition were also observed. Cell trafficking

studies on KB cells showed that early endosomes were

formed as a consequence of folate-mediated selective uptake

of the rhodamine-loaded CD–PEG–FA. Larger cytosolic

fluorescent areas were observed over time, indicating that

the endosomes migrate and are localized in proximity of the

Golgi apparatus.

A second generation of folate-targeted CDs for selective

drug delivery was obtained by expanding the hydrophobic

cavity of the cyclic polysaccharide in order to enhance the

drug-binding properties of the epta-glucopyranose carrier.

The new derivative was synthesized by the conjugation of

hexamethylene alkyl chains to the b-CD ring to obtain a

bouquet-like CD arrangement [35]. The new CD-based

carrier was obtained by a three-step procedure.

1. The CD cavity was expanded by reaction with

an excess of hexamethylene diisocyanate to obtain
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Figure 2. [3H]folic acid competition binding profiles of cellular

folate receptor obtained with monolayer KB cells incubated with

CD–PEG 1 : 1 molar ratio (&) and CD�PEG�FA (~). (From [32],

with permission. Copyright � 2004 American Chemical Society.)

Figure 1. Three snapshots of the MD simulation performed for 2 ns at 310K on the 1 : 2 b-estradiol/
CD-PEG-FA assembly in water: (A) t¼ 0; (B): t¼ 1 ns; (C): t¼ 2 ns. For clarity, b-estradiol is shown
in a ball-and-stick representation; CD-PEG-FA is shown in a stick representation. (Adapted from [29],

with permission. Copyright� 2003American Chemical Society.) (See insert for color representation

of the figure.)
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CD–(C6-NCO)5. A key point in the synthetic process

was to avoid all cross-linking by using activated alkyl

chains in excess and adequate reaction conditions.

The 1H NMR analysis showed that five out of seven

primary hydroxyls of b-CDs were modified with

hexamethylene.

2. The distal isocyanate groups of CD-(C6-NCO)5 un-

derwent PEGylation with a 700-Da diamino-PEG

polymer. PEG was essential to confer flexibility and

solubility to the alkylated CDs.

3. CD–(C6-PEG)5–FA was synthesized by reacting

CD–(C6-PEG–NH2)5 with succinimidyl ester–

activated folic acid. A derivative with a mean of 1.3

folic acid residues per CD moiety was obtained.

The ability of the new bioconjugate to form soluble

inclusion complexes with hydrophobic molecules was in-

vestigated using b-estradiol and curcumin because of their

poor solubility in water: 11 mM and 30 nM, respectively.

Estradiol solubility was increased 320-fold when biocon-

jugated. The inclusion constant of CD–(C6-PEG)5–FA/

b-estradiol was similar to that reported for CD–PEG–FA/

b-estradiol discussed above (Kc¼ 12975 M�1) [29]. Prom-

ising results were obtained with curcumin, a natural dia-

rylheptanoid extracted from Curcuma longa L. Curcumin

was chosen because it has a variety of biological activities,

such as antiangiogenic, anti-inflammatory, and cytotoxic

effects on many cancer cells [36]. Clearly, curcumin has a

great potential as therapeutic agent, but suffers from

poor solubility and stability in water. Curcumin solubility

was increased 1.16� 105 times when included in

CD–(C6-PEG)5–FA, and the dissociation constant was cal-

culated to be �1 mM. By comparing the inclusion affinities

of estradiol and curcumin for the carrier, it was concluded

that small linearmolecules display a higher affinity for these

specific bouquet-like CDs, as they can penetrate deeper into

the binding cavity and be surrounded by the newly intro-

duced alkyl chains. In the case of curcumin, the increased

drug solubility was due to both a higher carrier solubility

and high complex stability.

The curcumin stability in free solution compared to being

associated with b-CD and CD–(C6-PEG)5–FA was investi-

gated in buffers at pH 6.5 and 7.2. These two pHs were

selected to simulate the plasma (pH 7.2) and tumor tissue

(pH 6.5) conditions. The drug in free solution undergoes

pH-dependent degradation according to a first-order kinetic.

CD–(C6-PEG)5–FAwas found to enhance the drug stability

significantly at both pHs. In addition, the drug stability

observed with CD–(C6-PEG)5–FAwas much higher than in

the presence of b-CD (Fig. 4).

The selective targeting property of CD–(C6-PEG)5–FA

was demonstrated with the KB and MCF7 cell lines. When
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Figure 4. Curcumin hydrolysis profile in 0.1M phosphate buffer, pH 6.5 (A) and pH 7.2 (B) at 30�C:
free curcumin (^), in the presence of b-cyclodextrins (*), in the presence of CD–(C6-PEG)5–FA (~).

(Adapted from [35], with permission. Copyright � 2007 Informa UK, Ltd.)

Figure 3. Confocal images obtained by incubation ofKB cells with

rhodamine-B-loaded CD�PEG�FA. (In part, from [32], with per-

mission. Copyright � 2004 American Chemical Society.) (See

insert for color representation of the figure.)
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KB cells were tested, curcumin-loaded CD–(C6-PEG–NH2)5
exhibited a 58-mM ED50, whereas curcumin-loaded CD–

(C6-PEG)5–FA displayed a 21-mM ED50, indicating that the

physicochemical properties of the carrier are paramount for

cell targeting (Fig. 5A). The study performed using MCF7

cells showed that curcumin loaded into targeted and non-

targeted CDs induced similar cell toxicities (ED50 over

60 mM) (Fig. 5B).

The nonspecific drug delivery to MCF7 cells confirmed

that themacromolecular system is effective in addressing cell

lines expressing the folate receptor. Notably, the limited

beneficial effect on the specific delivery of curcumin to KB

cells was ascribed partially to insufficient cell uptake due to

the competition of the carrier free drug for the folate receptor.

2.2. Transferrin-Mediated Targeting

Transferrin is an 80-kDa iron-binding glycoprotein respon-

sible for the transport of iron to proliferating cells. It is

composed of a single polypeptide chain of 679 amino acids.

In human serum, the transferrin concentration is about

2.5mg/mL (35mM), with a 30% binding sites occupied by

Fe2þ . Iron-coupled transferrin binds to its specific receptor

on the cell surface, undergoes internalization by endocytosis,

and releases iron into acidic compartments.

The transferrin receptor has been investigated largely as a

target for cancer therapy because of its upregulation in

metastatic cells, which require more iron for cell cycle

progression than do normal cells [37]. Transferrin-mediated

anticancer drug delivery conjugates have been investigated

in human clinical trials with adriamycin, cisplatin, and

diphtheria toxin [38–40].

In recent decades, transferrin has been used to actively

deliver colloidal therapeutic systems to cancer cells. Trans-

ferrin coupled to liposome through a poly(ethylene glycol)

spacer was shown to specifically target C6 glioma cells in

vitro and enhanced the uptake of liposome-encapsulated

doxorubicin via a receptor-mediated mechanism [41]. In a

chronic myelogenous leukemia cell line (K562 cells),

the cellular toxicity of transferrin-decorated doxorubicin/

verapamil-loaded liposomes was 5.2 times higher than that

of nontargeted drug-loaded liposomes. Importantly, compe-

tition binding studies confirmed the transferrin-mediated cell

uptake. Thus, a combination therapy with transferrin-deco-

rated liposomes has proven to effectively overcome multi-

drug resistance [42].

CDs-based self-assembled polymers have also been dec-

orated with transferrin to endow a drug delivery system with

targeting properties. These supramolecular constructs have

been developed as nonviral vectors for the delivery of

therapeutic macromolecules: namely, oligonucleotides.

Aimed at developing an innovative, physically assembled

supramolecular system for active macromolecular drug de-

livery, Mark Davis and his collaborators synthesized a new

class of CD-based polycationic polymers that can be surface

modified by modular attachment of stabilizing and targeting

agents, thus representing a very versatile core platform. The

novel cationic supramolecular system was designed to pro-

vide for oligonucleotides complexation (DNA, siRNA, etc.).

In addition, the targeting properties were conferred by con-

jugating transferrin to adamantane, which can interact phys-

ically with the polymer. In fact, adamantane can be included

in the CD cavity, allowing for transferrin exposition. Poly-

amidine–CD with alternating positively charged amino

groups and CDs was obtained by 6A,6D-dideoxy-6A,6D-

di(2-aminoethanethio)-b-CD polymerization with a diami-

dine monomer (dimethyl suberimidate) [43]. The linear

copolymer structure, shown in Scheme 2, was end-terminat-

ed with imidazole, which has been reported to improve the

transfection efficiency of oligonucleotides delivery systems

by acting as an endosomolitic agent [44].

This class of CD-based cationic polymer (CDP-Im) was

found to bindDNA above the 1.5 polymer/DNA charge ratio.

Furthermore, the DNA-binding efficiency depends on the
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distance of the amino groups from the CD moiety. Polymers

containing a mean of 10 cationic charges per chain can

condense DNA into discrete particles of 150 nm (polyplexes).

As observed with DNA complexed with polyethylenimmine,

the stability and particle dimensions of these new polyplexes

are strongly dictated by the polymer–DNA charge ratio.

To evaluate the gene delivery performance of this poly-

cation, in vitro studies were performed using BHK-21 and

CHO-K1 cells, which are cell lines known for their low

transfection efficiency with diverse techniques. BHK-21 and

CHO-K1 cells underwent successful transfection with a CD-

based carrier complexed with a luciferase encoding plasmid.

The polymer transfection increased luminescence, similarly

to PEI and lipofectamine, and induced a two-order-of-mag-

nitude higher luminescence than that of the commercial

SuperFect transfection reagent. Preliminary in vitro studies

showed low toxicity on BHK-21 cells, which was ascribed to

the polycationic nature of the polymer, and in vivo studies in

mice displayed no mortalities after a single injection of up to

200mg/kg. In contrast, PEI showed a LD50 value of approx-

imately 30mg/kg in the same animal model.

The targetingmoiety adamantane–poly(ethylene glycol)–

transferrin (AD–PEG–Tf) was obtained by conjugating ada-

mantane–PEG–vinylsulfone to the lysines of transferrin [45].

To characterize the targeting properties of the AD–PEG–Tf

itself, competition studies using fluorescein-labeled trans-

ferrin were performed. The study was performed using PC-3

cells, a human prostate carcinoma cell line that expresses

elevated levels of the transferrin receptor. The results showed

that AD–PEG–Tf maintained 94% of the cell recognition

characteristics of the native protein.

The supramolecular system was obtained by mixing a

solution containing AD–PEG–Tf, adamantane–PEG (AD–

PEG), and CDP-Im to a solution of selected oligonucleotide

sequences, which resulted in the spontaneous formation of

targeted polyplexes. A scheme of the components and poly-

plex structure is reported in Fig. 6.

The CD cavities were occupied by AD–PEG and AD–

PEG–Tf at 98 and 2% molar ratios, respectively. AD–PEG

was used as a stabilizing and shielding agent. The colloidal

polyplexes exhibit an average size of �100 to 150 nm. The

forces maintaining the physical identity of these polyplexes

result from cooperative components of tightly packed PEG

chains supported by the adamantane–CD inclusion enthalpy.

Furthermore, PEGylation confers an elevated stability in

biological media, reduced aggregation, and negligible eryth-

rocyte aggregation, which is triggered by cationic polymers.

The supramolecular system does not elicit complement

activation, which may be ascribed to the low molecular

weight of the CD-based copolymer [46]. Studies performed

with siRNA showed that the polyplexes preserved the oli-

gonucleotides from nuclease degradation in serum [47].

The cooperative effect of the targeting moieties on

the carrier surface enhanced nanoparticle binding to the trans-

ferrin receptor–expressing cells. In vitro studies performed

with K562 cells, which are notoriously difficult to transfect,

showed that luciferase encoding plasmid-loaded polyplexes

eliciteda fourfold increase in transfectionefficiencycompared
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to untargeted polyplexes that were made with similar compo-

nents, except the targeting agent AD–PEG–Tf.

Transferrin-targeted polyplexes were investigated in vivo

for DNAzyme delivery. DNAzymes are sequences of DNA

capable of catalytic cleavage and inactivation of RNA [48].

Fluorescently labeled DNAzymes condensed polyplexes

with a diameter of about 50 nm were injected in nude mice

bearing a HT-29 cell line xenograft tumor, which overex-

pressed the transferrin receptor. DNAzyme disposition was

found to be time, route of administration, and formulation

dependent. After intraperitoneal and intravenous injection,

unformulated DNAzymes were cleared from the body

completely, while transferrin–PEG polyplexes–formulated

DNAzymes showed an elevated distribution in the tumor,

kidneys, and liver. On the contrary, subcutaneous adminis-

tration of native or formulated DNAzymes revealed that all

material remained at the injection site. Histological analysis

of tumor microsections showed that only intravenous injec-

tion of DNAzyme-loaded targeted polyplexes produced in-

tracellular localization, while intraperitoneal administration

did not result in tumor cell uptake. Therefore, intravenous

administration is the preferred method of treatment for CD-

based polyplexes and allows for their intracellular delivery to

tumors only when specifically targeted. In vivo, CD-based

polyplexes displayed a suitable pharmacokinetic profile, as

they exhibit reduced renal clearance, adequate bloodstream

circulation, DNA protection, and large payload delivery.

The CD-based targeted polyplexes were employed to

deliver specific siRNA sequences for the therapeutic treat-

ment of mice inoculated with a Ewing’s family tumor

(EFT) [49]. NOD/scid mice bearing EFT tumor overexpres-

sing the transferrin receptor were injected with untargeted

and targeted PEG polyplexes loaded with a siRNA sequence

for tumor suppression (siEFBP2). Untargeted PEG poly-

plexes delayed the tumor engraftment; however, following

the onset of tumor growth, the growth rate was unaffected by

further administration of siEFBP2-loaded PEG polyplexes.

When administered according to a short-term therapeutic

regimen, the targeted polyplexes provided a transient inhi-

bition of tumor growth, and the effect lasted only two to three

days with a 60% reduction in the targeted RNA level.

The long-term treatment (twice a week beginning the first

day the tumor cells were inoculated intomice)with siEFBP2-

loaded transferrin/PEG polyplexes induced a significant

inhibition against engraftment of malignant cells (Fig. 7).

This study confirmed that targeted siRNApolyplexes are able

to protect geneticmaterial from nuclease degradation invivo,

and allow for receptor-mediated cellular uptake of biolog-

ically active siRNA.

Some reports claim that siRNA can trigger immuno-

responses and alter the IFN levels. Nevertheless, a single

administration of siEFBP2-loaded transferrin–PEG poly-

plexes to immunocompetentmice did not elicit any alteration

of the levels of IL-12, IFN-a platelets, liver enzymes, or

creatinine.

The biodistribution and pharmacokinetic profiles of siR-

NA-loaded transferrin–PEG polyplexes were evaluated by

multimodal imaging. Positron emission tomography/com-

puter tomography (PET/CT) for three-dimensional time-

related biodistribution and bioluminescence correlates the

disposition of a therapeutic agent and its biological ef-

fect [50]. NOD/scid mice bearing luciferase-transfected

Neuro2A tumor cells were injected with transferrin–PEG

polyplexes loaded with 64Cu-labeled siRNA targeting

Figure 7. Growth curves for engrafted EFT tumor on mice receiving long-term treatment of siRNA

formulations. The median integrated tumor bioluminescent signal (photons/s) for each treatment

group is plotted versus time after cell injection. Treatment groups: A, 5%w/v glucose only (D5W); B,

naked siEFBP2; C, targeted, formulated siCON1; D, targeted, formulated siEFBP2; E, nontargeted,

formulated siEFBP2. (In part, from [49], with permission. Copyright � 2005 American Association

for Cancer Research.)
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luciferase. MicroPET/CT animal scanning over 1 h after

injection showed that transferrin-targeted polyplexes had a

similar liver accumulation (26%) compared to naked 64Cu-la-

beled siRNA, while the kidney excretion was delayed 10min

compared to free oligonucleotides. Both free and polyplex-

loaded siRNAs displayed a t1/2 of about 3min and rapid

kidney and liver distribution. It is relevant to note that targeted

and nontargeted cationic polyplexes displayed very similar

tumor dispositions 1 h after injection (about 1% ID/cm3).

Thus, it appears that the targeted system did not show any

advantage over the untargeted PEG polyplexes. However,

clear advantages of targeted nanosystems emerged by func-

tional bioluminescence imagining, which assessed the higher

therapeutic activity of the targeted nanoparticles compared to

untargeted activity. In fact, transferrin–PEG polyplexes re-

duced the luciferase expression increase by 50% compared to

nontargeted polyplexes, as shown by invivo bioluminescence

imaging (Fig.8).Despite the fact that targetedandnontargeted

polyplexes distribute in the tumor tissue to the same extent,

targeted nanoparticles were able to deliver more functional

siRNA inside tumor cells than untargeted polyplexes.

The best dosing schedule was also investigated for this

family of CD-based targeted polyplexes [51]. Transferrin–

PEG polyplexes loaded with antiproliferating siRNA were

injected into A/J mice bearing a subcutaneous Neuro2A

tumor cell line. Tumor growth inhibition was achieved when

the siRNA concentration threshold inside the cells was

reached. Thus, the efficacy of the siRNA-based therapeutic

treatmentwas affectedmore by the dose schedules rather than

the dose, and should be tailored according to the cell splitting

time. In vivo pharmacokinetic studies showed that the best

therapeutic performance can be obtained by three single

administrations over three consecutive days of 2.5mg/kg

siRNA formulated with the transferrin-targeted polyplexes.

Recently, Mark Davis’s group demonstrated the safety of

siRNA-loaded transferrin–PEG polyplexes by administration

to cynomolgus monkeys [52]. Targeted polyplexes were

loaded with tumor antiproliferating siRNA and administered

to healthy animals at 3 to 27mg/kg siRNA dose, which was

100 times higher than the efficacy demonstrated in the mouse

model. The animals treated did not exhibit loss of weight or

alteration in food consumption. In addition, the serum mar-

kers and coagulation parameters remained in the physiolog-

ical range. Overall, the targeted polyplexes were tolerated by

the animals and only the highest dose showedmild kidney and

liver toxicity. Although oligonucleotides are reported to have

species-specific-related responses in terms of complement

activation, siRNA-loaded transferrin–PEG polyplexes did not

show this effect.

Specific interleukins, interferons, and TNFa were also

evaluated in blood samples taken at various time points for

each dose administered. The lowest doses did not elicit im-

munostimulation, while the 27-mg/kg siRNA dose induced a

slight increase in Il-6. The absence of immunostimulation can

be ascribedmainly to the polymeric carrier. Indeed, lipid-based

siRNA delivery systems are reported to trigger an immune

response only after intravenous administration. For compari-

son, a lipid-based formulation of siRNA showed a ninefold-

higher liver toxicity and more evident organ dysfunction than

those of the carrier proposed by Davis et al. In conclusion, the

targeted siRNA-loaded CD-based carrier can be administered

safely over a multiple-dose schedule, and it allows for a wide

therapeutic index of siRNA [53]. The pharmacokinetic profile

of siRNA in monkeys was in agreement with previous results

obtained with mice. Since no antitransferrin antibodies are

raised by animal exposure, after multiple administrations of

targeted polyplexes, the oligonucleotides pharmacokinetic

profile was not altered by the presence of antibodies.

Figure 8. In vivo functional bioluminescence imaging of mice before injection and 1 day after

injection of targeted and nontargeted siRNA nanoparticles. (In part, from [50], with permission.

Copyright � 2007 The National Academy of Sciences of the USA.) (See insert for color represen-

tation of the figure.)
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2.3. Targeting Cathepsin B

Cathepsin B is a 31-kDa cysteine protease that plays a pivotal

role in the protein turnover taking place in lysosomes [54].

Cathepsin B is primarily an exopeptidase at the acidic lyso-

some pH, but it displays endopeptidase activity at higher pH

values. It is involved in pathologies such as arthritis and

cancer. Cathepsin B overexpression has been observed in

many human tumors, including gliomas and melanomas,

prostate, breast, colorectal, esophageal, gastric, lung, ovarian,

and thyroid carcinomas [55]. High cathepsin B levels are

predictive of a poor prognosis in several tumors, such as

colon [56] and ovarian [57] carcinomas. Cathepsin B expres-

sion and excretion are triggered by interactions of cells with

extracellular matrix proteins. Defects in physiologic traffick-

ingpathways lead to increased cellular secretionof procathep-

sin B, the cathepsin B precursor. Interestingly, despite ca-

thepsin B not having transmembrane sequence, it has been

shown to be closely associated with the cell surface of many

types of tumors, and in a few tumors, membrane binding was

found to take place through a macroglobulin and its recep-

tor [58]. Because of its enzymatic activity, cathepsin B

participates in invasive tumor progression in the following

ways: (1) by direct degradation of extracellular matrices, and

(2) by activating proteases that contribute to the degradation

of extracellular matrices. Because cathepsin B is associated

with the cell membrane of many tumors, extracellular ca-

thepsin B has been considered an interesting target for

selective tumor therapy. Several studies have been carried

out to develop drug carriers for targeting cathepsin B positive

tumor cells.

With the goal of endowing CDs with targeting properties

toward cathepsin B–expressing tumor cells, an endo-epox-

ysuccinyl peptide (MeO–Gly–Gly–Leu–tEps–Leu–Pro–

OH) with selective cathepsin B inhibitory activity was

conjugated to b-CDs [59]. The conjugate was obtained by

monoammino b-CDs reaction with BOC-protected e-ami-

nohexanoic acid. After deprotection, the derivative was

coupled to the peptide sequence MeO–Gly–Gly–Leu–

tEps–Leu–Pro–OH. Methotrexate was found to associate

with the CD cavity at a 1 : 1 ratio. Biological investigation

showed that conjugation to CDs did not dramatically alter the

biological activity of the peptide sequence, and its inhibitory

potency was reduced by only a factor of 0.7 upon conjuga-

tion, while the selectivity toward cathepsin B was increased.

The non-membrane-permeable CD-endo-epoxysuccinyl

peptide-conjugate was tested with MCF7 human breast

cancer cells, which contain membrane-associated cathepsin

B. TheCD-endo-epoxysuccinyl peptide-conjugate displayed

a high inhibitory activity for endogenous cathepsin B re-

leased from cell lysates, whereas limited inhibition was

measured in living cells where cathepsin B is coupled with

the membrane. Therefore, it can be concluded that the

conjugate can selectively target the cathepsin B on tumor

cells overexpressing the enzyme and deliver the therapeutic

drug included in the CD cavity.

3. GASTROINTESTINAL TARGETING

The most interesting site-specific delivery of biologically

active molecules to the gastrointestinal tract is by far colon

targeting. This type of delivery is particularly appealing for

the effective therapy of colon-related diseases such as colon

cancer and irritable bowel disease, including Crohn’s disease

and ulcerative colitis [60].On the other hand, the colon shows

several interesting physiological and chemical properties,

such as nearly neutral pH, long transit time, and relatively

low enzymatic activity, making it an ideal absorption site for

various drugmolecules, including peptides and proteins [61].

For these reasons, the application of CD for a site-specific

delivery in the gastrointestinal tract after oral administration

is probably the first type of targeted therapy attempted using

CDs. Initially, CDs have been incorporated as an excipient in

solid-dosage forms such as tablets, pellets, or micro-

spheres [62–64], in order to complex the drug, to modulate

the release, and eventually to act as an absorption enhanc-

er [65]. However, in these cases, CDs are not directly

responsible for the colon targeting, assured by polymeric

components of the modified-release system [66].

In other approaches, CDs act not only as carriers able to

solubilize, protect, and transport the drug by means of

inclusion complexes, but because they are poorly absorbed

from the GI tract and are fermented only in the colon by

Bacteroides of the intestinal microflora [67,68], the oligo-

saccarides become the key component for colon delivery. In

fact, to exploit these unique properties ofCDs, several studies

reported their use in the synthesis of prodrugs to achieve site-

specific delivery of the drug in the colon.

In the treatment of inflammatory bowel diseases (IBDs),

specific delivery to the colon of the drugs commonly used to

treat this disease (i.e., aminosalycilates, corticosteroids,

antibiotics and immunosuppressors) is expected to provide

a more selective action on the principal sites of inflammation

while decreasing the side effects, which for the most part are

due to systemic absorption [69,70].

The anti-inflammatory drug biphenylylacetic acid

(BPAA) has been selectively conjugated to one of the pri-

mary hydroxyl groups ofa-, b-, and c-CDs through esteric or
amidic bonds and the cleavage of the prodrug studied in

vitro [71] and in vivo [72,73]. In particular, in vitro studies

performed using rat biological fluids showed that conjugates

were stable in blood, stomach, and small intestinal fluid and

in the homogenates of tissues such as liver and small and

large intestine. On the contrary, BPAA was released effi-

ciently when the ester conjugates were put in contact with

cecal and colonic contents, suggesting a colon-specific en-

zymatic degradation of the conjugates. Interestingly, release
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from the b-CD ester conjugatewas slower than for thosewith

a- and c-CD; this difference was attributed to the lower

solubility of the b-CD conjugate. Amide conjugates showed

no BPAA release in any of the media tested. When admin-

istered to rats, using as control the free drug and a BPAA/

b-CD inclusion complex as controls, prodrugs obtained by

esterification with a- and c-CD were able to provide a

delayed plasma concentration peak for the drug and higher

bioavailabilities. The ester conjugate with b-CD and all the

amide conjugates showed low or nondetectable plasma

concentrations, suggesting that they passed through all gas-

trointestinal sections without being absorbed. It was eluci-

dated that for ester conjugates a ring opening of CDs is

followed by the enzymatic hydrolysis of the conjugate,

leading to release of the free drug. The peculiar behavior of

the b-CD ester conjugate was ascribed to its extremely low

solubility in physiologic media, not allowing efficient trans-

formation of the prodrug. On the contrary, for amide con-

jugates after CD ring opening, the small saccharide conju-

gates formed were not subjected to further cleavage, leading

to stable hydrophilic derivatives such as maltose and triose

amide conjugates, which were not absorbed and remained in

the intestinal content (Fig. 9).

A similar approach to colon delivery was proposed for the

corticosteroid prednisolone. This drug has been used for the

treatment of inflammatory bowel disease; however, when

administered orally, it is largely absorbed from the upper

gastrointestinal tract, decreasing the therapeutic efficacy of

the drug and producing severe systemic side effects, such as

adrenosuppression, hypertension, and osteoporosis.

Also in this case, amide and ester conjugates with CD

were prepared, but using a dicarboxylic acid, succininc acid,

as a linker between the drug and the CD. Amide conjugates

were abandoned, however, because unexpectedly they were

found not to be stable in aqueous media. In fact, studies

conducted on the 21-prednisolone/hemisuccinate/b-CD am-

ide conjugate showed that whereas for the precursor 21-

prednisolone/hemisuccinate ester, hydrolysis took up to 69 h

to release 50% of the drug at 37�C in pH 7.0 buffer, the b-CD
amide conjugate had a half-life of 6.50min at even a lower

temperature (25�C). This evidence was explained by an

intramolecular nucleophilic catalysis of the hydrolysis of

the ester linkage of the drug, involving the amide bond

between the spacer and the CD and leading to the simulta-

neous release of prednisolone and mono(6-deoxy-6-succi-

mino)-b-CD [74].

Ester conjugates with a-, b-, and c-CDs were obtained by
selective esterification of one of the secondary hydroxyl

groups of CDs with prednisolone 21-hesuccinate using car-

bonyl diimidazol as a coupling agent. Aqueous solubility of

conjugates was found to be more than 50%w/v, much higher

than that for prednisolone and prednisolone 21-hemisucci-

nate, both poorly soluble. This high solubility was in contrast

with that found for ester conjugates on the primary hydroxyl

groups of b-CDs with biphenylyl acetic acid and n-butyric

acid, where strong intermolecular interactions actually de-

creased the water solubility compared to parent compounds.

In the case of prednisolone, however, it was demonstrated

that the formation of an intramolecular inclusion complex

between the lipophilic drug and the CD cavity (see Fig. 10)

was at the base of the high water solubility observed for the

conjugate. A steric hindrance to the action of ester-hydroliz-

ing enzymes has also been suggested. In any case, at 37�C in

phosphate buffer pH 7.4, the hydrolysis of ester conjugate and

the release of the drug form of prednisolone and prednisolone

succinate was slow and dependent on the CD appended (i.e.,

49, 57, and 85% hydrolysis at 24 h for a-, b-, and c-CD,
respectively) [75]. Prednisolone appended to a-CD was

Figure 9. Suggested releasemechanismof biphenylylacetic acid (BPAA) fromBPAA/c-cyclodextrin
conjugates in rat cecum and colon as a result of the action of colon bacterioides (From [73], with

permission. Copyright � 1998 John Wiley & Sons, Inc.)
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chosen for in vivo studies because of its slower hydrolysis

kinetics compared to b- and c-CDs. In vivo studies were

performed in rats in which colitis was induced via 2,4,6-

trinitrobenzensulfonic acid. Intracolonic administration of the

drug was used to elucidate the in vivo colonic degradation of

the prodrug and the extent of the anti-inflammatory effect of

the conjugate administered locally. Interestingly, even if was

evidenced that the conjugate was absorbed from the colon in

the case of severe colitis, the conjugatewas rapidly eliminated

from blood by renal excretion and was found in urine

unmodified.

These datawere confirmed further after oral administration

of the prednisolone/a-CD conjugate. In fact, in both admin-

istration routes, oral and intracolonic, not only was the anti-

inflammatory effect, expressed in terms of a colon damage

score, colon/bodyweight ratio, andmyeloperoxidase activity,

comparable to that obtained with the drug alone or its

inclusion complex with hydroxypropyl-b-CD (HP-b-CD),
but it succeeded in avoiding the side effects. No thymus

atrophy was evidenced after administration of the predniso-

lone/a-CD conjugate, while the thymus/body weight ratio

decreased significantly after treatment with prednisolone or

its inclusion complex with HP-b-CD [76,77].

More recently, the colon-specific delivery of 5-aminosa-

licylic acid (5-ASA) was investigated. This drug is an active

ingredient used in the long-term maintenance therapy to

prevent relapses in Crohn’s disease and ulcerative colitis.

The 5-ASAwas conjugatedwitha-,b-, and c-CDs protecting
the amino group by formylation, forming the intermediate

imidazolide using an excess of carbonyldiimidazole and by

successive conjugation with the CDs in the presence of

triethylamine as catalyst.Different degrees of substitutionwere

obtained using CD–drug ratios ranging from 1 : 1 to 1 : 10.

In vitro studies showed that conjugates were stable at various

pHs and that drug release in rat cecal and colonic content was

obtained only with CD conjugates, whereas conjugates with

other polysaccharides, such as hydroxypropylcellulose and

chitosan, were not able to release 5-ASA. It was also found

that the release rate of the drug in the case of CD conjugates

depended on both the type ofCDand the degree of substitution.

Faster release of 5-ASA from the prodrug was obtained for

c-CD, followed by a- and b-CD, while a higher degree of

substitution corresponded to lower release rates, probably due

to the reduction inwater solubility of the prodrug [78].When 5-

ASAwas administered to rats orally, its adsorption in the upper

GI tract led to a peak in plasma and urine concentration of the

drug 4 h after administration. On the contrary, after adminis-

tration of the 5-ASA/CD conjugates, no drug was absorbed

from the GI tract but was recovered almost completely in

cecum, colon, and feces [79].

Other nonsteroidal anti-inflammatory drugs (NSAIDs),

such as naproxen, sulindac, and flurbiprofen, have been

conjugated to CDs in order to obtain a specific targeting to

the colon. Flurbiprofen conjugate with a- and b-CD have

been tested in vitro and in vivo. Both prodrugs were effi-

ciently hydrolyzed by rat colon homogenate, except when

clindamycin pretreatment impaired the intestinal microflora

responsible for the specific degradation of CDs [80].

In another more general approach, the ketoprofen/a-CD
conjugate 6A-O-[2-(3-benzoylphenyl)propionyl]-a-CD was

used in combination with ketoprofen/HP-b-CD complex or

ketoprofen–ethylcellulose solid dispersion, to obtain modi-

fied-release drug delivery systems. In fact, simultaneous oral

administration of the CD conjugate with the fast-drug-

releasing ketoprofen/HP-b-CD complex produced two peaks

in rat ketoprofen plasma concentrations at 1–2 and 8–12 h,

respectively. In the case of the combination between the

ketoprofen/a-CD conjugate and the slow-releasing solid

dispersion of the drug with ethylcellulose, after oral admin-

istration to rats, sustained plasma levels were obtained for at

least 24 h. The plasma levels corresponded to repeated or

prolonged anti-inflammatory effects, as demonstrated by

measuring, at different times after the oral administration

of the anti-inflammatory drug formulations, the swelling of

Figure 10. Intramolecular inclusion complex of prednisolone 21–hemisuccinate/a-CD conjugate and its

proposed behavior in aqueous media. (From [77], with permission. Copyright � 2002 Elsevier, Ltd.)
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the paws of rats induced by injection of 1%w/v carrageenan.

While a constant swelling reduction against control was

evidenced for the formulation containing thea-CDconjugate

and the solid dispersion, discontinuous behavior was shown

when ketoprofen conjugate plus the inclusion complex with

CD were administered [81].

Even if in recent years the combination of surgical abla-

tion with adjuvant chemotherapy has improved patient

survival, colorectal cancer is still one of the leading causes

of death in the United States and Europe. In particular,

currentmethods of chemotherapy, administered at high doses

and with a lot of undesirable side effects, are not optimal, and

an oral site-specific delivery system would provide greater

local exposure of the tumor to the drug, sparing healthy

tissues [82]. As a consequence, inclusion complexes with

CDs of substances having chemopreventive properties, such

as geranyloxy–ferulic acid and auraptene [83], or anticancer

properties, as in the case of platinum-based compounds [84],

have been investigated to optimize their oral administration.

For specific colon delivery in the treatment of colorectal

cancer, only a prodrug linking to b-CD has been proposed. In

fact, among the numerous biological properties of short-

chain fatty acids (SCFAs) such as n-butyric acid, an effect on

tumors and, particularly, colorectal cancer was reported

in some studies. In any case, study of b-CD/butyric acid

conjugates have focused on the colon-specific delivery, and

no experiments on in vivo animal tumor models were re-

ported [85]. Nevertheless, some other CD conjugates with

anticancer drugs have recently been proposed as prodrugs in

tumor treatments. To our knowledge, studies involving those

molecules actually concentrate only on the parenteral ad-

ministration route [86,87].

Also in the case of oral delivery of peptides and proteins,

the use of CDs has been suggested. In fact, CDs were shown

to be able to interact and form inclusion complexes with side

chains or amino acids of several peptides and proteins,

providing several advantageous effects for drug delivery,

such as higher aqueous solubility, decreased aggrega-

tion [88], reduced denaturation [89] and protection from

enzymatic degradation [90], all this preserving biological

activity [91]. However, targeting to the colon of peptides and

proteins exploiting CD properties exclusively does not seem

achievable. Actually, CDs have often been used as functional

excipients in the preparation of microparticles [92,93] or

nanoparticles [94] for the oral delivery of polypeptides, but

their contribution, even if relevant or essential for the

increased bioavailability, was not due to a specific targeting

of an absorption site in the gastrointestinal tract.

4. TARGETING THE LIVER

Since the discovery that glycosylated lipids and proteins

and carbohydrate-binding proteins (i.e., lectins) are heavily

involved in cell recognition, interaction, and adhesion, drug

targeting via saccharide-linked moieties has become par-

ticularly appealing [95]. To obtain a targeted drug delivery

system toward endogenous lectins, a number of different

approaches have been proposed for CD conjugation with

saccharides, such as glucose [96], galactose [97], man-

nose [98], and fucose [99,100], applying different linking

strategies and spacer molecules. In fact, a point that has

been investigated by several authors is the opportunity of

linking to the same CD, multiple sugar molecules synthe-

sizing simple polysubstituted structures or complex den-

drimers (Fig. 11). This is expected to improve the efficacy of

targeted CD because of the cluster effect: a multiple and

optimized binding of the sugar moieties and cell surface

protein [101,102].

Even though a lot of attention has been devoted to lectin-

based targeting to the GI tract [103] and some interesting

studies have shown enhancement in the oral absorption of

phenytoin complexed with 6-O-a-D-glucosyl- or 6-O-a-D-
maltosyl-b-CD [104], explicit CD targeting by an oral route

using this approach has never been proposed.

Among the other applications, galactose-mediated target-

ing of the asialoglycoprotein receptor expressed by

CD
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Figure 11. Structures proposed for saccharide–CD conjugates.

(From [102], with permission. Copyright � 2004 American

Chemical Society.)
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hepatocytes seems more interesting for CDs. The specific

uptake of the inclusion complex of all trans-retinoic acid

with galactosyl b-CD by receptor-mediated endocytosis in

primary mice hepatocytes and in a human hepatocellular

carcinoma cell line (HepG2) has been studied. Fluorescence

microscopy and flow cytometry, using FITC-marked galac-

tosylated CDs, showed a time-dependent uptake of the

targeted inclusion complex [105].

Shinoda and co-workers proposed galactose-branched b-
and c-CDs synthesized by an enzymatic method using

Bacillus circulans b-galactosidase. The specific interaction

with hepatocytes was demonstrated by inhibition of the

interaction between primary rat hepatocytes and FITC-

labeled lactosyl polystyrene, a polymer demonstrated to have

high affinity for the asialoglycoprotein receptor. The inhibi-

tion was obtained with galactose-branched CDs used as

controls, but not with glucose-branched CDs [106]. The

saccharide-targeted b-CDs were then used to form inclusion

complexes with steroidal drugs, such as dexamethasone,

hydrocortisone, triamcinolone, and prednisolone. Saccha-

ride-branched CDs showed more stable complexation of the

steroidal drugs than did the parent CDs: cholesterol was not

able to replace the included drug in aqueous solution only

when carbohydrate-linked CDs were used. Finally, when the

dexamethasone/galactosyl-b-CD complex was administered

intravenously to mice, a significant increase in the dexame-

tasone level in liver tissue was shown in comparison to the

administration of a dexamethasone/glucosyl-b-CD complex,

suggesting a specific interaction with hepatocytes for galac-

tose-branched CDs [107].

Several D-galactose/b-CD conjugates with various spac-

er lengths have been proposed in order to carry doxorubicin

to hepatic cancer cells. The association constants for im-

mobilized doxorubicin and peanut (Arachis hypogea) ag-

glutinin (PNA) were measured using a surface plasmon

resonance optical biosensor. It was found that in the spacer

a phenyl group was necessary to obtain high inclusion

association with the anticancer drug. The formation of a

stacking complex by the p–p interactions between the

phenyl group and the included doxorubicin has been pro-

posed to explain these data. Different spacer lengths had

almost no influence on association constants (Ka), while the

presence of two galactose branches led to an increase in the

association constant of almost 102 times. The interaction

with PNA, a model lectin, was maintained for all conju-

gates tested, and no influence of spacer length was

evidenced [108].

Glycofection is a recently developed nonviral gene ther-

apy method in which glycosylated carriers interact with

pDNA-forming glycoplexes to target-specific cells and/or

to enhance gene transfer efficiency. Galactose-mediated

targeted CDs have been proposed to enhance gene transfer

efficiency. In a recent study, a polyamidoamine (PMMA)

starburst dendrimer was used to link multiple galactose

moieties to a-CD. The CD conjugates were able to condense

pDNA and to protect it from the degradation of DNase I.

The cytotoxicity and transfection efficiency of galactose-

targeted a-CD complexed with a luciferase-expressing

pDNA was evaluated on three different cell lines: HepG2,

a human hepatocellular carcinoma cell line; NIH3T3, a

mouse fibroblast cell line; and A549, a human lung epithe-

lium cell line. Galactose-targeted complexes showed no

cytotoxicity, and enhanced transfection efficiency in all three

cell lines compared to pDNA complexes with the dendrimer

alone or the dendrimer conjugated witha-CD butwithout the

galactose-targeting moiety. This suggested an asialoglyco-

protein receptor–independent enhancement of transfection

efficiency. The absence of relevant galactose-mediated tar-

geting was proved further by the very low inhibition effect on

transfection shown in the presence of competitors, such as

galactose and asialofetuin. However, to explain the enhanced

transfection efficiency evidenced for galactose-conjugated

a-CD/pDNA complexes, their nuclear translocation after

interaction with intacellular galactose-binding lectins was

suggested [109].

5. ROTAXANES: MULTIVALENT BINDING

TO BIOLOGICAL TARGETS

Multivalent binding describes recognition events taking

place in biochemistry and supramolecular chemistry. It refers

to multiple noncovalent interactions between scaffolds en-

dowed with multiple ligands and selective targets with

recognition sites. In nature,many examples of such processes

can be referred to as multivalent binding, including the

immunological response, cell membrane adherence, sig-

nal-transduction interactions, and enzymatic machineries.

Multivalent binding enforces the binding affinity between

two entities by cooperative interactions. The multivalent

concept is related to the effective concentration of a defined

ligand, which accounts for its probability of docking the

receptor. [110]. To mimic natural processes, supramolecular

chemistry has lately exploited the multivalent concept by

designing new nanomaterials and molecular devices. The

following unique features play a key role in governing

multivalent binding: (1) flexibility and length of spacers

connecting the ligands, (2) strength of noncovalent binding,

(3) number of ligands, and (4) flexibility of the scaffold.

Poly- and pseudopolyrotaxanes seem to possess suitable

requisites for multivalent binding. These supramolecular

systems are necklace-like structures in which cyclic compo-

nents are interlocked mechanically to end-capped polymeric

chains. These assemblies guarantee adequate flexibility and

mobility of the macromolecular structure and the ligand

moieties. CDs are commonly used as cyclic components

that can be threaded onto a linear polymer chain and dec-

orated with biorecognition moieties. Ligand-bearing CDs
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can slide and rotate in the rotaxane structure, thereby min-

imizing spatial mismatching between ligands conjugated to

the cyclic polysaccharides and receptor sites. On the con-

trary, rigidity is a drawback in multivalent binding to specific

receptors, as depicted in Fig. 12.

The binding benefits obtained with multivalent targeting

can be described thermodynamically by taking into account

the enthalpic and entropic energies of the binding pro-

cess [111]. Entropic energy loss due to multiple binding

interactions of a polyligand-bearing polymer is counterba-

lanced by a relevant enthalpic energy gain obtained only

when a mismatching of ligands and receptors is minimized.

This event is guaranteed by polyrotaxanes.

Polyrotaxanes decorated with biotin have been devel-

oped to exploit the intestinal transport of biotin-linked

therapeutic agents, allowing for increased oral delivery of

drugs in patients with compromized absorption [112,113].

Preliminary studies have shown that multivalent valine–

lysine dipeptide-decorated polyrotaxanes selectively inhib-

it the human peptide transporter hPEPT1 on HeLa

cells [114]. Carbonyldiimidazole-activated CD hydroxyls

groups were reacted with biotin hydrazide. Polyrotaxanes

for targeted delivery were obtained by threading 20 to 22

biotinilated a-CDs into a PEG chain end-capped with Z-L-

Phe [115]. Surface plasmon resonance (SPR) analysis on a

streptavidin immobilized sensor chip showed that rotaxanes

derivatized with 11, 35, and 78 biotin molecules have high

biotin/streptavidin affinity, although it was unaffected by

the number of biotin molecules. This was explained by a

rising mismatching effect: as the number of ligands in-

creased on the rotaxane, they reduced the sliding opportu-

nity along the PEG chain. On the other hand, the number of

biotins in the rotaxanes directly affected the dissociation

profile of the nanosystems. The dissociation constants

decrease drastically as the number of biotins in the con-

jugates increased. SPR competition studies performed by

biotin immobilization on the sensor chip and a 78-biotin-

polyrotaxane/streptavidin or 1-biotin-CD/streptavidin mix-

ture showed that the polyrotaxane carrier exhibits a four- to

fivefold higher affinity for streptavidin than for 1-biotin-

cyclodextrin (Kinhibition 2.13 and 9.48 nM, respectively).

The higher affinity of the multivalent biotinylated rotaxanes

can result from noncovalent cross-linking of streptavidin

molecules, which can take place due to the multivalent

properties of the supramolecular system.

Furthermore, multivalent binding has been investigated

for glycobiology applications. High-avidity interactions take

place between membrane-associated carbohydrate-binding

proteins (lectins) and their specific ligands, despite the low

affinity provided by a single interaction between the two

biological partners. These events allow for cell recognition

and adhesion in both physiological and pathological pro-

cesses. Flexibility, architecture, and density of polysacchar-

ides influence the avidity of membrane carbohydrate anten-

nas for their lectins [116].Multiple binding sites to lectins are

deemed a valuable strategy to enhance the avidity for lectins

and the poly- and pseudopolyrotaxanes that have been used

as scaffolds to mimic the natural mechanisms of binding. In

fact, they can span large distances and modulate the density

of conjugated ligands, thereby mimicking the fluidity of the

cellular membrane. Glycosylated pseudopolyrotaxanes were

prepared for galectin targeting. Galectin is a soluble galac-

tosyl-binding lectin able to noncovalently cross-link lactose

orN-acetyl lactosamine residues exposed on the cell surface,

which is due to its two binding sites at opposite sides of the

protein. Galectins are important mediators in cell adhesion,

signaling, and death. Galectin-1 is overexpressed in many

tumors as a self-defense mechanism. For example, by

Figure 12. Effect of “mobile” motion of the cyclic compounds in polyrotaxanes on receptor binding

in a multivalent manner: (A) ligand–polyrotaxane conjugate and receptor sites; (B) ligand-immo-

bilized-polymer and receptor sites. (From [111], with permission. Copyright � 2006 Wiley-VCH

Verlag.) (See insert for color representation of the figure.)
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releasing galectin-1, tumor cells emit a proapoptotic signal to

induce T-cells and other immunocompetent cells toward the

apoptotic pathway [117]. In addition, galectin-1 promotes

tumor cell agglutination, which increases malignant cell sur-

vival in circulation andmetastasis.Thus, it is clearly beneficial

to study multivalent systems aimed at targeting galectin-1 for

cancer diagnostics and delivery of therapeutics [118].

Multivalent and flexible systems have been found to be

adequate for binding galectin-1. For example, 17a-cyclo-
dextrin–lactosides were threaded onto a 7.76-kDa deca-

methylene and 4,40-bipyridinium copolymer [119] (polyvio-

logen, Scheme 3).

The biological activity of the pseudopolyrotaxane was

compared to four lactosylated derivatives with different

structural architectures and flexibilities (one lactosylated

chitosan and three trivalent lactoside glycoclusters). Chito-

san was lactosylated by reductive amination, and 25%

monomer substitution was achieved. The three glycoclusters

were obtained by coupling three lactosylated arms via re-

ductive amination to a central core through spacers of

variable length and flexibility (Scheme 4).

The binding efficiency of the lactosylated polypseudor-

otaxane was investigated by the agglutination test, where

human T-leukemia cells were treated with galectin-1 pre-

incubated with polypseudorotaxane. Lactosylated chitosan

had a 1.7-fold higher affinity for galectin-1, and the three

trivalent lactoside glycoclusters had a similar affinity com-

pared to lactose. The three trivalent glycoclusters exhibited

equal inhibitory effects on galectin-1-mediated leukemia cell

agglutination compared to native lactose. In contrast, the

pseudopolyrotaxane was very effective in inhibiting cell

agglutination, due to its 10-fold higher affinity for galec-

tin-1 with respect to lactose. These results indicate that

flexibility and relative motion of the ligands along the

polymer backbone in the pseudopolyrotaxane dictate the

binding properties of the supramolecular system.

TherelevanceofCDslidingalongthepolymerbackboneon

the binding properties of pseudopolyrotaxaneswas investigat-

edusingpolyviologencopolymerswith8,17, and21repeating

units threadedwith lactosylatedCDs [120]. Pseudopolyrotax-

ane assemblies with different 1-lactosil-a-CD/diblockmono-

mer molar ratios were obtained as summarized in Table 1.

Galectin-1 precipitation and inhibition of T-cell galectin-

1-mediated agglutination studies were carried out to evaluate

the biological and targeting properties of the polyrotaxanes.

Pseudopolyrotaxanes [21 : 21] rapidly and efficiently co-

precipitate galectin-1. Using a high galectin concentration,

the precipitate was found to have a 1 : 1 lactose/galectin-1

molar ratio. Galectin-1 co-precipitation was proportional to

the lactosylated-CDs ratio in the assemblies. Namely, as-

semblies [10 : 21] and [5 : 21] were less efficient in the

precipitation process than was the [21 : 21] assembly.

Scheme 3. Decamethylene-bipyridinium copolymer (polyviolo-

gen) structure.
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Inhibition of the T-cell galectin-1-mediated agglutination

assay showed that both [21 : 21] and [10 : 21] assemblies

inhibited agglutination at 100 mM, while the [5 : 21] dis-

played a twofold higher inhibition effect than the former

two, as well as a 30-fold higher effect than lactose and a 20-

fold higher effect than free lactosylated-CD. The [5 : 21]

assembly was the best performing pseudopolyrotaxane,

demonstrating that fully threaded pseudopolyrotaxanes, with

limited sliding of the targeting moieties, are not favored for

multivalent binding. Furthermore, the polyviologen back-

bone length affected the co-precipitation of galectin-1. The

[8 : 8] assembly was less effective in precipitating the lectin

than was the [21 : 21] assembly. The assembly with eight

viologen units inhibited agglutination at 200 mM regardless

of the number of lactosylated CDs threaded. Indeed, longer

polymers have more connected ligands with a higher chance

to cross-link different galectin-1 molecules. The effect of

the polymer length and number of ligands threaded on the

pseudopolyrotaxanes for multivalent binding may be due

mainly to statistical effects. A linear correlation was found

between the biological activity of these pseudopolyrotaxanes

and the number of lactoside units. Only the [5 : 21] assembly,

the most potent pseudopolyrotaxane, deviated from this

correlation, showing that it binds galectin-1 by a mechanism

in addition to cross-linking, as for the other pseudopolyr-

otaxanes. In fact, because of the distance between threaded

lactoside–CDs, only the [5 : 21] assembly can chelate galec-

tin-1with lactoside units threaded on the polymer chain. This

result confirms that multivalent systems require an adequate

design in terms of the component ratio in order to have

optimal biological performance.

The correlation between the molecular motion of each

rotaxane component and the binding affinity to the biological

target was investigated using mannosylated polyrotaxanes

and concanavalinA,which is amodel lectin [121,122]. Three

polyrotaxanes were obtained by assembling 50 (Mal-PRX1),

85 (Mal-PRX2), and 120 (Mal-PRX3) a-CDs with 20-kDa

PEG end-capped with Z-L-tyrosine. Concanavalin A selec-

tivity was conferred by reacting carboxyethyl CDs with

b-maltosylamine. The three polyrotaxanes had the same

number of maltoses (230 to 240). The 1H NMR spin-lattice

relaxation time (T1) and spin-spin relaxation time (T2) of the

C(1)H of maltosyl groups, and the C(1)H of a-CDs and

methylenes of PEG, were assessed to obtain information

about the polyrotaxane components’ relativemotion. Table 2

shows the effect of molecular motion on the relaxation time

within the magnetic field.

The time difference (T1� T2) is diagnostic for molecular

motion and can be correlated with the biological behavior of

supramolecular systems. Smaller (T1� T2) values indicate a

faster motion of the corresponding groups. Both maltose and

CD in Mal-PRX1 and Mal-PRX3 exhibited longer T1 values

than those of Mal-PRX2 and the free maltose–CD used as the

“mobile” reference. This indicates that in MAL-PRX2 the

threaded maltose–CD units undergo faster motion. The T2
relaxation time accounts for the heterogeneous condition of

the magnetic field, which was influenced by association, mo-

tion, and solubility. Mal-PRX2 showed longer T2 values than

those of the other two polyrotaxanes andwas similar to that of

free maltose–CD. Accordingly, it was deduced that the mo-

lecular motion of the maltosyl groups is dictated by the CD

motion along the PEG backbone in the Mal–PRX2 assembly.

The increasednumberof threadedmaltose–CDs inMal-PRX3

reduced themotion ofmaltose andCDs, due to intramolecular

hydrogen bonding, whereas the reduced number of maltose–

CDs inMal-PRX1 promoted intermolecular association of Z-

L-Tyr, thereby decreasing the motion of threaded moieties.

The affinity constants of the maltosylated polyrotaxanes

for concanavalin Awere assessed by incubating fluorescein-

labeled concanavalin A with maltosylated conjugates. As

expected, the association constant (Ka) of polyrotaxanes was

higher than that measured for free maltose–CDs. Mal-PRX2

exhibited a 19- and twofold higher affinity than those of

Mal-PRX1 and Mal-PRX3, respectively, which correlated

well with data obtained from 1H NMR spectroscopy. Fur-

thermore, the local density of maltose sugars on each CD

cannot be claimed as the driving force for the multivalent

binding to concanavalin A. In fact, studies performed with

polyrotaxanes with a fixed number of threaded CDs and

increasing maltosyl residues conjugated per CD did not

correlate with the binding potency to concanavalin A. This

indicates that local liganddensityplaysonlyamarginal role in

determining the binding potency of targeted polyrotaxanes.

The relevance of CDs motion on polyrotaxanes has been

demonstrated to provide themain contribution to multivalent

binding efficiency, which was determined by measuring the

rate of aggregation of concanavalin Awith the polyrotaxanes

Table 2. Effect of Molecular Motion on the 1H-NMR

Relaxation Time of PEG Threaded Maltose-a-CD

T1 T2

Slow molecular motion " #
Fast molecular motion " "

Table 1. Degree of Threading for a Series of

Pseudopolyrotaxane Assemblies

1-Lactosil-a-CD
Units

Diblock

Monomers

Assembly

Name

2 8 [2 : 8]

4 8 [4 : 8]

8 8 [8 : 8]

17 17 [17 : 17]

5 21 [5 : 21]

10 21 [10 : 21]

21 21 [21 : 21]
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Man-PRX1, Man-PRX2, and Man-PRX3 (the same number

of maltosyl units). Mal-PRX2 exhibited the fastest aggrega-

tion rate of the three assemblies. Notably, the aggregation

rate correlates nicely with the relaxation time T2 of CDs and

maltose. This result confirms that themotion of threadedCDs

is the main factor affecting the spatial rearrangement of

ligands on polyrotaxanes, thereby allowing for faster binding

to the biological target.

6. OTHER TARGETING APPROACHES

Several other tissues have been proposed as potential targets

for CD-based drug delivery systems. Methylated b-CDs
conjugated with d-opioid receptor agonist peptides, such as

N-leucine-enkephalin or its cyclic analog, were proposed as a

drug carrier for brain targeting. Even if in vitro experiments

evidenced a decrease receptor binding, invivo tests performed

after intracerebroventricular or intravenous administration

demonstrated that the b-CD conjugates maintained antinoci-

ceptive properties. Furthermore, the inclusion properties ofN-

leucine-enkephalin/b-CD conjugates toward a model neuro-

tropic drug such as dothiepine were studied [123,124].

In another approach, b- and c-CDs were conjugated to the
neuropeptide substance P or its shorter but active C-terminal

fragment. Substance P is an endogenous neuropeptide in-

volved in numerous physiological or pathological processes

in the central and/or peripheral nervous system by interaction

with the G-protein-coupled receptor NK1. The structural

integrity of the CD and of the neuropeptide forming the

conjugates was demonstrated through a two-sided immuno-

metric assay based on the simultaneous use of two antibodies

specifically directed against both parts of the molecule. The

ability of the conjugates to interact with NK1 receptors was

demonstrated both by in vitro experiments with the CHO cell

line transfected in order to express NK1 human receptor, and

with ex vivo experiments on rat spinal cord. Even if a

significant decrease in affinity was noted in cell culture

experiments for CD conjugates in comparison to substance

P, the conjugates were able to competitively displace
125I-radiolabeled substance P from NK1 receptors in rat

spinal cord sections autoradiography. Moreover, it was evi-

denced that substance P–CD conjugates were considerably

more stable than the neuropeptide alone in biological media,

probably because of a steric hindrance to the binding of

proteolytic enzymes [125].

Mannosylated polyamidoamine (PMMA) starburst den-

drimer conjugated witha-CD has been proposed for improve

gene delivery to the kidneys. As in the case of the galacto-

sylated dendrimer, in vitro experiments on various cell lines

evidenced an improved transfection efficiency compared to

the dendrimer or the nonmannosylated conjugate, even if

independent from mannose receptor surface expression.

However, after intravenous injection in mice, the

mannosylated CD conjugate provided significantly higher

luciferase activity in kidneys than that of administration of

the nude plasmid or its complexeswith the PMMAdendrimer

or a nontargeted CD conjugate [126].

Bone-targeting drug delivery systems based on CD con-

jugates have been developed for the treatment of skeletal

disease. An alendronate/b-CD conjugate was proposed for

specific delivery of the bone anabolic agent prostaglandin E1

(PGE1). The conjugate was demonstrated to have a strong

affinity to hydroxyapatite and was able to form an inclusion

complex with PGE1. In vivo studies on rat mandibles,

modeling the repair of craniofacial bony defects, showed a

strong bone anabolic effect for the alendronate/b-CD/PGE1

complex, but surprisingly, the CD conjugate alone caused

significantly higher new bone formation while avoiding

prostaglandin’s side effects. A proposed explanation is in

situ complexation by alendronate/b-CD conjugates of en-

dogenous bone-active lipophilic compounds [127].

In a recent study, b-CD was transformed into its carbox-

ylic derivative and conjugated to the nonapeptide oxytocin to

target the uterus. After conjugation with b-CD, the oxytocin
retained the ability to stimulate the contractions of myome-

trium isolated from rats, even if exhibiting a significantly

lower potency than that of the original peptide. In any case,

this targeted drug delivery system could be proposed for the

administration of lipophilic labor-inducing drugs or of an-

ticancer drugs in the treatment of cervix or endometrial

cancer [128].
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1. INTRODUCTION

Any process that involves the use of a living system, includ-

ingmicroorganisms, as whole cells or enzymes, to synthesize

specific products useful for humanity is included in biotech-

nology. Biotechnology has a profound effect on the quality of

life as well as on the world’s environment. Biotechnology

comprises various subjects, such as genetics, cell and mo-

lecular biology, tissue culture (both plant and animal), bio-

chemistry, microbiology, biochemical engineering, and bio-

informatics. On the basis of applications, biotechnology is

divided into blue (marine and aquatic), green (agricultural),

red (medical), and white (industrial). Cyclodextrins (CDs)

are used in all the applications of biotechnology. CDs have

emerged as a vital tool to improve the solubility of hydro-

phobic substrates in aqueous media, by forming stable

inclusion complexes. Being of natural origin, organic and

biocompatible, CDs cause no harm to microbial cells. CDs

are cyclic oligosaccharides of a-D glucose, joined through

1,4-bonds. Major CDs are of three types: a-cyclodextrin (six
glucopyranose units), b-cyclodextrin (seven glucopyranose

units), and c-cyclodextrin (eight glucopyranose units). b-Cy-
clodextrin is the most useful, most easily accessible, and

lowest priced. Formation of CDs with fewer than six gluco-

pyranose units is sterically hindered, whereas CDswithmore

than eight glucopyranose units are difficult to separate in

crystalline form, due to higher solubility, and are of less

practical importance [1].

CDs are truncated cone (doughnut-shaped) molecules

which have a hydrophilic external surface and a hydrophobic

internal cavity. Because of this cavity, wide varieties of

hydrophobic molecules can form inclusion complexes with-

out forming covalent bonds. Further, physical properties of

CDs can be altered by chemical modifications to improve the

solubility, stability, and chemical activity of guest molecules.

This chapter covers with the use of CDs in various fields of

biotechnology.

2. APPLICATION OF CDS IN BIOTECHNOLOGY

The application of CDs in biotechnology is enormous.

Biocatalysis and biotransformation, fermentation and down-

stream processing, bioseparations, bioanalysis, biodegrada-

tion or bioremediation, and preparation of food and flavors

are the major biotechnological fields in which the CDs are

frequently used.

2.1. Biocatalysis and Biotransformation

Industrial biotechnology is largely confined to the use of

microbial cells or the enzymes thereof as catalysts for the

synthesis of chirally pure chemicals required in agriculture,

pharmaceuticals, and other industrial sectors. This technol-

ogy, termed biocatalysis, has gained popularity over chem-

ical synthesis because of the inherent selective catalytic

properties of the enzymes in terms of stereo-, regio-, and

chemoselectivity [2]. Further, the biocatalysts work in aque-

ous media at mild temperature and pressure; hence, bioca-

talysis is an ecofriendly and greener process. Besides various
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advantages of biocatalysis, there are a few limitations, such

as instability of enzymes at desired reaction conditions,

process cost, reaction variability, and low substrate or prod-

uct tolerance of the enzymes, but the major limitation is the

low solubility of most chemical compounds in aqueous

reaction media, which is required for most enzymatic activ-

ity. Various remedies are available to overcome this problem:

(1) the solubilization of hydrophobic substrate using solu-

bilizers [3], emulsifiers [4], and so on and (2) use of organic

solvents as cosolvents [5], of biphasic reaction media [6], or

of microcrystalline substrates [7].

Each of these agents has some degree of detrimental effect

on microorganisms, due to unfavorable interaction with the

cell membrane, affecting cell integrity. These interactions

become very significant when a high substrate concentration

must be used or the substrate is extensively hydrophobic,

since tomake them soluble, a large amount of these solubility

enhancers must be added in the biocatalysis medium.

The insolubility of hydrophobic substrates in an aqueous

reaction medium is the greatest hindrance to the industrial

application of biocatalysis for the synthesis offine chemicals,

since thevastmajority of organic substrates are lipophilic and

sparingly soluble in water. Further, the substrate or product

formed may be toxic to the enzyme system. Low solubility is

generally overcome by the addition of solubilizing agents or

cosolvents. However, if the substrate or product is toxic for

the enzyme, batch addition to the substrate and in situ

recovery of the product formed is a more suitable approach.

Here, the inhibitory effect of the substrate and product can be

encountered along with less exposure of solubilizing agents

or cosolvents to the microbes, resulting in less toxicity to the

cell wall. The addition of CDs in biocatalytic reaction media

provides an impressive alternative. CDs form stable inclu-

sion complexes with lipophilic substrates and exist in aque-

ous solutions. The CD is termed the host and the other

molecule, the guest. Interaction between CDs and guest

molecules depends on size; the smaller the guest, the more

easily it can be fitted in to the cavity. With large molecules

only partial interaction is possible. One or two guest mole-

cules can be complexed with one, two, or three CDs.

Displacement of enthalpy-rich water molecules from the

cavity by more hydrophobic guest molecules present in the

solution is the driving force for complex formation and leads

to decreased CD ring strain, resulting in a more stable lower-

energy state [8]. The interaction between a CD and a guest

molecule is a dynamic equilibrium exchange. This complex-

ation–decomplexation equilibrium is very fast, and in prac-

tice does not influence the rate of bioconversion. The binding

strength depends on how well the host–guest complex fits

together and on the specific local interactions between

surface atoms. The ability of CDs to form stable inclusion

complexes with lipophilic compounds influences biocata-

lytic reactions through:

1. Increased solubility and hence availability of organic

substrates to the enzyme [9].

2. Reduced substrate or product inhibition of enzyme by

complexing the effective free concentration [10].

3. Increased enantioselectivity of the product [11].

4. Biocompatibility, causing no damage to the

biocatalyst [12].

Table 1 include examples ofCDs has been used to increase

bioconversion through increased substrate solubility or de-

creased inhibitory effect of substrate or product.

It is reported in the literature [17] that microbial trans-

formation of cholesterol to androst-4-ene-3,17-dione was

increased up to 90% using b-CD, which not only increased

the solubility of cholesterol and the bioconversion rate, but

also decreased the product inhibition and steroid nucleus

degradation. In the absence of CDs, only 40% biotransfor-

mation of cholesterol was achieved. In the biotransformation

of aromatic aldehydes to alcohols by Saccharomyces cere-

visiae, CDs increased the aqueous solubility of the substrate

(aldehydes) and improved the inhibitory influence [18]. It is

reported that [19,20] the hydrolytic activity of lipases im-

proved in the presence of CDs and their derivatives. Several

natural and chemically modified CDs, especially c-CDs,
have been shown to increase the conversion rate due to

improved solubility of substrates. It is known that the

Table 1. Examples of CDs Used in Fermentation and Conversion Systems

Yield (%)

Substrate Microorganism/Enzyme Product Without CD With CD CD Used

Vitamin D3 [13] Amycolata

autotrophica

1a,25-Dihydroxy
vitamin D3

— 7-fold higher Partiallymethylated-b- CD

Androstenedione [10] Saccharomyces

cerevisiae

Testosterone 27 78 Hydroxypropyl b-CD

3b,7a-Cholest-5-ene
-3,7-diol [14]

Cholesterol oxidase 7a-Hydroxy
cholest-4-en-3-one

<20 90 Hydroxypropyl-b-CD

17b-estradiol [15] Mushroom tyrosinase 2-Hydroxy estradiol No reduction 30 b-CD
Starch [16] A. oryzae 6’-Galactosyl-lactose 37 65 b-CD
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hydrolysis of (S)-2-O-(N-benzoylglycyl)-b-phenyl lactate

was limited, due to substrate inhibition of the enzyme

carboxypeptidase A. This was partially overcome by addi-

tion of b-CD and hydroxypropyl-b-CD, which increased the
substrate concentration in the reaction but did not change the

reaction rate [21]. Biotransformation of cortisone acetate to

prednisone acetate by Arthrobacter simplex was increased

by the addition of hydroxypropyl-b-CD. Here, CD improved

the solubility of cortisone acetate and prednisone acetate

by 36.7- and 19.8-fold, decreasing product inhibition [22].

Addition of CD in a fermentation medium significantly

increased the biotransformation of cholesterol to testosterone

by Lactobacillus bulgaricus [23].

CDs have also been reported to improve enantioselectivity

in biocatalytic reactions. In the inclusion complex of pro-

chiral substrate with CD, only one face of the substrate is

available for the enzyme to act. This preferential enzymatic

attack resulted in higher enantioselectivity [24]. Table 2

includes examples of the use of Cds to increase the

enantioselectivity of bioconversion reactions.

2.2. Fermentation and Downstream Processing

CDs are also useful in fermentation. They increase the

aqueous solubility, hence there is greater availability of

lipohilic substrates to microbial cells, which in turn results

in increased product formation. Decreased toxicity of the

substrates and products in a fermentation medium also

contributes to improved fermentation. CDs can also be used

as fermentation medium ingredients. It is reported [27] that

solid and liquid media were prepared for the growth of

Helicobacter pylori, replacing blood or its derivatives by

CDs. Thismay be a suitablemedium for the primary isolation

of the bacterium from biopsy samples and routine laboratory

growth. In another study [28] it was mentioned that Candida

albicanswas grown in liquidmedia containing 1% tripcasine

as the sole nitrogen source with 1.8% CDs (a-, b-, and c-).
Tripcasine alone was inefficient for the induction of C.

albicans hyphae, but addition of CDs, especially b-CD,
induced the mycelial transition, and 25 to 30% septate

hyphae formation was achieved by the use of b-CD. This
may be due to the existence of an uptake system for CDs inC.

albicans, which uptakes CDs as linear oligosaccharides. An

increased rate of formation of penicillin-G from phenylacetic

acid and 6-aminopenicillanic acid was reported when pen-

icillin acylase was complexed in b-methyl c-CD [29]. Bio-

transformation of cholesterol to testosterone was increased

significantly by the addition of CDs in the fermentation

medium. The addition of 0.1% CD to the growth medium

of Lactobacillus bulgaricus significantly increased the pro-

duction of testosterone, indicating facilitated transport of the

steroid substrate through the microbial cell wall. Similarly,

production of lankacidin C group of antibiotics (lankacidin

and lankacidinol) by Streptomyces sp. was improved when

the cells were grown in the presence of b-CD. Also, the
production of lankamycin and other by-products in lanka-

cidin C fermentation was completely inhibited in the pres-

ence of CDs. An inclusion complex is formed between CD

and the lankacidin, which prevented the inhibitory influence

of lankacidin on its production [30].

Separation of a fermentation product from the broth is of

great interest since it contributes largely to the production

cost. The insoluble complex formation ability of CDs with

products can be explored for the selective separation of the

product from the fermentation broth. In the aqueousmedium,

inclusion complexes ofCDswith different compounds have a

diverse solubility profile, which easily can be separated. The

complexation of CD with the product formed depends on the

chemical structure and properties of the product, type of CD

used, their relative concentrations, temperature, pH, and

other parameters. To select the optimum conditions and CD

to be used, different types of cyclodextrin–guest phase

Table 2. Examples of CDs Used in Biocatalysis

Substrate Biocatalyst Product

Enantiomeric Excess (%)

CDs UsedWithout CD With CD

(R,S)-Ketoprofen ethyl

ester [11]

Lipase (S)- Ketoprofen 40 90 Hydroxypropyl-b-CD

(R,S)-O-Butyryl

propranolol [25]

Rhizopus niveus

lipase

(S)-Propanolol — 90 Hydroxypropyl-b-CD

—

1-(2-Furyl)

ethane [26]

Pseudomonas

cepacia lipase

(R)- Acetic acid

1-furan-2-yl-ethyl

ester

28 100 a- and c-CDs

(R,S)-Arylpropionic

esters [24]

Bovine serum

albumin

Aryl acids 50–81 80–99 b- CD
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solubility relationships need to be examined. CDs were

shown to offer an exciting possibility for the downstream

processing of low concentration fermentation products [31].

2.3. Catalytic Agents

CDs are also being used as enzymes in catalytic reactions.

The enzymes basically catalyze the reaction by molecular

recognition of substrate and then stabilization of the transi-

tion state compared to the ground state. To catalyze the

reaction, the enzyme must stabilize the transition state of

the reaction more than it stabilizes the ground state of the

substrate. Several modifications of CDs are possible by

chemically modifying naturally occurring CDs through

substituting various functional compounds on the primary

or secondary face of the molecule or by attaching reactive

groups to the primary or secondary –OH groups present [8].

These modified CDs can mimic molecular recognition

through hydrogen, hydrophobic, and ionicbondings. The

modifications are so designed that it binds favorably to the

transition state of the substrate, and at the same time, the

product is released in a thermodynamically favorable pro-

cess [32]. SuchmodifiedCDs can enhance the rate of reaction

by almost 1000-fold compared to the free solution. Due to

their steric effect, the enantiomeric purity of the product

formed was also found to be excellent. This is due to the

preferential attack by the reagent on one of the enantiose-

lective faces of the prochiral guest molecule.

The first chymotrypsin mimic was produced by coupling

tripeptide Ser-His-Asp, the catalytic triad found in chymo-

trypsin, to the b-CD. This derivative enhanced the hydrolysis
rate of activated esters and formation of amine bonds 3.4-

fold [33]. b-CD was modified for the selective hydroxyethy-

lation and hydroxymethylation of phenol and used to cata-

lyze the conversion of phenylpyruvic acid to phenylalanine.

It was reported [34] that chemical modification greatly

promoted the catalytic activity. A b-CD derivative, 2-[(7-

a-O-10-methyl-7-isoalloazino)methyl]-b-CD, increased the
rate of conversion of benzyl alcohol to aldehyde 647-fold.

The riboflavin was used as a catalyst for this study, and this is

the highest increase in reaction rate with flavoenzyme

mimics [35].

It is also reported [36] that hydrolysis of racemic aryl-

propionic esters by BSA resulted in low enantioselectivity

(50 to 81%). Addition of b-CD to this reaction increased the

enantioselectivity (80 to 99%) and the rate of hydrolysis.

Enantioselectivity of baker’s yeast as a chiral catalyst was

improved up to 70% using CDs in cycloaddition reaction of

nitriloxides or amines to the carbon–carbon triple bond.

Inclusion of catalyst with CDs also affects the catalytic

activity in some reactions. This may result in either increased

or decreased activity of the catalyst. CDs were found to

strongly inhibit the intramolecular catalysis of amide hydro-

lysis. This is due to the changed geometry of the substrate,

resulting in changed interaction of the carboxylic and/or the

amide groups of the substratewith the hydroxide groups [37].

It was observed that a nondistorted cavity with a secondary

imidazole exhibited much greater catalytic activity in the

ester hydrolysis than did its isomer with a distorted

cavity [38].

Methyl-b-cyclodextrin and OH-propyl-b-cyclodextrin
promoted cholesterol release from mouse sperm plasma

membrane along with increased protein tyrosine phosphor-

ylation, providing an alternative to replace the BSA from the

media to support the signal transduction that leads to sperm

capacitation [39]. It is demonstrated that the rate of choles-

terol transfer between lipid vesicles was accelerated by b-
and c-CDs [40]. Similarly, activation of acyl-CoA choles-

terol acyltransferase, its redistribution in microsomal frag-

ments of cholesterol, and its facilitated diffusion by methyl-

b-CD are also reported [41]. This study established that

methyl-b-CD enhanced cholesterol transfer between lipo-

somes and microsomes. This makes CDs very useful agents

in in vitro studies of the transport of apolar molecules.

Hydrolysis of RNA is mediated through enzyme ribonu-

clease A. This enzyme contains two histidine residues, His12

and His119, at the catalytic site, which serve as principal

catalytic groups. Breslow and Schmuck [42] prepared mimic

of this enzyme by attaching two imidazole rings to the

primary face of b-CD. This mimic catalyzed the hydrolysis

of cyclic phosphate with kcat¼ 120� 10�5 s�1compared to

kuncat¼ 1� 10�5 s�1 for the uncatalyzed reaction (hydroly-

sis in basic solution). Also, the enantioseletivity increased

from 1 : 1 to 99 : 1 for the product with this mimic compared

to the uncatalyzed reaction. Further studies revealed that the

relative positions of the imidazole groups on the b-CD ring

were crucial. Maximum enanatioselectivity (100%) was

obtained when the imidazole groups were attached to adja-

cent sugars.

2.4. Degradation and Remediation Process

CDs can play a major role in environmental science in terms

of the solubilization of organic contaminants and the enrich-

ment and removal of organic pollutants and heavy metals

from soil, water, and atmosphere. The environmental pollu-

tion details are given below.

2.4.1. Wastewater Treatment In biological wastewater

treatment, toxic wastes present in water are degraded by

microorganisms present in the biological sludge. Oxidation

and hydrolysis reactions catalyzed by enzymes present in the

diverse flora of yeast, bacteria, and fungi in the biological

sludge are responsible for degradation of the toxic wastes.

Biological waste includes organic and inorganic substances

that are often toxic. Contaminants from the food industry are

relatively easy to decompose, but those from the organic

chemical industry, containing pesticides, drugs, and drug
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intermediates, for example, are resistant to such biological

treatment. On surpassing the tolerance level of toxic con-

taminants, the microbial flora is damaged and the biological

activity of the sludge decreases more or less irreversibly. To

prevent metabolism overload, the amount of toxicant has to

be reduced either by diluting wastewater with toxicant-free

water or by enhancing the metabolic capacity of microbes.

Without doubt, neither process is easy.

Biodegradation of 2-nitrobiphenyl by CDs and modified

CDs such as HPCD (hydroxypropyl-b-CD) and CMCD

(carboxymethyl-b-CD) represents another example in which

CDs increase the apparent solubility of 2--nitrobiphenyl and

predispose it to microbial destruction by Acinetobacter

sp. [43]. Moreover, CDs are not toxic to microbes and do

not affect normal growth. CD-mediated complex formation

is also employed to treat wastewater from industrial effluent

containing pesticides such as karathane, folpet, and

catpan [44].

Mechanism of Action One hypothesis suggests that toxicity

reduction may be due to the reduced affinity to the cell

membranes of the relatively large hydrophobic complexes

formed. According to other hypotheses toxic moiety is more

susceptible to biological decomposition in complex form

than that in free form, resulting in rapid elimination from an

activated sludge system. The former hypothesis seems to be a

crucial factor since complex formed between a CD and a

toxic moiety is degraded at a slower rate, which is contrary to

the second hypothesis. It seems that microbial floras are

better adapted than toxicants to toxic substances in the

presence of b-CD or the b-CD resistant to metabolism

remains longer in activated sludge, protecting it from

toxic effects and maintaining its detoxicating capacity [45].

2.4.3. Soil Remediation Human activities often result in

the creation of organicmicropollutants that contaminate soil.

Heavily contaminated soil is found near industrial plants that

use petroleum and coal. Pollutants includes polychlorinated

biphenyls, heavy metals (Cr, Cu, Mn, Ni, Pb, Zn), and

polycyclic aromatic hydrocarbons, which are highly toxic

carcinogens often produced by incomplete combustion of

carbon compounds, and many others [46]. Classical techni-

ques for their removal from soil include chemical oxidation,

thermal desorption, and washing techniques. These techni-

ques are associated with the following inherent drawbacks:

1. Strong oxidizing agents such as KMnO4 or H2O2 in

acidic solution are required for chemical oxida-

tion [47]. The generation of toxic metabolites by

incomplete oxidation is the drawback associated with

this technique that nullifies its beneficial effect.

2. Thermal desorption requires heating the contaminated

soil tomore than 150�C for resistant substances such as

polyaromatic hydrocarbons that have more than two

rings [48].

3. Washing techniques use supercritical carbon diox-

ide [49], treatment with which requires special plants.

4. Differences in the properties of contaminants pose a

problem in concurrent removal of bioburden by a

single technique. For example, polychlorinated biphe-

nyls are bound to soil by nonspecific hydrophobic

interactions, whereas metal ions undergo weaker elec-

trostatic forces. A single remediation process that can

overcome both of these types of binding mechanisms

simultaneously is not very easy to identify.

5. Ethylenediaminetetraacetic acid (EDTA) has a higher

complexation capacity but poor selectivity, which

results in the chelation of such metal ions as Ca2þ ,
Mg2þ , and Fe3þ . More consumption requires more

EDTA [50].

6. Surfactants used for soil washing have a tendency to

get adsorbed into the soil [51].

Small molecules such as CDs are known to trap efficiently

manyorganicmolecules into their rings. Binding constants of

CD complexes in water can be higher than 104. The unique

property of having a hydrophilic exterior and a hydrophobic

interior makes CDs an interesting potential candidate for use

in bioremediation [52]. Polycyclic aromatic hydrocarbons

have limited bioavailability because of solubility constraints,

which limit their biodegradation [53]. Low-polarity organic

compounds having a size and shape complementary to the

hydrophobic cavity can form inclusion complexes having

higher water solubility. Based on the inclusion complex–

forming ability of CDs or modified CDs, many of the

hydrophobic organic pollutants in soil [e.g., polyaromatic

hydrocarbons (PAHs), PCBs, chlorinated phenols, dioxins,

and furans] are suitable guests for complex formation with

the host molecule (i.e., CDs). This unique property provides

CDs with a capacity to increase significantly the apparent

solubility of low-polarity organic compounds. CDs increase

the apparent solubility and, consequently bioavailability of

organic compounds to degrading microorganisms and in this

way are useful in soil remediation.

CDs as a bioremediation agent offer some advantages:

1. Complex formed between a CD and a contaminant is

sometime more soluble than are micelles formed by

surfactants. Hence, such problems as sorption and

retention by soil are fewer than those with many

surfactants.

2. Precipitation, phase separation, and foaming problems

do not occur when CDs are used for bioremediation.

3. CDs are ecofriendly, as they are easily biodegradable

and nontoxic.
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4. CDs can be modified to complement a particular con-

taminant (i.e., a guest), so that inclusion complex for-

mation can take place efficiently. Examples are hydro-

xypropyl-cyclodextrin (HPCD) methyl-cyclodextrin

(MCD), and randomly methylated b-cyclodextrin
(RAMEB) [54].

The target contaminants with CDs were polyaromatic

hydrocarbons [55], pentachlorophenol [56], hexahydro-

1,3,5-trinitrotriazine (RDX) and its transformation pro-

ducts [57], and polychlorinated biphenyl compounds

(PCBs) [58]. Other trials have been directed to the desorption

of trichloroethylene (TCE) and perchloroethylene (PCE)

from diesel, transformer oil, and mazout [59].

2.4.4. Waste Gas Treatment Volatile organic compounds

(VOCs) are released from chemical, petrochemicals, and

allied industries into the air and provoke environmental and

health concerns [60]. Air pollutants include most solvent

thinners, degreasers, and lubricants. Classical approaches

rely on the destruction and recovery-based techniques, each

associatedwithparticular advantages anddisadvantages [61].

In absorption, VOCs are removed from gas streams by

contacting the contaminated air with a liquid solvent [62].

Several potential absorbents, such as vegetable, mineral, or

silicon oil, polyglycols, alkylphthalates, and alkyladipates,

are used.

CDs can immobilize VOCs into their low-polarity cavity

in the aqueous phase, hence increasing the apparent solu-

bility of low-polarity compounds. In this way they are

expected to improve the transfer of gas into aqueous phase

during the absorption process. Various forms of CDs used for

this process includea-CD,b-CD, hydroxypropyl-b-CD (HP-

b-CD), randomly methylated b-CD (RAMEB), a low meth-

ylated b-CD (CRYSMEB), and a sulfobutyl ether-b-CD (4-

SBE-b-CD) [63].

2.5. Role of CDs in Vaccine Production and Gene

Delivery

Bordetella pertussis, the human pathogen causing pertussis

(whooping cough), has often been described as a fastidious

organism. The difficulty encountered due to the puzzling in

vitro growth behavior of B. pertussis has impeded the

progress of large-scale vaccine production as well as clinical

diagnostics [64]. An earlier assumption suggested the use of

whole-blood and a potato extract of the first isolationmedium

(BG medium) of Bordet and Gengou (1906), satisfying the

bacterium’s complex nutritional requirements. Later it was

found that the nutrient requirements of B. pertussis are quite

simple. There are many growth inhibitors that can be present

in growth media such as peptone, sulfur, iron, peroxides, and

fatty acids. Of these, fatty acids may be the most critical

inhibitor of B. pertussis growth. Even at concentrations as

low as 1 ppm, growth is inhibited by these long-chain fatty

acids. A further complication is the production of free fatty

acids (FFAs) by B. pertussis itself, which could be auto-

inhibitory. Palmitic, palmitoleic, and stearic acids were also

found in the extracellular medium during growth. FFA levels

in the spent culture supernatant were significantly higher than

those found in the uninoculated medium, indicating that they

are released by the cells. This autoinhibition hypothesis

explains why it was not possible previously to achieve

maximum cell concentration with conventional media and

deceleration of growth in batch culturemuch before the onset

of the stationary growth phase.

Thus, one reason for the successful growth of the bacte-

rium in BG medium can be attributed to the presence of

substances that neutralized the effect of these fatty acids. The

mechanism seems to be the uncoupling of oxidative phos-

phorylation. These inhibitors are adsorbed by certain com-

ponents of media, such as starch and albumin. These adsor-

bents have been replaced by compounds with similar prop-

erties, such as charcoal, anion-exchange resins, poly(vinyl

acetate) and poly(vinyl alcohol), methylcellulose, and CDs.

Linear carbohydrate chains of starch are known to bind fatty

acids by helical encapsulation; similarly, CDs bind fatty

acids by forming inclusion complexes. The degree of inhi-

bition should also depend on the partitioning of the fatty acids

between the cell membrane and the bulk medium. A corre-

sponding shift in the distribution of FFAs from the cells to

the extracellular medium demonstrated that dimethyl-b-CD
(M-b-CD) sequesters FFAs. Of all the adsorbents tried

previously with B. pertussis, CD seems to be the best in

terms of growth, foam control, and antigen production.

M-b-CD was shown to have a high binding affinity for FFAs

and to rapidly reverse FFA-induced inhibition.

The role ofCDs as carriers of low-molecular-weight drugs

and drugs of protein origin is well known [65]. Novel

approaches include delivery of oligonucleotides by modify-

ing CDs. Cationic polymers serve as excellent carriers for

delivery of oligonucleotides. CDs were complexed with

cationic agents [66,67] such as polyethylimine, oligoethy-

lenimine [68], and polyamidoamine for gene delivery. Such

complexes have shown excellent transfection ability and

enjoy low toxicity.

2.6. Role of CDs in the Food Industry

b-CDwas declared under the category “generally recognized

as safe” (GRAS) since 1998 for the protection of sensitive

components of food and as a flavor carrier. Following are the

few properties of the CDs that makes them a suitable

candidate for use in the food industry. CDs are nontoxic,

are not absorbed in the upper gastrointestinal tract, and are

completelymetabolized by the colonmicroflora. The price of

a b-CD-encapsulated flavor product is not much higher than

that of a microencapsulated flavor formulation.
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In the food industry, CDs can be used to play any of the

following roles:

. Protection of active ingredients that are susceptible to

thermodecomposition, photodecomposition, microbio-

logical contamination, hygroscopicity, and those that

undergo oxidation, loss by volatility, sublimation, etc.

. Masking undesired tastes and odors.

. Technological advantages, including operational ease

from raw materials to finished product economically.

2.6.1. CDs as Flavor Carriers Most natural and artificial

flavors are volatile oils or liquids, and complexation with

CDs provides a promising alternative to the conventional

encapsulation technologies used for flavor protection. Mo-

lecular encapsulation is an encapsulation process on a mo-

lecular scale in which CD form complexes with flavors.

Molecular encapsulation has an edge over traditional encap-

sulation techniques, as it ensures effective protection for

every flavor constituent present in a multicomponent food

system [69].

2.6.2. CDs as a Protectant of Food Ingredients Photo-

sensitive components such as citral were shown to be pro-

tected against the degrading effects of light when encapsu-

lated in CDs which otherwise undergo a cyclization reaction

in the presence of ultraviolet radiations. Decomposition

products alter the taste of juices that have a citral flavor. The

beneficial effect of CDs in the protection of light-sensitive

volatile components of aromatic oils has already been re-

ported (Table 3). CDs protect sensitive components such as

citral and cinnamaldehyde from the deleterious effect of

ultraviolet (UV) radiation. Certain food components such

as unsaturated fatty acids are sensitive to oxidation. Partial or

complete entrapment of such components inside CDs

improves their resistance to oxidation [70]. It has already

been reported and shown experimentally that oxidation has a

deleterious effect on certain sensitive components, such as

benzaldehyde and cinnamaldehyde. These components are

vulnerable to oxidation in the free or naked state. Encapsu-

lation inside CDs following complexation greatly enhanced

their resistance to oxidation, as shown in Table 3 [71]. The

stability of flavors in high-temperature extrusion cooking has

already been reported [72]. CDs have been shown to provide

better protection than traditional adsorbents such as lactose.

Encapsulated compounds show a higher increase in resis-

tance toward higher temperature and humidity condi-

tions [70]. Excessive bitterness of flavors is undesirable. The

efficacy of CDs to protect the bitter components of grapefruit

juice, even at a pilot-plant scale, has been reported. The bitter

component of grapefruit juice consists of limonin and nar-

ingin. b-CD was used to reduce these active components

using a fluidized-bed process [73].

2.6.3. Miscellaneous Applications of CDs in the Food
Industry The resistance offered to environmental condi-

tions has opened a new area for CD use: as packaging

components [74]. They can also be employed to form a

complex with antimicrobial agents, providing strong protec-

tion against microbial attack of food ingredients. Allyl

isothiocyanate (AITC), a strong antimicrobial agent, was

reported to be complexed with a- and b-CDs. This complex

permits the controlled release of AITC and offers many

advantages such as masking of strong odor and prolonging

the antimicrobial effect [75].

2.7. Role of CDs as a Processing Aid

In juices, polyphenol-oxidase causes the browning of juice

by converting the colorless polyphenols to colored com-

pounds. The addition of CDs removes polyphenoloxidase

from juices by complexation [76]. CD-mediated

Table 3. Protective Role of CDs Against Stress Conditions

Protection Against: Sensitive Compounds Complex Formed Remarks

Oxidation Benzaldehyde Benzaldehyde/b-CD Oxygen consumption is 10 to 11 times less in complex

formed as in free component

Cinnamaldehyde Cinnamaldehyde/b-CD
Photosensitivity Citral Citral/b-CD 80 to 90% increased resistance to photosensitivity in the

complex formed

Cinnamaldehyde Cinnamaldehyde/b-CD
Heat Garlic Garlic/b-CD Less thermal degradation in the complex formed than in

free component

Onion Onion/b-CD
Dill Dill/b-CD

Heat and humidity Garlic oil Garlic oil/b-CD 70 to 80% increased resistance to high temperature and

humidity in the complex formed

Lemon oil Lemon oil/b-CD
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complexation is employed to remove cholesterol from pro-

ducts such as milk, butter, and eggs. The texture-improving

effect on pastry and meat products may be due to complex-

ation with free fatty acids [8,77].

2.8. Cosmetics, Toiletries, Personal care, and

Miscellaneous Applications

The use of CDs-complexed fragrances in skin preparations

such as talcumpowder stabilizes the fragrance against loss by

evaporation and oxidation over a long period. It also im-

proves the antimicrobial efficacy. The major benefits of CDs

in this sector are stabilization, odor control, and process

improvement upon conversion of a liquid ingredient to a solid

form, flavor protection and flavor delivery in lipsticks, water

solubility, and enhanced thermal stability of oils [78]. O-

Methoxycinnamaldehyde acts as an antimicrobial agent. The

b-CD complex of o-methoxycinnamaldehyde has been in-

corporated into shoe insoles to inhibit microbial growth and

foul odors. Fragrant paper or paper containing protective

substances of perfumes, insecticides, rust inhibitors, mold-

andmildew-proofing agents, fungicides, and bactericides can

be prepared using CD complexes by incorporating suitable

active agents [79].

3. CDS IN SEPARATION TECHNIQUES

Currently, chiral separations are one of the most important

areas of the use of CDs and their derivatives [80]. Further-

more, CDs are also used extensively in high-performance

liquid chromatography (HPLC) as stationary phases bonded

to solid support or as mobile-phase additives in HPLC and in

capillary electrophoresis for the separation of chiral com-

pounds [81]. The size, shape, and selectivity of CDs confer

the ability to discriminate between positional isomers, en-

antiomers, functional groups, and homologs [82]. Rivastig-

mine is a well-known agent for the treatment of Alzheimer’s

disease [83]. Native or derivatized cyclodextrins, such as

heptakis (2,3,6-tri-O-methyl)-cyclodextrin, hydroxypropyl-

cyclodextrin, and sulfated cyclodextrin are the most widely

used chiral selectors in capillary electromigration methods,

with the purpose of improving the enantiomeric resolution of

racemic compounds. Resolution of rivastigmine, an anticho-

linesterase inhibitor, has been reported using the aforemen-

tioned CDs [84].

BTEX refers to benzene, toluene, ethylbenzene and o-,

m-,and p-xylene. These are aromatic hydrocarbons used

widely in the chemical industry. BTEX are small hydropho-

bic aromatic hydrocarbons with a great affinity for the

nonpolar CDcavity. Selectivity is ensured, due to the electron

sharing of the aromatic methylene groups with those of the

glucoside oxygens. Due to the inclusion complex formation

ability of CDs, they can detect and differentiate between

structural isomers such as o-, m-, and p-xylene. b-CD has

been used as a mobile phase-component in reversed-phase

HPLC and also in stationary phases, in both liquid and gas

chromatography [85]. Hydrophilic CDs have frequently been

used in capillary electrophoresis as buffer modifiers to effect

chiral separation of drugs and chemicals [86].

4. CONCLUSIONS AND FUTURE PROSPECTS

From the discussion above it is evident that CDs play a major

role in biotechnology-related products and processes. Their

complex chemical structure makes them very useful in

product and process development. The presence of hydro-

phobic and hydrophilic character in a single molecule makes

them prone to practical use. The enthalpy-rich water mole-

cules makes them unstable, and stabilization takes place in

pulling guest molecules inside the cavity. In an appropriate

environment, the guest molecules come out and deliver the

product. Use of nano-CDsmay be a future trend for the better

use of CDs. Starting with media formulation and going

fermentation, bioprocessing, and downstream processing,

the use of CDs is everywhere. Chemical and biochemical

transformation of CDs to a more useful complexing agent

may be a research area where scientists should look into.

Better complexing agents than CDs themselves may be

generated from CDs through chemical and/or biochemical

transformations of the sugar moieties, addition or deletion of

functional groups, and so on.
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1. INTRODUCTION

Cyclodextrins (CDs) are a class of cyclic oligosaccharides

made up of six, seven, eight, or more glucopyranose units

linked together [38]. They are of particular biochemical

importance, due to their possession of a hydrophilic outer

covering pairedwith their hydrophobic inner core, properties

that allow them to greatly increase the solubility of nonpolar

or hydrophobic molecules in an aqueous solution. CDs have

also become a favorite tool of researchers, due to the very low

toxicity dangers they present [38]. Themajority of biological

research involving CDs has involved this ability to increase

the solubility of important drugs and other macromolecules,

and their capacity to draw cholesterol out of the plasma

membrane. This research has covered a vast array of topics,

ranging from cellular adhesion interactions, the fertilization

process, bacterial and viral infections, and even their in-

volvement in neurodegenerative disease. As the following

sections illustrate, CDs have been extremely important, and

will continue to be important, to an increasing multitude of

biological subjects.

2. CELL MEMBRANE CHOLESTEROL EFFLUX

As mentioned earlier, and as will become exceedingly clear

throughout this chapter, the majority of research involving

CDs has revolved around their ability to extract cholesterol

from the plasma membrane. While plenty of studies have

focused on the consequences of this phenomenon, there has

been quite a bit of research into the dynamics of this process.

Numerous studies have examined the kinetics of CD-

mediated cellular cholesterol efflux in many different cell

lines, including murine fibroblasts [26], human red blood

cells [66], and rat cerebellar neurons [50]. The results of these

studies have indicated that CDs are able to induce an efflux of

cholesterol, sphingolipids, and phophatidylcholine from the

plasma membrane in a manner that is both time and dose

dependent [60]. This efflux usually results in the loss of very

large amounts of membrane cholesterol, often in the range of

50 to 90% of the original amount. CDs are not only able to

extract large amounts of membrane cholesterol, they are able

to do so at an incredibly rapid rate.

Studies with human red blood cells showed that the rate of

membrane cholesterol efflux created by treatment with CDs

is approximately three orders of magnitude more rapid than

the rate of cholesterol transfer from red blood cells to other

lipid acceptors, and approximately five orders of magnitude

faster than the rate of transfer from cultured cells to synthetic

vesicles [66]. Collectively, these studies show that CDs are

able to extract large amounts of membrane cholesterol in a

rapid and efficient manner, making them excellent tools for

studying cholesterol efflux and its associated effects.

3. CELLULAR ADHESION

It has only been within the past few years that CDs have

started being used as tools to study the mechanisms that

mediate cellular adhesion interactions. However, their use

has already provided researchers with insights into these

occurrences, which had previously remained a mystery.
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Platelets are anuclear cells that attach to blood vessel

walls to form clots during hemostasis. This adhesive inter-

action ismediated by the platelet glycoprotein (Gp) Ib-IX-V

which binds to the von Willebrand factor (VWF), a glyco-

protein found in the blood. Gp Ib-IX-V has been shown to be

localized to lipid rafts, cholesterol-enriched microdomains,

within the platelet plasma membrane [62]. Depletion of

membrane cholesterol with CDs inhibits platelet aggrega-

tion by as much as 70% [63]. Similar results have been

obtained with respect to the healing of wounds in the

intestinal mucosa, which occurs through the migration of

intestinal epithelial cells. The adhesion of these cells to the

wound area involves the use of integrins, receptors that

mediate the attachment of cells to their surrounding tissues.

In migrating intestinal epithelial cells these receptors are

internalized via endocytosis involving membrane lipid

rafts [74]. In this instance, depletion of membrane choles-

terol by CD was able to slow the wound-healing process

drastically.

CDs have also been shown to interfere with adhesive

interactions during developmental processes. Gastrulation in

sea urchin embryos involves an invagination of part of the

developing embryo and the attachment of the archenteron tip

to the blastocoel roof. CD treatment was able to block this

attachment effectively, resulting in unattached archenterons

in approximately 70% of the treated embryos [58]. In these

experiments it may be that CDs bound to lectin-type recep-

tors involved in this cellular interaction.

Finally, CD treatment was able to inhibit adhesion be-

tween chicken embryonic retina cells and several lines of

human cancer cells. In a study involving embryonic retina

cells, CDs suppressed the adhesive interactions in a dose-

dependent manner, with a concentration of 8 mM reducing

cell adhesion by about 92% compared to controls [23].

Experiments have also been carried out using human breast

cancer cells, cervix epitheloid carcinoma cells, and hepato-

carcinoma cells. These studies indicated that CDs were able

to disrupt adhesion between the different cell lines by dis-

rupting the lipid raft–associated integrin signaling pathway

in the same way as emodin, a well-known anticancer

agent [21]. These results, combined with the data for urchin

embryos, platelets, and intestinal epithelial cells, beautifully

demonstrate the ability of CDs to inhibit cellular adhesion

interactions.

4. MEMBRANE PROTEINS AND RECEPTORS

Much of the research involving the use of CDs has focused on

specific cellular interactions (cholesterol efflux, cell–cell

adhesion, etc.), but there have also been a number of studies

that have examined CD effects on specific, isolated mem-

brane proteins and receptors. Although the majority of these

studies cannot really be placed into any broader categories, it

is still important to elaborate on the results that this research

has produced.

. CDs are able to block effectively the channels formed

by connexin proteins, which compose gap junctions and

are involved in the intercellular movement of signaling

molecules [35].

. Membrane lipid rafts play an important role in the

activation of nuclear factor kB, a transcription factor

that is used in osteoclast functioning [19].

. Kappa opioid receptors, which elicit effects such as

water diuresis, analgesia, and dysphoria, are localized

to lipid rafts in human placental tissue [81].

. Voltage-gated Kþ channels, voltage-gated Ca2þ chan-

nels, caveolin-2 (a lipid-raft structural protein), and

soluble N-ethylmaleimide-sensitive factor attachment

protein receptor proteins (SNARE proteins) are local-

ized to lipid rafts in pancreatic a-cells and function in

the stimulation of glucagon secretion [79].

. The a1a-adrenergic receptor (a catecholamine-targeted

G-protein-coupled receptor) occupies membrane lipid

rafts in rat fibroblasts [40].

. The function of the dihydropyridine receptor (which

controls excitation–contraction coupling) is modulated

by cholesterol levels of the plasma membrane in mice

fetal skeletal muscle cells [52].

. Ras proteins, which play a critical role in the transduc-

tion of extracellular signals, are located in membrane

lipid rafts and cholesterol-independent

microdomains [53].

. The inhibition of endocytosis by CDs induces the

accumulation of aquaporin-2 (a protein that regulates

the flow of water) in rat renal epithelial cells [56].

. The glutamate transport-associated protein GTRAP3-

18 is a membrane-bound protein that interacts with the

excitatory amino acid carrier-1 cysteine transporter

(EAAC), which regulates the intracellular glutathione

content. Treatment with CDs has been shown to in-

crease the amount of GTRAP3-18 in the plasma mem-

brane of human embryonic kidney cells, thus decreasing

the intracellular amount of glutathione and rendering

the cell vulnerable to oxidative stress [76].

. Epidermal growth factor (EGF) is a protein that plays

an important role in several cellular functions, includ-

ing cell growth and differentiation. Depletion of mem-

brane cholesterol levels caused increased binding of

the EGF receptor (EGFR) [55] as well as ligand-

independent activation of the EGFR-associated MAP

kinase pathway [9]. This suggests that cellular cho-

lesterol levels possibly play important roles in both

the inhibition and the activation of cell growth and

differentiation.
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Although there are certainly other cholesterol-associated

membrane-bound proteins and receptors whose location and

function remain to be determined, the research that has

already been performed clearly demonstrates the usefulness

of CDs in elucidating the role of membrane proteins in

cellular interactions.

5. VIRAL INFECTIONS

Cholesterol levels in the plasma membrane have been found

to be extremely important in many parts of the viral infection

process, including the entry and release of virions from the

host cell and the transport of various viral proteins. The use of

CDs to decrease membrane cholesterol and impede viral

entry into the host cell has been demonstrated for foot-and-

mouth disease [48], duck hepatitis B virus [13], and murine

corona virus [71]. Conversely, treatment with CDs increased

the rate of release but decreased the relative infectivity of the

virions for the influenza A virus [4], and the Newcastle

virus [29,30], while decreasing the observed viral titer for

the bluetongue virus [5]. Finally, cholesterol depletion great-

ly disrupted the surface transport of influenza virus hemag-

glutinin [20,25]. These results demonstrate a clear affect of

CDs on the pathogenicity of several different viruses, and

provide evidence of the potential potent antiviral properties

of CD-based treatments.

5.1. HIV Infections

While extensive research has been performed on the effects

of CDs onviral infections, no virus has beenmore studied in

terms of the effects of CDs than human immunodeficiency

virus (HIV). Initial studies in the early 1990s revealed that

sulfated cyclodextrins were quite affective at inhibiting

HIV infection [61,77], but the mechanisms of this process

had not yet been determined. Since then, further research

has revealed that lipid raft–based receptors are necessary for

HIV entry into CDþ T-cells [51] and that membrane

cholesterol is required for the infectivity of HIV vir-

ions [7,17]. However, the most current studies have shown

that despite the known ability of CDs to affect HIV virions,

the constantly changing nature of the virus still makes it an

extremely difficult target to eradicate. A 2008 study dem-

onstrated the usefulness of CDs in creating a lentivirus

vector that was able to selectively kill HIV positive macro-

phages (a feat that had previously proven to be extremely

difficult) [83], but that same year also saw the publication of

a paper demonstrating that the use of CDs as a topical

antiviral was only able to provide partial protection against

the transmission of the simian form of HIV [1]. Neverthe-

less, the evidence is clear that CDs still present a viable basis

for anti-HIV treatment, and further research should con-

tinue despite the recent setbacks.

6. BACTERIAL INFECTIONS

Even though there has been significant amounts of research

aimed at identifying the effects of CDs on viral infections,

there has been even more research into the effects of CDs on

bacterial infections. In addition to the research involving the

ability of CDs to solubilize antibacterial agents [12,36], the

CD-based studies on bacterial infections have covered a

broad spectrum of bacterial species and toxins. It has been

shown that lipid rafts play a vital role in the binding of and

entry into host cells by Francisella tularensis [70], Listeria

monocytogenes [62], cholera toxin [79],Bacillus thuringien-

sis Cry1A toxin [87], Pseudomonas aeruginosa [82],

Escherichia coli and E. coli shiga toxin [3,24,27], and

Clostridium perfringens i-toxin [44]. The loss of membrane

cholesterol has even been able to prevent the cytoskeletal

rearrangement that occurs during E. coli infection [54]. The

Clostridium species have been the subjects of especially

intensive studies, the results of which have indicated that

cholesterol depletion is able to block the binding of and/or the

pore formation caused by the C. perfringens a- and b-tox-
ins [43,47] and C. difficile toxin A [15], but does not impair

the ATP depletion and subsequent cell death caused by C.

perfringens e-toxin [8]. These findings provide a clear dem-

onstration of the potential antibacterial properties of CDs,

and when combined with their previously discussed antiviral

properties, paint a clear picture of CDs as being potent

weapons in the war against disease.

7. ORGANELLES AND INTRACELLULAR

TRANSPORT

Membrane cholesterol levels can have important effects on

the activities of various organelles and movement of mole-

cules within the cell. Consequently, the extraction of cho-

lesterol by CDs can have negative effects on these processes

as well. Removal of cholesterol inhibits the intra-Golgi

transport of proteins [67], as well as effecting the movement

of the Golgi along the cytoskeleton in cells that contained

mutant kinesin proteins [80]. Transcytosis is the process of

moving molecules across the interior of a cell, and CDs have

been shown to affect this process greatly as well. Indeed,

depletion of cholesterol inhibits the efflux of proteins from

endosomes [46] as well as the postendocytic sorting and

trafficking of said molecules [32,46].

8. LECTINS

Lectins are sugar-binding proteins that have been widely

used in research, especially in the investigation of polysac-

charide receptors in cellular adhesion interactions. CDs have

been used increasingly as part of these studies, due to their
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ability to effect the binding of lectins to their target recep-

tors. These effects are due mostly to the ability of CDs to

bind lectins directly [14] and to disrupt lipid rafts where the

target receptors may reside [6]. However, the lectin-binding

ability of CDs has also been utilized to allow researchers to

determine the topological differences between different

lectins [2]. Additionally, recent advancements have indi-

cated that an increase in cellular lectin binding is a prog-

nostic indicator for lung cancer [68]. From the research

already conducted, it can surely be concluded that CDs will

continue to be used to study the effects brought about by

lectin binding.

9. IMMUNE SYSTEM

The various components of the immune system have proven

to be particularly sensitive to cholesterol depletion by CDs.

These effects could prove to be especially important to

researchers as they search for novel ways to manipulate the

bodies’ immune response. The depletion of cholesterol from

macrophages regulates cholesterol efflux and cholesteryl

ester clearance from the cells [34], and also increases the

expression of the SR-BI receptor [85], all of which could

greatly affect the ability of macrophages to help fight off

infection. T-cells have also shown to be highly affected by

CDs, as their activation by the major histocompatability

complex appears to be facilitated by lipid raft formation

[30]. However, T-cells are not the only part of the innate

immune system that relies on lipid rafts for activation.

Several receptor molecules that function in the lipopolysac-

charide-activated secretion of TNFa and other antibacterial

chemokines, such as CD14, hsp70 and 90, and chemokine

receptor 4, are all present in lipid raft microdomains as

well [72]. B-cells have also shown to be sensitive to CD

treatment as CDs were able to inhibit the ligand-mediated

internalization of the CD22 receptor [22], as well as re-

versing the inhibition of Kþ channels caused by phospha-

tidylinositol 4,5-bisphosphate [45]. Finally, there is evi-

dence that CDs could potentially be used to help prevent

gene transfer between bacteria and their mammalian hosts.

The human antimicrobial peptide LL-37 functions to bring

about the lysis of invading microbes during bacterial in-

fections. However, this same peptide is also able to transfer

the free DNA plasmids from lysed bacteria into the nuclear

compartment of mammalian host cells via interactions with

lipid rafts [60]. This ability to protect bacterial DNA and

bind to host cell DNA could help explain the mutations and

periods of dormancy observed in bacterial and viral infec-

tions, as well as the initiation of autoimmune disorders.

Thus, while certain aspects of the immune system appear to

be quite sensitive to CD-mediated cholesterol depletion,

there are certain phenomena that could be avoided by proper

CD usage.

10. NERVOUS SYSTEM

Like the cells of the immune system and other body systems

that will be discussed later, the components of the nervous

system are also susceptible to CD-mediated cholesterol

depletion. Similar to what was observed in human placental

tissue, neurons also possess the GTRAP3-18 and EAAC1

proteins that function in the synthesis of glutathione, a

protein that helps protect cells from oxidative stress. And

as was observed in the placental tissue, CDs increased the

interaction between GTRAP3-18 and EAAC1, thus increas-

ing glutathione synthesis [76]. The protective effects of

glutathione are mirrored by statin drugs, which are used to

reduce both the incidence of strokes and infarct volume. In

studies examining the link between cellular cholesterol and

the protective properties of statins, it was found that their

ability to protect cells from excitotoxicty were reversed by

cotreatment with cholesterol, and were mimicked by treat-

ment with CDs [85].

Alzheimer’s disease is a neurodegenerative disorder that

is characterized by the formation of amyloid plaques within

the brain. AlthoughAlzheimer’s is very often associatedwith

decreased levels of glutathione and other neuroprotective

enzymes, the presence of the amyloidogenic peptide AB42 is

the most prominent risk factor for developing the disease.

The production of AB42 is mediated by a pair of neuronal

enzymes, b- and c-secretase, and cholesterol depletion by

CDs was able to inhibit the enzymatic activities of the two

secretases both additively and independently [18]. There is

also additional evidence demonstrating the importance of

cholesterol in other neurological disorders for which im-

paired muscle movement is a symptom, as CD-mediated

cholesterol depletion of axons at crayfish neuromuscular

junctions effectively blocked synaptic transmission [86].

These studies suggest a potential role for CDs in the

treatment of Alzheimer’s disease as well as other neuro-

degenerative disorders as they could be used to either

extract cholesterol from the neurons exhibiting

Alzheimer’s symptoms or deliver cholesterol to the neu-

romuscular junctions of patients exhibiting decreased mo-

tor functioning.

Finally, neural cell adhesion molecule (NCAM) is a

glycoprotein that is expressed on the membrane surface of

neurons. This molecule is extremely important for mediating

the outgrowth of neurites (neuronal cell body projections),

but to do so it must form a complex with two other important

neuronal proteins, spectrin and PKC-b2. Treatment of cells

with CDs was able to disrupt the binding of NCAM120 with

spectrin, suggesting the interaction involves lipid rafts [31],

and demonstrating the importance of membrane cholesterol

in the formation of neural connections.

CD-based research on neurons has provided us with some

very interesting results regarding the possible use of CDs as a

means for protection against excitotoxicity and as a treatment
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for Alzheimer’s disease. Hopefully, future research will

provide us with further inside into these possibilities.

11. ENDOCRINE SYSTEM

The endocrine system is responsible for mediating intercel-

lular communication over long distances via the release of

hormones. Studies have shown that both the release and

binding of these molecules is often dependent on cellular

interactions involving membrane cholesterol. The hormone

insulin regulates the cellular uptake of glucose from the

bloodstream and is one of the best knownbiological signaling

molecules, due to the widespread prevalence of diabetes.

Insulin is synthesized and secreted from the b-cells of the
islets of Langerhans within the pancreas via exocytosis.

Cholesterol depletion by CDs inhibits the docking of the

secretory granules with the plasma membrane with labora-

tory experiments showing that this can decrease insulin

secretion by asmuch as 50% [49,75]. Conversely, luteinizing

hormone (LH) is essential for triggering ovulation in women

and testosterone production in men. LH receptors normally

translocate to the plasma membrane after binding of human

chorionic gonadotropin, but this process was severely in-

hibited in cells that had been depleted of membrane choles-

terol [65]. Considering the number of patients worldwide

who suffer from endocrine-related conditions, these results

suggest a very important role for CDs and membrane cho-

lesterol in the pathogenesis and possible treatment of these

disorders.

12. FERTILIZATION AND EMBRYOGENESIS

CDs have recently gained popularity in research focused on

fertilization and the reproductive process. The most recent

evidence suggests that CDs may be able to play a very

effective role at improving the techniques currently used for

in vitro fertilization and artificial insemination. Cryopreser-

vation of sperm is widely used, as it provides an economical

and relatively reliable means of maintaining lines of genet-

ically engineered laboratory animals. Of the lines of genet-

ically engineered mice that are routinely used as research

subjects, the C57BL/6 line is the most important. However,

the observed rate of fertilization from frozen C57BL/6 mice

is quite low compared to other strains. Frozen sperm from this

strain that were treated with CD exhibited a fertilization rate

that was nearly three times that of control samples [69].

However, these results were not replicated in similar studies

performed on the frozen sperm of rainbow trout. This study

showed that neither the depletion of cholesterol by up to 50%,

nor the doubling of the baseline cholesterol level, had any

effect on the fertilization rate [41]. This suggests that the

ability of CDs to improve fertilization from cryopreserved

sperm is limited to species in which the sperm possess an

acrosome.

Other interesting findings have come from studies on

Xenopus laevis oocytes. Incubation of X. laevis oocytes with

CDs greatly accelerated the rate of meiotic maturation, the

first such observation in vertebrate oocytes [57]. Although

these experiments have yet to be carried out on mammalian

oocytes, similar results could potentially lead to dramatically

improved rates of success for artificial insemination in hu-

mans or possibly even further progress in the field of cloning.

Similar to the attempts that have already been made in

trying to use CDs to prevent the transmission of HIV, CDs

have also been considered as possible topical spermi-

cides [10]. Although it is believed that their ability to extract

high amounts of membrane cholesterol would allow them to

be affective spermicidal agents, their inability to preventHIV

transmission has prevented the initiation of any sort of

clinical trials. Nevertheless, CDs have still provided re-

searchers with a potential avenue to explore in terms of

fertilization and embryology, and further research in these

topics could lead to vastly improved methods for artificial

insemination and the maintenance of important strains of

laboratory animals.

13. CARDIOVASCULAR SYSTEM

Heart disease is currently the leading cause of death in the

United States, and its connection to elevated levels of cho-

lesterol has been known for quite some time now. Consid-

ering the ability of CDs to remove cellular cholesterol, it

would only seem prudent to investigate their potential uses in

combating this deadly condition.

The recruitment of monocytes which then differentiate

into macrophages and ingest low-density lipoproteins is a

critical step in the formation of atherosclerotic plaques [42].

Activation of monocyte adhesion molecules such as CD11b

is required for this step to proceed. CDs, but not CDs

complexed with cholesterol, were able to prevent the acti-

vation of CD11b [42], suggesting that the extraction of

cholesterol from serum monocytes could be an effective

means of inhibiting the development of atherosclerotic

plaques.

The membrane-bound receptors and channel proteins of

various cell types have been found to be either located in or

directly associated with lipid rafts, and the membrane pro-

teins of cardiac cells are no different. Of the cardiac mem-

brane proteins that have been found to be associated with the

lipid rafts, the most important ones are the Ca2þ channels.

Depletion of cholesterol from cardiac myocytes produces

profound inhibitory effects on the ion flux mediated by the

Ca2þ channels [37,73]. This suggests that the depletion of

cholesterol from cardiac myocytes could potentially have

grave consequences if it were to occur in a human being.
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Ion channels important to the cardiovascular system are

not just located within the heart itself; they are also present in

the smooth muscle that mediates the contraction of arteries.

CD-mediated cholesterol depletion has not only shown that

ATP-sensitive Kþ channels and adenlyl cyclase both local-

ize to lipid rafts in the membrane of arterial smooth mus-

cle [59], it also elicited an impaired arterial contraction in

response to the binding of 5-hydroxytryptamine (5-HT),

vasopressin, and endothelin [11].

The ability of CD to elicit drastic changes in the ion flow

and the contractility of arterial smooth muscle indicate that

lipid rafts and cellular cholesterol levels are extremely

important factors in the functioning of the cardiovascular

system. Continued research on this front could potentially

lead to major advancements in our ability to fight heart

disease.

14. MUSCLE

In addition to the smooth and cardiac muscle of the cardio-

vascular system, CDs have been very useful in studying

smooth and skeletal muscle throughout the rest of the body.

Depletion of membrane cholesterol by CDs decreases the

membrane capacitance of rat uterine myocytes [64] and

inhibits rat penile erection as well [33]. But CDs do not just

exhibit inhibitory effects on muscle function and growth.

Cholesterol depletion has also been shown to enhance myo-

blast fusion and induce the formation of myotubes in chick

skeletal muscle, although the resulting tissue did exhibit

disorganized nuclei [39]. CDs have also been implicated in

the development of chronic airway diseases. Conditions like

these, such as asthma, are associated with increased smooth

muscle mass in the airway. Disruption of the caveolae

(invaginations of the plasma membrane that are usually

associated with high levels of lipids) with CDs caused

spontaneous activation of the p42/p44 MAP kinase pathway,

leading to localized smooth muscle proliferation [16]. This

suggests that caveolae play an important role in inhibition of

excessive smooth muscle proliferation, and combined with

other examples presented, shows that membrane cholesterol

levels are very important for maintaining proper muscle

functioning.

15. CONCLUSIONS

CDs are cyclic oligosaccharides that due to their unique

physical properties have proven to be very useful tools in

biological research. Their ability to extract cholesterol from

the plasma membrane has allowed researchers to shed new

light on a variety of cellular interactions, some of which

could be extremely useful in a variety of areas, including the

prevention of viral and bacterial infections, the prevention of

neurodegenerative diseases, and increased efficiency for

sperm storage and in vitro fertilization. Hopefully, CD-based

research will continue into the future, as the results already

obtained suggest that such studies could prove to be ex-

tremely beneficial to humankind.
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1. HYDROGELS IN DRUG DELIVERY

1.1. Concept, Structure, and General Features

The term gelwas introduced late in the nineteenth century in

an attempt to classify semisolid substances according to their

physical characteristics rather than their molecular compo-

sition [1]. Structurally, a gel consists of a relatively small

fraction of solid materials, mainly entangled polymers,

dispersed in quite a large volume of liquid in which the

polymers form a three-dimensional structure. The liquid

prevents the network from collapsing into a compact mass,

and the network prevents the liquid from flowing away. Thus,

gel can be thought of as an intermediate between solid and

liquid states [2].

The appearance and properties of gels come from the links

among the polymer chains [3]. Depending on the strength of

the interactions, the cross-linking degree and the ratio

between the number of cross-linking points and the length

of the polymer chains, gels vary in consistency from viscous

fluids to fairly rigid solids. Physically cross-linked gels are

formed by simple entanglement of polymer chains and are, in

general, easily spreadable. Simple addition of more solvent

induces dilution of the polymer and the system loses its gel

behavior. Chemically cross-linked gels, inwhich the polymer

chains are bound to each other through relatively strong

bonds (principally, electrostatic or covalent bonds), may be

used as highly viscoelastic macroscopic platforms or as

individualized microgel particles. Cross-linked gels swell

in water without solution, keeping their cross-linking points

(Fig. 1). Comprehensive reviews on gel synthesis and prop-

erties may be found elsewhere [3,4].

Any gel in which the liquid phase is water is called a

hydrogel, although the term is used mainly to design chem-

ically cross-linked systems. Hydrogels are of great interest as

food components, water superabsorbents, chemical traps,

artificial organs and scaffolds, agents able to immobilize

enzymes, and in the pharmaceutical field, as contact lenses

and drug vehicles or carriers [5,6]. High water content, soft

consistency, and viscoelastic behavior make hydrogels re-

semble natural living tissues more than any other class of

synthetic biomaterials. Hydrogels can be made to resist the

physiological stress caused by skin flexion, blinking, and

mucociliar movement, to adopt the shape of the application

area without damage, and even to provide support to the

surrounding tissues [7,8]. Despite hydrogels having long

been known, they have in recent years generated increasing

interest as drug delivery, systems owing to advances in

polymer physics and chemistry that have led to resourceful

synthetic methods and to myriads of network structures and

performances [9].
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1.2. Pharmaceutical and Biomedical Applications

Hydrogels offer important advantages over conventional

dosage forms. The versatility of hydrogel-based drug carriers

makes them able to be adapted to practically all delivery

routes [10–13]. Furthermore, these outstandingly patient-

friendly delivery systems enable a precise release of drugs for

more or less prolonged periods of time. Two of the critical

parameters determining the kinetics and the mechanism of

drug release, the permeability (mesh size) of the polymer

network and its swelling properties, are easily adjustable by

choosing an adequate polymer composition and cross-link-

ing degree. A hydrogel may act as a simple reservoir of drugs

that are released by diffusion or erosion, as targeting drug

delivery systems, or as triggered drug release devices

[14–16]. Physically cross-linked hydrogels control drug

release primarily through the effect of viscosity on drug

diffusion [17]. The drug diffusion barrier through the gel is

not as high as predicted by the apparent macroviscosity, but

depends on the viscosity of the microenvironment through

which the drug has to pass [18,19]. In general, the greater the

hydrodynamic size of the diffusible species, the slower the

diffusion. Thus, attempts to control drug release by incor-

poration of enlarged structures, such as cyclodextrin com-

plexes, have been successful under certain circum-

stances [20–24].

Chemically cross-linked hydrogels can control drug de-

livery through changes in mesh size (e.g., swelling or erod-

ing) or through changes in the binding strength of the drug to

some chemical groups of the network that respond to mod-

ifications of some physiological variables (Fig. 2). If the

hydrodynamic diameter of the drug is greater than the mesh

size, the drug is not released; if it is lower, the release rate

depends on the tortuousness of the diffusion path [5]. Once in

contact with the physiological fluids, some hydrogels suffer

deep structural changes, and their volume, mesh size, and

even integrity may be reversibly (smart behavior) or irre-

versibly altered. Specific conditions of the environment, such

as pH, temperature, light wavelength, nature and concentra-

tion of ions, or enzymatic activity, determine the intensity of

such changes and, in consequence, may affect the drug

 

(A) (B)

 

Figure 1. Structure of a (A) physically cross-linked gel and (B) a

continuous chemically cross-linked gel.
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Figure 2. Mechanisms potentially involved in the drug release process from a hydrogel-based

formulation.
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release process [16,25]. Obviously, enhanced knowledge of

the effects of these external variables will increase the

possibilities of designing hydrogels with adequate drug

release profiles through swelling- or erosion-controlled

mechanisms.

The highly hydrophilic character of hydrogels, which

gives gels their biocompatibility and appropriate mechanical

properties, is, however, a handicap for performance as a drug

delivery device. Hydrophobic drugs that are poorly soluble in

water can be difficult to load into hydrogels.When immersed

in a drug solution, equilibrium between the aqueous phase of

the hydrogel and the surrounding loading solution is achieved

in such a way that the drug concentration in both phases

becomes the same [26]. The amount of drug loaded is

expected to be proportional to the volume of water in the

hydrogel [27]:

drug in aqueous phase ðw=w dry hydrogelÞ ¼ Vs

Wp

C0 ð1Þ

where Vs is the volume of the aqueous phase in the hydrogel,

Wp the weight of dried hydrogel, and C0 the drug concen-

tration in the loading solution. According to this equation, the

lower the concentration of drug in the loading solution, the

smaller the amount that can be loaded by the hydrogel. This is

an important concern since most drugs considered essential

by the World Health Organization are poorly water soluble,

and nearly 90% of the new chemical entities regarded as drug

candidates also lack sufficient aqueous solubility [28–30].

Therefore, the amount of hydrophobic drug loaded by hydro-

gels is usually therapeutically insufficient.

On the other hand, hydrophilic drugs may exhibit rapid

and great uptake by the hydrogel, but their release profiles

typically show a burst delivery. The rate of drug release from

a hydrogel obeys the diffusion laws and is mainly dependent

on thickness, degree of hydration, and drug concentration in

the hydrogel. The following equation can be used to predict,

under sink conditions, the release of a drug by diffusion

through hydrophilic chemically cross-linked networks [26]:

dM

dt
¼ 8DM1

l2
exp

�p2Dt

l2

� �
ð2Þ

In this equation, M1 represents the total amount of drug

released, l the hydrogel thickness, and D the coefficient of

drug diffusion, which is expected to remain constant if no

changes occur in the degree of swelling of the hydrogel

during drug release. For a given drug, the diffusion time

decreases as the water content of the hydrogel increases; and

for a given hydrogel, the lower the molecular weight of the

drug, the shorter the release time [26]. Bearing this inmind, if

the drug diffuses passively through the aqueous phase of the

network without interacting with the polymeric structure,

both the amount loaded and the control of the release will be

deficient. Therefore, efficient mechanisms of drug retention

in the hydrogel are being searched.

The development of hydrogels that interact effectively

with a drug through ionic or hydrophobic bonds has been

shown to improve the loading and release performance of

ionizable drugs [15,31,32]. When the chemical groups and

even the conformation of the polymer network match the

features of the drug molecules, specific binding sites for the

drug into the network can be obtained [33,34]. In such a case,

the drug is not only loaded as drugmolecules dissolved in the

aqueous phase of the hydrogel, but also as drug molecules

effectively interacting with the binding sites. This situation

enhances remarkably the affinity of the drug to the hydrogel,

increasing the total amount of drug that can be loaded and

offering an affinity-dependent release rate [31,35,36].

The concerns about the loading of nonionizable poorly

soluble drugs are more demanding. In this regard, inclusion

of the drug into colloidal carriers, such as liposomes or

surfactant micellar structures, occupies a prominent place

in the design of both physically and chemically cross-linked

networks [37–41]. Drug-loaded liposomes or micelles are

dispersed in the aqueous phase of the chemically cross-linked

hydrogel during synthesis. Then the drug is released at a rate

that depends on the diffusion of the colloidal structures, on

the drug partition between the colloids and the aqueous phase

of the hydrogel, and on the diffusion coefficient of the free

drug [42]. The main limitations of this approach refer to the

stability of the colloidal structures during the synthesis and

storage of the hydrogels and to the changes that the colloids

can induce in the optical and mechanical properties of the

network.

In recent years, the capability of cyclodextrins (CDs) to

form complexes with relatively hydrophobic molecules is

being explored as a way for overcoming the loading and

release limitations of common hydrogels. In this context,

functionalization with CDs that can be chemically attached

to the network and that retain the capability to host drug

molecules is gaining raising attention [43]. It is worth

mentioning that CDs can also interact with the components

of physically cross-linked hydrogels, such as certain blocks

of in situ gelling copolymers (forming polypseudorotaxanes)

or hydrophobic chains (acting as reversible cross-linkers),

enabling remarkable control of the gelling process, the

viscoelastic properties, and the performance for pharmaceu-

tical and biomedical applications. The latter aspects are

covered partially in other chapters of this book and have

also been the aim of recent comprehensive reviews and

papers [44–48]. Therefore, in the next sections we focus on

the benefits of using CDs as components of chemically cross-

linked hydrogels and show relevant examples of their key

role in the performance of quite diverse networks as drug

delivery systems.
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1.3. Benefits of Incorporating CDs

With the exception of some specially designed CD deriva-

tives (e.g., sugammadex), administration of drug–CD solu-

tions leads to a practically instantaneous decomplexation

when the complexes are diluted in aqueous fluids [49,50].

Therefore, in general, drug–CD solutions do not result in

sustained drug release and may even lead to drug precipita-

tion, due to complete and rapid drug release upon dilution of

the drug–CD complex solution [51]. Covalent attachment of

CDs to chemically cross-linked networks may enable CDs to

fully display their complexation capability and, at the same

time, prevent the dilution phenomenon that occurs when

solutions and physical gels are administered. Once in contact

with the physiological fluids, the hydrogel swells but the

volume of water taken up is limited by the polymer network

and, consequently, the polymeric chains do not dissolve and

move apart. This creates a microenvironment rich in cavities

available to interact with the guest drug molecules. In such a

network, the affinity of the drugmolecules for theCDcavities

control the delivery. It is important to note that covalent

attachment of CDs to a polymeric structure does not decrease

their complexation ability but may even improve it, partic-

ularly in the case of large molecules that require more than

one CD to fulfill the complexation [52–58]. Decomplexation

of a drug molecule from one cavity makes the drug available

to form complexes with a neighboring empty cavity, the

likelihood of recomplexation also being dependent on the

drug–CD affinity. Therefore, drug release from the hydrogel

can be seen as successive escape of the drug molecules from

the CD cavities until the molecules reach the surface (Fig. 3).

The higher affinity the drug has for the CD cavity, the slower

the drug release will be by decomplexation. Drug release is

faster whenmost CD cavities are occupied and the likelihood

of recomplexation is lower. Oppositely, as the hydrogel

delivers the drug, the number of empty CD cavities that are

available for hosting the just-passing-through drug mole-

cules increases. Furthermore, if the drug molecules previ-

ously released accumulate around the hydrogel, it could

again recapture the drug toward the network. Drug affinity

for the CD network is expected to be sensitive to the

environmental conditions or to the presence of certain com-

petitors for the CDs, opening the possibility of developing

hydrogels that self-regulate drug delivery. All these features

provide CD hydrogels with unique potential as controlled-

release devices. The screening of such a potential is the focus

of the steadily increasing number of publications (mainly

journal articles but also patents) that appeared in the last

decade (Fig. 4).

Hydrogels in which CDs are forming part of the structure

of chemically cross-linked networks can be obtained by

direct cross-linking of CDs (condensation with a cross-

linker), by copolymerization of CDs with vinyl or acrylic

co-monomers, or by first preparing the network and then

anchoring the CDs to it. In the next section we review the

different strategies pursued to develop CD cross-linked net-

works useful as drug delivery systems.

2. SYNTHESIS AND APPLICATIONS OF

HYDROGELS WITH CDs

2.1. Hydrogels Obtained by Cross-Linking of CDs

CD polymers and hydrogels were first obtained through

condensation reactions of the hydroxyl groups of natural

CDs or of the amine or carboxylic acid groups of functio-

nalized CDs with di- or multifunctional cross-linking agents,

such as aldehydes, ketones, isocyanates, or epoxides,

Figure 3. Drug release from a chemically cross-linked CD network. The CDs behave as dimples and

the drug has to escape the dimples to be released.
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particularly epichlorhydrin (EPI) [59,60]. Under alkaline

conditions, the two reactive functional groups of EPI can

react with the hydroxyl groups of CDs or with other EPI

molecules. This results in a mixture of cross-linked CDs

joined by repeating glyceryl units of polymerized

EPI [61,62]. A careful control of the reaction process makes

it possible to obtain water-soluble CD polymers [63] or

microgel particles. The EPI/b-CD weight ratio also deter-

mines the fraction of CD cavities that are available to host

guest molecules, the maximum being observed for hydrogels

made with 50% b-CD [64]. EPI–CD microgels have been

shown useful as selective traps for removal of components

from water or food [65–71], bioremediation [72], and in

separation science [73–77].

With the aim of achieving a greater hydrophilicity and

more versatile mechanical properties for biomedical appli-

cations, studies pioneered by Szejtli et al. [78] focused on

mixed networks of CDs and hydrophilic polymers [e.g., poly

(vinyl alcohol), PVA] obtained using EPI and ethylene glycol

bis(epoxypropyl)ether as cross-linking agents. The hydro-

gels were then modified with carboxymethyl and acetyl

groups, rendering the networks evenmore hydrophobic. This

approach ensured that CDs retain their capability to form

complexes and the hydrogels demonstrated a high loading

capacity for disinfecting drugs, such as ethacridine lactate,

brilliant green, fuchsin acid, or cetylpyridinium

chloride [79].

Temperature-sensitive EPI–CD networks have been pre-

pared including poly(N-isopropyl acrylamide) (PNIPA) as

the responsive component. PNIPA was grafted directly to

previously cross-linked b-CDs, leading to hydrogels that

maintain the transition temperature of PNIPA; being swollen

at room temperature and shrunken at 37�C. Below the

transition temperature, the cross-linked b-CDs easily formed

complexes with fluorescent probes; the affinity constant

being 100 times larger than that recorded for free b-CDs in
solution. This finding is explained by the hydrophobic mi-

croenvironment that the PNIPA chains provide around the

CDs (Fig. 5). By contrast, the association constant decreased

sharply above the transition temperature due to steric hin-

drance of the collapsed PNIPA chains, which constrained the

access of the fluorescent probe to the CD cavities [80].

Interpenetrating (IPN) or semi-interpenetrating (semi-

IPN) networks of EPI–CD and PNIPA have also been pre-

pared. PNIPA hydrogels synthesized in the presence of the

EPI/b-CD network maintained the transition temperature of

PNIPA. The main feature of these IPNs was that even at the

swollen state they were able to control the release of ibu-

profen, owing to the complexation of the drug with the

CDs [81]. Similar results were found for semi-IPNs made

of b-CDs grafted to poly(ethyleneimine) and cross-linked

PNIPAhydrogels and that were loadedwith propranolol [82].

pH-sensitive microgels have been obtained by interpene-

trating EPI–CD–PVA networks with poly(methacrylic acid)

(PMAA) [83]. As expected, themicrogels collapsed at pH1.4

and swelled at pH 7.4. Nevertheless, they exhibited an

unexpected release pattern of methyl orange, the release rate

beingmuch faster at the collapsed state. This finding was due

to the fact that the affinity ofmethyl orange for b-CDwas one

order of magnitude larger at neutral pH, when the probe was

not ionized, than at acid pH. Therefore, the pH-responsive

delivery is afforded by the effect of pH on the host–guest

interactions and not by the macroscopic swelling of the IPN.

These results clearly highlight the key role of the CDs in

controlling drug release.

Electric-responsive systems have also been developed

starting from EPI–CD networks. The large content of CDs

in hydroxyl groups enables the preparation of biocompatible

smart fluids that undergo rapid and reversible changes of the

rheological properties under small voltage electric fields.

EPI–CD networks cannot endure a high electric field for a

long time, and the polarization is restricted, owing to the

rigidity and the high density in CDs [84]. Including starch

during the cross-linking led to particulate networks that once

mixed with silicon oil showed improved electrorheological

properties [85].

Figure 5. Temperature-responsive inclusion of a probe (o) by a cross-linked b-CD network bearing

poly(N-isopropylacrylamide) chains. (From [80], with permission of John Wiley & Sons, Inc.)
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EPI–CD hydrogels can also uptake substances by forming

noninclusion complexes, taking advantage of the numerous

free hydroxyl groups of CDs. For example, hydrogels able to

recognize creatinine selectively were prepared in the pres-

ence of creatinine molecules at alkaline pH [86]. In this

medium, the OH groups at C6’s are ionized and can interact

electrostatically with amine groups of creatinine. The ar-

rangement of CDs around creatinine molecules was main-

tained after polymerization and removal of creatinine. Molar

ratios of b-CD/creatinine 3 : 2 and b-CD/EPI 1 : 10 were

found as adequate to achieve a high rebinding effect. EPI–CD

networks have also been functionalizedwith alkyl quaternary

ammonium groups to obtain traps for biliar salts. A low

degree of cross-linking and the presence of ammonium

groups notably enhanced the loading capability and the

affinity to sodium salts of cholic, glycocholic, and cheno-

deoxycholic acids [87].

Although EPI–CD hydrogels have demonstrated a great

potential for pharmaceutical and biomedical applications,

the relatively high toxicity of EPI and its pollutant character

havemotivated an intense search for alternative cross-linking

agents. Diisocyanates have received a significant attention

for preparing CD hydrogels or beads [88–90]. This approach

enables the use of poly(ethylene glycol) (PEG), which is a

highly hydrophilic and biocompatible polymer, as a main

component of the hydrogels. PEG chains previously end-

capped with isocyanate groups react with b-CD-forming

urethane links. The CDs can be bonded to both ends of each

PEG chain, acting as tie junctions among several chains

(Fig. 6) [91]. The molecular weight of PEG and the PEG/

b-CD molar ratio during reaction determine the structure of

the hydrogel, its swelling properties, and its capability to load

naphthol, adsorbed physically onto the polymer network, and

forming inclusion complexes with b-CD.

PEG-based hydrogels can also be obtained by first

activating the b-CD with hexamethylene diisocyanate

(HDMI) in anhydrous dimethyl sulfoxide (DMSO) in order

to obtain amean of five isocyanate moieties attached to each

b-CD. Addition of the activated b-CDs to PEG–diamine

yields to instantaneous hydrogel formation [92]. These

hydrogels exhibited high hydrophilicity and biocompati-

bility as well as the capability to load and to sustain the

delivery of estradiol, quinine, and lysozyme [92]. It is

important to note that lysozyme, which is hydrophilic and

has no tendency to penetrate into the b-CD cavities, was

better loaded by loosely cross-linked hydrogels prepared

with low proportions of b-CD than by highly b-CD cross-

linked hydrogel. Lysozyme release occurred rapidly from

the aqueous phase of these hydrogels and was completed

within few hours. By contrast, loading of estradiol and

quinine was found to increase and their release rate to

decrease (dramatically in the case of estradiol) as the

content in b-CD was increased. The behavior observed for

estradiol has been explained by estradiol/b-CD complex

formation and sorption of drugmolecules onto hydrophobic

clusters within the matrix.

Following a more sophisticated approach, PEG–diamine

was used to create networks in which the tie junctions were

polyrotaxanes having isocyanate-activated b-CDs [93]. The
hydrogels thus obtained were microporous and excellent

scaffolds for chondrocytes. The polyrotaxaneswere designed

to have hydrolyzable ester linkages at the terminals and

therefore eroded slowly without causing significant pH

changes. Biodegradable polyrotaxane-based hydrogels have

also been prepared by threading of a-CD onto thiolated four-

arm PEG and subsequent oxidation of thiol groups

(Fig. 7) [94]. The a-CDs protected the disulfide bonds to

some extent from reduction degradation caused by

O
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Figure 6. End-capping process of PEG with hexamethylene diisocyanate (HDMI) in N,N-dimethyl-

formamide (DMF), using dibutyltin dilaurate (DBTDL) as catalyst, and reaction among the end-

capped PEGandb-CD,which results in a hydrogel. (From [91],with permission ofWiley-VCHVerlag

GmbH.)
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glutathione and, consequently, modulating the content in

a-CDs enabled the control of the degradation rate.

CD-based hydrophilic hyperbranched polymers that show

high ability to complex guest molecules [95], and nanopor-

ous CD particles that rapidly retain solutes from aqueous

environments and release them to organic phases [96], have

also been prepared using diisocyanates. In this context,

molecular imprinting is a quite attractive technology to

improve the yield and selectivity of the loading and to

achieve a better control of the release from the hydro-

gels [33,34]. Asanuma and Komiyama and co-workers have

extensively explored the potential of molecular imprinting

for making b-CD networks cross-linked with toluene-2,4-

diisocyanate and capable to selectively recognize biologi-

cally relevant molecules or to remove pollutants from water

streams [97]. Cholesterol and stigmasterol were used as

templates during synthesis of the network. The presence of

these templates induced b-CDs to arrange as dimers and

trimers to bind the steroids cooperatively. The cross-linking

made the arrangement permanent, and once the templates

were removed, molecularly imprinted networks (MIP) were

obtained.MIPs selectively bind cholesterol and stigmasterol,

showing much lower affinity for other structurally related

steroids [98,99].

Comparative studies of the performance of b-CD hydro-

gels cross-linked with EPI, succinyl chloride, HDMI, or

toluene-2,4-diisocyanate revealed the importance of the

nature of the cross-linker regarding the affinity of guest

molecules for the CD cavities. The results suggest that

diisocyanates lead to networks of smaller mesh size and a

lower degree of swelling in water compared to EPI, which

self-polymerizes and provides longer bridges between the

CDs. Nonspecific hydrophobic interactions with the network

are more likely to occur in the case of diisocyanate cross-

linked networks, while complexation with CDs predomi-

nates in the EPI–CD hydrogels. Compared to other com-

mercially available pollutant sorbents, CD networks showed

higher sorption capacities, particularly at high phenol con-

centrations [100,101]. Such a good performance, together

with the environmental-friendly and recyclable character,

make CD networks a cheap and efficient resource for re-

moving organic pollutants and heavy metals from aqueous

solutions [66,102].

Interfacial cross-linking of b-CDs with diacyl chlorides

can lead to microcapsules with walls made of cross-linked

CDs [103]. The CD cavities in the capsules were readily

accessible to guest molecules, enabling complete loading

within 5min. Furthermore, the microcapsules resulted in

controlled release of propranolol for up to several

hours [104]. Recently, biodegradable b-CD hydrogels have

been prepared using diacylated PEG.Mixing diacylated PEG

with b-CD in DMF at 50�C for 48 h resulted in formation of

ester bonds that led to hydrogels with maximum stability at

pH 4. The networks degraded by hydrolysis in acidic and

SH

SH

SH

pH=7.4

50%DMSOH2O2O2
+

SH

HS

HS

HS

HS

Figure 7. Supramolecular self-assembly and oxidation cross-linking processes. (From [94], with

permission of The Royal Society of Chemistry.)
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alkaline media and showed a remarkable capability to host

1-naphthol [105].

Condensation with poly(carboxylic acid)s is a clean

method to obtain cross-linked CD networks. [106]. Polyes-

terification of native CDs can be carried out with citric acid,

1,2,3,4-butanetetracarboxylic acid, or poly(acrylic acid)

(PAA), but fails with dicarboxylic acids. These results stress

the need to use poly(carboxylic acid)s with at least three

neighboring carboxylic groups separated by two or three

carbons. A phosphate catalyzer (e.g., NaH2PO4) is also

required to form an intermediate cyclic anhydride of the

poly(carboxylic acid) that reacts with the CD. Additionally,

the water produced during esterification has to be removed at

temperatures above 140�C in air or under vacuum.

One-step direct cross-linking of CDs using ethylene

glycol diglycidyl ether (EGDE) enables hydrogel synthesis

in aqueous medium under mild conditions. The reaction of

CDs with epoxide groups [107] has been optimized to

render viscoelastic networks in a fast and predictable

way [108–110]. EGDE is a relatively nontoxic reagent that

possesses two epoxy groups in its structure, both of similar

reactivity and able to react simultaneously, under alkaline

conditions, with the hydroxyl groups of CDs or polysacchar-

ides [111].At 50�Cthe reaction rate is fast enough to complete

the cross-linking process in a few hours without compromis-

ing the stability of the CDs and the other polysacchar-

ides [110].Most glycidyl ethergroupsofEGDEare consumed

in the reaction, but if any remain in the hydrogel,washingwith

dilutedHCl solutions opens the rings to give hydroxyl groups,

resulting in highly biocompatible hydrogels [112]. Three

different types of hydrogels have been prepared so far using

EGDE: (1) CD solely hydrogels; (2) CD-co-polysaccharide

hydrogels¸ and (3) IPNs of CD network and acrylic network.

Regarding the first option, an intense search of the best

conditions for obtaining hydrogels in short time and mild

conditions has been carried out. A minimum concentration of

10wt%HP-b-CDorM-b-CDand at least 14.28wt%EGDE is

required for preparing hydrogels with b-CD derivatives. It

was shown that using those proportions, two-thirds of the

hydroxyl groups of each CD can react with EGDE, rendering

transparent and superabsorbent hydrogels that retain the

capability of CD cavities to host drug molecules [110]. Both

HP-b-CD and M-b-CD hydrogels were able to host twice the

predicted amount of diclofenac, assuming that the loading

exclusively took place in the aqueous phase of the hydrogel

and exhibited a drug partition coefficient between the polymer

network and the loading solution of almost 10. It is interesting

to note that no hydrogels could be obtained with sulfobutyl

ether-b-cyclodextrin (SBE-b-CD), probably because the high
degree of substitution of the variety tested (hepta-substituted,

M.S. 1) led to ionic repulsions among the CD molecules. On

the other hand, c-CD and HP-c-CD did render hydrogels

when cross-linked with EGDE [109]. The features of c-CD
hydrogels are currently under study.

With the aim of modulating the mechanical properties,

and also to broaden application of CD hydrogels as drug

delivery systems, linear cellulose ethers and dextran were

incorporated during cross-linking. Ideally, the polysaccha-

ride content (e.g., hydroxypropyl methylcellulose, HPMC)

should be between the critical overlapping (0.2wt%) and the

entanglement concentration (1wt%) to promote homoge-

neous distribution of the polysaccharide chain and of the CD

molecules in the hydrogel. The greater the proportion of

polysaccharide, the shorter the time required for hydrogel

synthesis, the main reason being that the long chains of the

cellulose ethers facilitate the contact between the different

components. HP-b-CD-co-HPMC and M-b-CD-co-HPMC

hydrogels absorbed 4 to 10 times their weight in water and

loaded up to 24mg of estradiol per gram, which is 500 times

greater than the amount of drug that can be dissolved in their

aqueous phase [113]. Furthermore, a strong correlation was

observed between the drug–CD affinity constant and the

partition coefficient of the drug to the network (Fig. 8). This

clearly highlights the main role of the CDs in the loading.

Such a high affinity also led to sustained delivery of estradiol

for up to one week and to a negative correlation between the

release rate and the affinity constant [113]. Although drug

loading and release are controlled primarily by the drug–CD

affinity constant, the cellulose ethers contribute to the im-

provement of the physical properties and to modulate the

release rate (Fig. 9).

A comparative study of the performance of HP-b-CD
(20%) hydrogels prepared in the presence of 0.4 or 0.8%

HPMC, methylcellulose (MC), hydroxypropyl cellulose

(HPC), carboxymethyl cellulose (CMCNa), or dextran, as

carriers of sertaconazole was recently carried out [114].

Sertaconazole is an antifungal agent very effective for treat-

ment of Candida albicans infections; however, its poor

aqueous solubility is still a challenging issue for developing

suitable formulations. HP-b-CD-based hydrogels provided a
microenvironment that is very rich inCD cavities responsible

for hosting the drug and controlling its release rate. All the

hydrogels were superabsorbents, although those containing

MC, CMCNa, or HPC were the ones with the lowest degree

of swelling.

This phenomenon can be attributed to the concomitance

of two effects: (1) a less hydrophilic character compared to

HP-b-CD and (2) a higher degree of cross-linking due to an

easier reaction of EGDE with the unsubstituted hydroxyl

groups of cellulose. The hardness and compressibility of

hydrogels prepared with HPMC or dextran were similar to

those of the HP-b-CD sole hydrogel (4.2N and 3.1Nmm).

The addition of other polysaccharides caused, in general, an

increase in these parameters (up to 9.4N and 8.7Nmm),

which confirms the greater apparent cross-linking density of

HP-b-CD-co-MC, HP-b-CD-co-CMCNa, and HP-b-CD-co-
HPC hydrogels. Sertaconazole loading was carried out by

immersion of hydrogels in drug suspensions. Application of

304 CYCLODEXTRIN-BASED HYDROGELS



autoclaving during hydrogel loading revealed that this ther-

mal treatment still promoted the drug uptake by the CDs

(Fig. 10) and did not cause relevant changes in the mechan-

ical properties of the hydrogels. NontreatedHP-b-CD hydro-

gels loaded 21.7mg/g and, when autoclaved, 18.7mg/g.

Hydrogels containing MC or HPMC loaded similar amounts

or even greater. By contrast, nonautoclaved hydrogels made

with HPC, CMCNa or dextran showed a significantly lower

loading capability. Once autoclaved, HP-b-CD/HPC hydro-

gels reached values similar to those obtained with HP-b-CD
sole hydrogels. In the case of CMCNa or dextran hydrogels,

autoclaving enhanced the loading to such a high extent that

these hydrogels became those with the greatest loading

capability. All hydrogels showed a relatively fast delivery

of drug in the first 24 h, followed by a more sustained release

step up to 4 days. The antifungal effectiveness of the

sertaconazole-loaded hydrogels was verified using Candida

albicans cultures in exponential phase of growth with pos-

itive results. Therefore, the EGDE cross-linked CD–

polysaccharide hydrogels have a great potential as efficient

carriers of topically applied antifungal drugs on mucosal

surfaces.

IPNs of HP-b-CD and poly(acrylic acid) (PAAc) micro-

gels have been prepared by one-step cross-linking of HP-

b-CD with EGDE in the presence of Carbopo lmicrogels

aqueous solutions [115]. As the chains of cross-linked CDs

growth, they thread the micronetworks of carbopol. The

individualized microgels are trapped in the continuous CD

network, preventing their leaking from the system (Fig. 11).

Thus, unlike common IPNs in which both networks are

continuous, the HP-b-CD/carbopol systems present micro-

domains of IPN (microscale IPN). Such a uniquemicrostruc-

ture facilitates the relative movement of both networks and
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leads to versatile mechanical properties, remarkable pH-

responsive degree of swelling, and bioadhesion.

The microscale IPNs loaded estradiol and ketaconazole

with a remarkably high affinity; the amounts loaded being up

to 200-fold greater than those expected if the drug molecules

were only taken up in the aqueous phase of the hydrogels.

Drug loadingwas enhanced evenby the presence of carbopol,

owing to the increase in the degree of swelling, which results

in greater mesh size. The microscale IPNs sustained the

release for several days, the rate also being dependent on

carbopol content and pH (Fig. 12). Therefore, an adequate

design of the HP-b-CD/carbopol IPNs may provide a single

material with tunable mechanical properties, in which the

complexation ability of CDs is combined with the bioadhe-

sive and pH-responsive features of PAA.

Just recently, 3-(glycidoxypropyl)trimethoxysilane has

been used to prepare CD microparticles containing anionic

polysaccharides (carboxymethyl or sulfopropyl pullulan).

This cross-linker agent acted both through grafting with the

epoxy end on the hydroxyl groups of the CD and the

polysaccharide, and through hydrolysis and condensation of

the methoxy silane groups at the other end. The micropar-

ticles showed the ability to retain water pollutants (phenol

and benzoic acid derivatives, b-naphthol), drugs (salicylic

acid, indomethacin), and proteins (lysozyme) [116].

2.2. Hydrogels Obtained by Polymerization

of CD Monomers

Incorporation of CDs to the acrylic hydrogels requires the

previous synthesis of copolymerizablemonomers ofCDwith

reactivity similar to that of the other monomers used as

components of the hydrogels. Several synthetic routes of

CD monomers have been developed. The presence of a high

number of equally reactive hydroxyl groups in the CD

structure makes the preparation of monofunctionalized

monomers particularly challenging, and in most publica-

tions, multifunctional monomers are reported.

Monofunctional acryloyl monomers of CDs (Fig. 13a)

have been prepared by the reaction of a- and b-CD with m-

nitrophenyl ester in alkalinemedium at room temperature for

5min. The nitrophenyl esters form complexes with the CDs

and lead to selective transesterification at one of the second-

ary hydroxyl groups [117]. If no cross-linker is added, the

acryloyl monomers of CD render water-soluble polymers

that show a lower-affinity constant for small molecules (e.g.,

m-chlorobenzoic acid and cinnamic acid) but higher for large

substrates with two aromatic rings (e.g., methyl red and

orange I), owing to a cooperative binding effect [118].

Copolymerization of acryloyl-b-CDs with N-isopropylacry-
lamide (NIPA) has been used to prepare porous hydrogels
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that undergo volume-phase transitions very rapidly when

immersed in aqueousmedium at 37�C [119]. Acryolyl-a-CD
and acryloyl-(6-O-a-D-glucosyl)-b-CD have also been tested

for creating imprinted networks for certain molecules that

form complexes with two or more CD units simultaneously.

These monomers cross-linked in the presence of various

guest molecules (vancomycin, cefazolin, phenethicillin, and

some dipeptides) rendered rigid particles with a microstruc-

ture able to fit the complexation preferences of each guest

molecule [120]. In average, the imprinted networkswere able

to load twice the amount of drug loaded by the CD networks

prepared in the absence of the guest molecule. Bisacryloyl-

b-CD monomers combined with 2-acryloylamido-2,20-di-
methylpropane sulfonic acid led to networks with an

enhanced affinity for amphiphilic molecules, such as phe-

nylalanine, particularly one of its enantiomers [121,122].

Monotosyl derivatives of b-CD (Fig. 13b) can be obtained

by reaction between one C6 primary hydroxyl group of b-CD

and tosyl chloride [123]. These derivatives have been used for

functionalizing polyvinylamine for chromatographic pur-

poses [124], for improving the performance of natural poly-

mers as drug carriers [125], and for preparing new mono-

functionalized monomers, such as ethylenediamine (EDA)/

b-CD or 1,6-hexanediamine (HAD)-b-CD (Fig. 13c) [126].

The amino group of alkylenediamine CDs can react with

glycidyl methacrylate (GMA) to render monomethacrylate

b-CD monomers (Fig. 13d). The use of these monomers

enabled the preparation of linear copolymers with NIPA that

maintain the temperature responsiveness of PNIPA. Hydro-

gels were obtained first by polymerizing NIPA with GMA

and then coupling with EDA/b-CD because, using these

monomers, the rate of conjugation between EDA and GMA

is slower than the cross-linking among NIPA-GMA

chains [127]. The resulting hydrogels were temperature

sensitive and loaded methyl orange with an affinity similar

to that exhibited by EDA/b-CD in solution. Amodification of

this method to render a hydrogel in one step involved the

mixing of PNIPA, b-CD, and GMA (10 : 2 : 1 mole ratio) and

the addition of K2S2O8 [128]. However, since GMA forms

inclusion complexes with b-CD, the structure of the network
is still unclear (Fig. 14).

Acrylic hydrogels have also been obtained by free-radical

copolymerization of 2-hydroxyethyl acrylate (HEA; 87 to

100mol%) with GMA–EDA/b-CD (0 to 13mol%) in aque-

ous solution. Nevertheless, since HEA homopolymerization

occurred faster than the copolymerization with GMA–EDA/

b-CD, the actual content in CD in the hydrogels was much

lower than expected. In general, the presence of GMA–EDA/

b-CD led to a much higher glass transition temperature

(enhanced network rigidity) and a lower degree of swelling,

but also to a slower release of melatonin (from a 90% to a

70% release at 120min) [129].

Amonotosyl derivative of b-CD has recently been used to

prepare mono-(6-N-allylamino-6-deoxy)-b-CD (Fig. 13e)

that was copolymerized with NIPA via free- radical poly-

merization in a DMF/water medium [130]. PNIPA-co-b-CD
hydrogels showed greater affinity for 8-anilino-1-naphtha-

lenesulfonic acid ammonium salt (ANS) than did PNIPA

hydrogel. The affinity increased notably as the temperature

was raised from 21�C to 60�C, which was attributed to the

adsorption of ANS on hydrophobic domains of the collapsed

PNIPA network (Fig. 15).

Acrylamidomethyl-CD (Fig. 13f) can be prepared quickly

in an aqueous environment from the acid-catalyzed reaction

ofN-methylolacrylamide (NMA) andCD [131]. NMA/b-CD
with one to three acrylamidomethyl groups per CDmolecule

has been used to functionalize cotton fibers [131] and to

improve the drug loading and release properties of pH-

responsive sodium acrylate hydrogels [132]. Regardless of

the NMA/c-CD ratio, swollen hydrogels were highly flexible

and transparent. The glass transition temperature of the

acrylate network (130�C) was not modified when
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copolymerized with NMA/c-CD, which means that the CD

monomer did not act as a plasticizer and was effectively

attached to the network. The presence of c-CD notably

enhanced the loading of triamcinolone acetonide and led to

sustained delivery for 24 h, disregarding the pH of the

medium, indicating that the drug–CD affinity governs the

delivery process (Fig. 16). Such a hydrogel might be useful

for the treatment of inflammatory processes in colon.

In this context, it is worth stressing that the position of the

acrylamide group in the glucopyranose ring may strongly

determine the functionality of the network. Studies carried

out with acrylamide monomers of b-CD that tether the

reactive double bond on either the wider or the smaller rim

of the truncated cone indicate that the monomers adopt a

different spatial arrangement in the presence of amino acid

derivatives and oligopeptides that were used as templates

during polymerization [133]. Since molecules able to be

hosted in the CD cavity take a specific orientation, the

position of the reactive double bond on the CD monomer

affects enormously the microstructure of imprinted net-

works. The reactive double bond determines the distance

between the template and the polymerizable moiety. Most

molecules that form complexes with b-CD enter through the

larger rim [134]. This is also observed for protected amino

Figure 15. Double-reciprocal plots of the change in absorbance of ANS solution upon loading by P

(NIPA-co-CD) gel at temperatures below LCST (21�C) and above (40�C). (From [130], with

permission of the American Chemical Society.)
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Figure 16. Triamcinolone release profiles in pH 6.8 phosphate

buffer from hydrogels synthesized with 3M sodium acrylate and

39mM BIS without (open symbol) or with 9.4% of c-CD/NMA

(filled symbol). The content in TA of hydrogels prepared without

c-CD/NMAwas significantly lower (0.6mg/g dried gel) than that of

hydrogels prepared with 9.4% c-CD/NMA (32mg/g dried gel).

(From [132], with permission of Elsevier.)
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acids (e.g., N-benzyloxycarbonyltyrosine in Fig. 17) irre-

spective of the position of the vinyl group. Therefore, mono-

3-(N-acrylamido)-3-deoxy-altro-b-CD (3-AAm-CD) and

mono-6-(N-acrylamido)-6-deoxy-b-CD (6-AAm-CD) ren-

dered after polymerization two networks of quite different

microstructure (Fig. 17). 3-AAm-CD providedmuch smaller

receptor cavities for N-benzyloxycarbonyltyrosine and

adapted to the molecular shape of this amino acid. By

contrast, the copolymerization occurred far from the tem-

platewhen 6-AAm-CD,which has thevinyl group protruding

toward the opposite site of the template, was used. This

resulted inwider cavities,much larger than the template. As a

consequence, 3-AAm-CD networks showed a highly precise

recognition of the template molecule (i.e., N-benzyloxycar-

bonyltyrosine) and exhibited a low capability to host larger

amino acids and peptides. The opposite was true for 6-AAm-

CD [133]. Recently, 6-AAm-CD has been found useful to

create networks with artificial receptors that clearly distin-

guished angiotensin I and angiotensin II, despite the apparent

similarity of amino acid sequences of these two oligopep-

tides. The excellent results obtained when used, as the

stationary phase of HPLC indicates that the molecular im-

printing is not directly associated with the primary structure

of the oligopeptide template, butwith the conformation of the

oligopeptide in solution [135].

Smart monomers that combine the ability of CDs to host

guest molecules and the pH sensitiveness of carboxylic

groups have been obtained by condensation of CDs with

maleic anhydride (MAH) (Fig. 13g). The number of vinyl

and carboxylic acid groups per CD can be controlled effec-

tively by tuning the MAH/b-CD mole ratio [136]. Highly

biocompatible and biodegradable hydrogels have been pre-

pared through photo cross-linking of hyaluronic acid (HA)

with MAH/b-CD [137]. The hydrogels showed an improved

ability to uptake hydrocortisone through complex formation

with b-CD, as confirmed in competitive binding studies

carried out in the presence of adamantine carboxylic acid.

Hydrogels sensitive to both pH and ionic strength have also

been obtained by electron beam irradiation of MAH/b-CD:
acrylic acid (AA) aqueous solutions at 1 : 3, 1 : 3.5, 1 : 4,

1 : 4.5, and 1 : 5 w/w [138]. The hydrogels collapsed at acid

pH and showed an abrupt swelling at pH 7.4, particularly
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Figure 17. Arrangement of (A) mono-3-(N-acrylamido)-3-deoxy-altro-b-CD or (B) mono-6-(N-

acrylamido)-6-deoxy-b-CD during polymerization and cross-linking with N,Ń-methylenebis(acryl-

amide) in the presence of N-benzyloxycarbonyltyrosine. (From [133], with permission of the

American Chemical Society.)
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when the ionic strength of the mediumwas low. The changes

in degree of swelling were reversible after several collapsed-

swollen cycles.

Multiresponsive hydrogels sensitive to temperature, pH,

and ionic strength were achieved by free-radical copolymer-

ization of NIPA (91 to 64%w/w) and MAH/b-CD (9 to 36%

w/w) [136]. The changes in the degree of swelling induced by

these variables were reversible and reproducible after several

cycles, exhibiting truly intelligent behavior. PNIPA-co-

MAH/b-CD hydrogels have been proposed to uptake chlor-

ambucil and to release it at a pH-dependent rate [139].

Recently, IPNs of PAAc-grafted-MAH/b-CD and poly(ac-

rylamide) (PAAm) have been prepared (Fig. 18) and exhib-

ited differential features compared to IPNs prepared without

b-CD [140]. PAAc and PAAm from intermolecular com-

plexes via hydrogen bonding at temperatures lower than the

upper critical solution temperature (UCST, ca. 33�C), where-
as they dissociate at higher temperatures. Thus, the swelling

pattern of PAAc/PAAm hydrogels (shrunken at temperature

below33�Cand swollen at greater temperature) is opposite to

PNIPA hydrogels. Grafting of b-CD onto PAAc chains

caused minor changes in the UCST (ca. 35�C) and in the

degree of swelling (from 25.6% to 22.5%) at temperatures

above UCST, but notably enhanced the loading of ibuprofen

and delayed the drug release rate at both 25 and 37�C.
Furthermore, the IPNs showed pulsed release of ibuprofen

when subjected to temperature cycles, exhibiting a truly

smart behavior (Fig. 19).

MAH/b-CD has also been copolymerized with macro-

monomers of Pluronic F68 and poly(e-caprolactone) with the
aim of obtaining temperature-sensitive biodegradable net-

works. UV-induced copolymerization of acryloyl monomers

of Pluronic F68-g-poly(e-caprolactone) (5 to 30%) with

MAH/b-CD (0 to 25%) was carried out in water (70%).

Different from polypseudorotaxane formation, the vinyl

OH OCOCH=CHCOOH OCO

CH CH CH2

COOH

m n
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Figure 18. Preparation of IPNs of PAAc-grafted-MAH-b-CD and PAAm. (From [140], with

permission of Wiley-VCH Verlag GmbH.)
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Figure 19. Pulsed release of ibuprofen from IPNs of PAAc-

grafted-MAH-b-CD and PAAm when subjected to temperature

cycles: (A) cumulative release; (B) release rate. The ibuprofen load

was 16.63mg/g. (From [140], with permission of Wiley-VCH

Verlag GmbH.)
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groups of MAH/b-CDmonomer made it act as a cross-linker

agent. The greater the content of MAH/b-CD, the higher the
storage (G0) and loss (G00) moduli. Therefore, changing the

MAH/b-CD content enables the fine tuning of the mechan-

ical behavior of the hydrogels [141]. The ability of such

hydrogels to take up drugs and to control their release has not

yet been tested. Another attempt to create biodegradable CD

networks involved the copolymerization of poly(D,L-lactic

acid) (PLA) macromonomer with a b-CD derivative (both

obtained by reaction with 1-allyloxy-2,3-epoxy propane).

The microgels were prepared by free-radical polymerization

in dimethyl sulfoxide/toluene medium at 70�C. The content
in b-CD monomer and the number of reactive double bonds

enabled regulation of the hydrolysis rate of the microgels in

phosphate buffer at 37�C [142].

A multifunctional b-CD urethane–methacrylate mono-

mer (Fig. 13h) has recently been synthesized according to

a two-step addition mechanism [143]. Hydrogels were pre-

pared by ultraviolet (UV) irradiation of HEMA (87.5 to

90mol%), urethane/methacrylate/b-CD monomer (0 to 2.5

mol%) and cross-linker poly(ethylene glycol) diacrylate. The

presence of the b-CD monomer at 2.5 mol% caused a

remarkable increase in the degree of swelling of the hydrogel

(from 34 to 50%) and on the amount of salicylic acid,

sulfathiazole, rifampicine, and methyl orange that the hydro-

gels were able to take up. Nevertheless, the effect on drug

release was not homogeneous, delaying slightly the delivery

of the hydrophilic methyl orange and salicylic acid but

accelerating the release of the hydrophobic sulfathiazole

(Fig. 20). Such intricate effect may be related to the different

affinity constants of the drugs for the CDs and to the different

solubility of the drugs in the buffer used as the release

medium. Both variables should be taken into account when

the release from CD–hydrogels is interpreted.

Methacrylic monomers of CDs (Fig. 13i) have attracted

a great interest for a wide range of purposes and even

the monomer 2-hydroxy-3-methacryloyloxy-propyl-b-CD
(bW7MAHP from Wacker-Chemie GmbH) with an average

number of 2.5 double bonds per HP-b-CD unit was com-

mercially available for some time. This monomer can be

prepared by reaction of glycidyl methacrylate (GMA) with

HP-b-CD in an alkaline medium [144]. Cross-linked

Figure 20. Cumulative drug release fromb-CD/UM-based hydrogels: (a)methyl orange; (b) salicylic

acid; (c) sulfathizaole; (d) rifampicin. (From [143], with permission of John Wiley & Sons, Inc.)

312 CYCLODEXTRIN-BASED HYDROGELS



bW7MAHP and copolymers of bW7MAHP with 2-hydro-

xyethyl methacrylate (HEMA) have been shown useful for

the removal of pollutants from water [145]. In particular,

copolymerization with HEMA notably enhanced the degree

of swelling in water and thus the sorption capacity of the

bW7MAHP networks, due to better accessibility of the CD

cavities. Copolymerization of bW7MAHP with 1-vinyl-2-

pyrrolidinone rendered soluble polymers when the content in

bW7MAHP was below 60mol%, while greater proportions

led to cross-linked hydrogels [144].

Methacrylic monomers of CDs with one to six double

bonds per CD unit can also be obtained via a single-step

reaction of b-CD with methacrylic anhydride using sodium

hydroxide as catalyst [146]. Direct photopolymerization of

6% methacrylic-b-CD solutions enabled the formation of

hydrogels, while concentrations above 8% produced brittle

and white networks. CD monomers having methacrylic

groups only at positions 2 and 3 can be obtained by acety-

lation of primary hydroxyl groups and esterification of

secondary hydroxyl groups with methacrylic anhy-

dride [147]. Methacrylic/b-CD monomers have been used

successfully as templates during polymerization of other

methacrylate monomers in order to achieve degrees of

polymerization of 7 or 14 [148–150]. Methacrylated mono-

mers have been explored in detail for preparing dental

fillings. Changes in the degree of conversion and the flexural

strength of the fillings have been evidenced to occur when the

photoinitiators (e.g., camphorquinone or ethyl-4-dimethyla-

minobenzoate) form inclusion complexeswith theCDmono-

mers [151,152]. Optimization of the ratio of polymerizable

methacrylate–hydroxyl groups enabled the preparation of

adhesive CD monomers that promote the bonding of dental

composites to dentin [153]. Resins prepared with 33%

methacrylated b-CD, 30%HEMA, and 37% acetone showed

the maximum shear bond strength (16MPa), with values

similar to those exhibited by commercial products.

Regarding drug delivery, foldaway, and viscoelastic

loosely cross-linked hydrogels made of HEMA and (2,3-

di-O-methacrylated-6-methacrylated)-b-CD[withallprimary

(7) and secondary (14) hydroxyl groups substituted with the

polymerizable moiety] have been tested for obtaining medi-

cated soft contact lenses (SCLs). The limited ocular bioavail-

ability achieved with conventional ophthalmic formulations

has prompted the search of alternatives, among which SCLs

able tocombine thecapability tocorrectopticdeficiencieswith

thecapabilityof loadingadrugand tocontrol its releaseareone

of the most promising candidates [154]. Nevertheless, most

SCLscannotuptake therapeuticdosesofhydrophobicdrugsor

control the delivery of the hydrophilic ones. Differently from

b-CD, which is not soluble in the liquid HEMA, (2,3-di-O-

methacrylated-6-methacrylated)-b-CD enabled the synthesis

of hydrogels without using solvents. The presence of CDs in

the network (0.23 to 1.82mol%) led to transparent hydrogels

that showed a high cytocompatibility and did not induce

macrophage response [155]. The greater the methacrylated

b-CD content, the higher the glass transition temperature, the

lower the degree of swelling and freewater proportion, and the

greater the storage and loss moduli of the swollen hydrogels.

These findings were related directly to the increase in cross-

linking degree caused by the methacrylated b-CD. The capa-
bility of CD to form complexes was tested using 3-methyl

benzoic acid (3-MBA), which has a high affinity for b-CD
(1.3� 107M�1), as a probe. pHEMA-co-bCDhydrogelswere

able to uptake greater amounts of 3-MBA than were pHEMA

hydrogels, although a progressive decrease in the drug/b-CD
molar ratiowas observed as the proportion of b-CDmonomer

increased. Hydrogels with a low content in b-CD loadedmore

thanone3-MBAmoleculeperb-CD,owing to the formationof

3-MBA dimmers. Oppositely, in hydrogels prepared with a

high b-CDmonomer proportion (>0.167 g/mL) the complex-

ation capability of the CDs was not fulfilled, which can be

attributed to a smaller mesh size (i.e., a greater cross-linking

degree and a lower content in water) that hinders the diffusion

of 3-MBA. Additionally, the contribution of steric impedi-

ments owing to the proximity of theb-CDunits in the network

cannot be discarded. Drug-loading studies were carried out

with hydrocortisone and acetazolamide, both of practical

interest for the local treatment of ocular pathologies and the

ability to form complexes with CDs in water and in lachrymal

fluid. Hydrocortisone loading decreased progressively as the

content in methacrylated b-CD rose, due to a decrease in the

volume of aqueous phase of the hydrogel. Acetazolamide

loading showed a maximum for an intermediate content in

b-CD (0.125 to 0.167 g/mL), owing to a balance between

complexation with b-CD and hydrogel mesh size (Fig. 21).

In fact, these hydrogels showed a two-fold (three-fold when

autoclaved) increaseinacetazolamideloadingcomparedtothe

hydrogels prepared without b-CD. The hydrogels sustained

hydrocortisone delivery for 7 days. The acetazolamide release

rate was dependent on the b-CD content and could be pro-

longed for 24 days (Fig. 22). In sum, an adequate selection of

the content in b-CD makes it possible to obtain pHEMA-co-

b-CD hydrogels suitable for specific biomedical applications.

Click chemistry is now being explored as a way to prepare

CD hydrogels. It was observed that when solutions of azide-

PNIPA and of alkyne-b-CD are mixed together, a cross-

linking reaction takes places through a Huisgeńs 1,3-dipolar

azide-alkyne cycloaddition catalyzed by Cu(I) [156]. The

hydrogels exhibited a porous structure and were able to load

and to control the delivery of DNA.

2.3. Functionalization with CDs of PreformedHydrogels

Functionalization with CDs of preformed materials is been

explored for a broad range of purposes. In general, materials

have to combine appropriate bulk and surface properties for

being suitable for a certain application. The bulk properties,

such as strength, toughness, and chemical and mechanical
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stability, influence the long-term durability of the material,

while the surface properties govern the interfacial interac-

tions and performance when it enters into contact with

foreign compounds or surfaces (e.g., other materials or the

living tissues). Surface functionalization with CDs opens up

the possibility of modulating the affinity of the surface

(particularly when highly hydrophilic) toward certain mole-

cules. For example, textile materials are coupled with CDs

with the aim to retain colors, fragrances, insect repellents, or

even antimicrobial substances [157–159]. Cotton with im-

mobilized CDs shows a slower volatilization of fragrances

and can even stand up to 15 washes retaining the fra-

grance [160]. In the biomedical field, the surface modifica-

tion of polymeric medical devices with CDs resulted in a

lower adsorption of proteins and enhanced blood

compatibility [161].

In the particular case of hydrogels, functionalization with

CDs was motivated by the aim of maintaining the bulk

properties of networks that had been shown adequate for

specific purposes. As mentioned in previous sections, CD

monomers usually have more than one reactive double bond,

and therefore they act as cross-linking points, altering the

viscoelastic, mechanical, and swelling characteristics of the

hydrogels. Thus, attachment of CDs to preformed hydrogels

is envisioned as away to keep the favorable bulk properties of

the networks and to provide them with new functionalities.

Two recent examples of this successful approach are de-

scribed below.

Hydrogels able to undergo autonomous shrinking and

swelling phase transitions accompanied by the complexation

or decomplexation of a guest molecule were prepared using

b-CD as the sensing moiety and NIPA as the actuating

moiety [162]. NIPA (20 g) was copolymerized with p-nitro-

phenyl acrylate (3.4 g) inDMF. Then, amine-substituted CDs

were incorporated in the p-nitrophenyl acrylate moieties

using an ester exchange reaction. CD complexation of a

guest molecule changed the hydrophilic–hydrophobic
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Figure 22. Acetazolamide release profiles frompHEMAhydrogels

prepared with 80mM EGDMA and different amounts of metha-

crylated-b-CD: 0 (.), 0.042 (&), 0.083 (&), 0.125 (*), 0.167 (~),

0.250 (~), 0.333 (!) g/mL of monomeric solution. (From [155],

with permission of Elsevier.)
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balance of the network and, consequently, the transition

temperature. Particularly, complexation of 8-anilino-1-naph-

thalene-sulfonic acid creates a hydrophobic microenviron-

ment that decreases the transition temperature, while decom-

plexation reestablishes the transition temperature. At the

same time, the phase transition alters the complexation;

shrinking makes the complex unstable and leads to decom-

plexation. Coordinating these two mutual effects at a tem-

perature in between that of the hydrogel transition, whenCDs

are forming complexes, and that observedwhenCDs are free,

an autonomous oscillatory phenomenon was achieved

(Fig. 23). These hydrogels have potential as components of

sensors.

Attachment of CDs to acrylic hydrogels enabled the

development of SCLs that maintain the mechanical proper-

ties, the swelling degree, the oxygen permeability, and the

biocompatibility of the starting hydrogels but show notable

improvement in their ability to load drugs and to control their

release rate [163]. PHEMA hydrogels were prepared by

copolymerization with GMA at various proportions, and

then b-CD was grafted to the network by reaction with the

glycidyl groups under mild conditions. This led to networks

where the b-CDs form no part of the structural chains but are

hanging on two to three ether bonds through the hydroxyl

groups (Fig. 24). The pendant b-CDs enhanced diclofenac

loading by 1300% and drug affinity 15-fold and provided the

hydrogels with the ability to sustain drug delivery in lach-

rymal fluid for two weeks [164].

3. CONCLUSIONS AND PERSPECTIVES

Hydrogels consist of a three-dimensional network of poly-

meric chains in water or aqueous solution that may be over

99% of the total weight of the gel. A chemically cross-linked

polymeric network results in the formation of relatively firm

hydrogel systems that do not dissociate, even when sub-

mersed in aqueous solutions. CDs are hydrophilic cyclic

carbohydrates that possess the unique ability to form inclu-

sion complexes with many lipophilic drugs or drug moieties.

Thus, CDs are able to solubilize and stabilize lipophilic

water-insoluble drugs through formation of inclusion com-

plexes. Incorporation of CDmolecules into hydrogels, either

through the cross-linking process or through attachment of

individual CD molecules to the polymeric chains, results in

the formation of hydrogels that possess unique drug delivery

properties. The CD-containing hydrogels are able to dissolve

amphiphilic and hydrophobic drugs within the aqueous

matrix, as well as much larger molecules such as peptides
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Figure 23. (a) Operating temperature for autonomous oscillatory phenomenon, which would be

realized in a nonequilibrium open system of poly(NIPAM-co-CD)/8-anilino-1-naphthalene-sulfonic

acid. (b)Autonomous oscillatory phenomenon in the open system: polymer shrinking (upper process),

decomplexation of 8-anilino-1-naphthalene-sulfonic acid (right-hand process), polymer swelling

(lower process), and complexation of 8-anilino-1-naphthalene-sulfonic acid (left-hand process).

(From [162], with permission of the American Chemical Society.)
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Figure 24. pHEMA-co-GMA hydrogel with pendant b-CDs.
(From [164], with permission of Elsevier.)
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and proteins, and hamper their chemical and physical de-

composition. Due to the swelling-limited structure of cross-

linked hydrogels, the drug molecules are not released

through the dilution of drug–CD complex, which is the

general means of drug release from drug–CD complexes.

Instead, the release is a diffusion-controlled process where

the rate is controlled by the affinity of the diffusing molecule

(i.e., drug, peptide, or protein) for the CD cavities and

the polymeric network.

The variety of CD-containing polymers and polymer

matrixes is also increasing rapidly. New CD-cross-linking

methods are being developed as well as novel reactive CD

monomers for the synthesis of functionalized CD polymers.

Tailored biomaterials that load therapeutically relevant

amounts of drugs and control their release rate according

to specific requirements are under development. Thus, CD-

based hydrogels will take a prominent place among innova-

tive drug delivery systems.
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1. INTRODUCTION

Nanosponges may be made of many different organic or

inorganic materials; their structure presents a nanometric

or smaller dimension. Well-known examples are titanium or

other metal oxide–based nanosponges [1–3], silicon nanos-

ponge particles [4], carbon-coated metallic nanosponges [5],

hyper-cross-linked polystyrene nanosponges [6], and of

course, cyclodextrin-based nanosponges. The common char-

acteristic of these materials is the presence of nanoscale

pores, which give them particular properties.

Preparation of these different types also differs consider-

ably; for example, gallium antimonide nanosponges are

prepared by bombarding the surface with gallium ions [7].

Polystyrene nanosponges are obtained via a two-step cross-

linking reaction. First, linear polystyrene is chloromethy-

lated to the desired degree of substitution. In the second stage,

a diluted solution (to avoid intramolecular cross-linking) of

the chloromethylated polymer above is allowed to react in the

presence of Friedel–Craft catalyst (i.e., tin tetrachloride).

Polystyrene is also involved in the preparation of titanium

nanosponges. In this case, functionalized polystyrene nano-

particles are obtained by the copolymerization of styrene in

the presence of a polymerizable surfactant. The polystyrene

nanoparticles are then coated with titanium using n-butyl

titanate. The core shell particles are turned into TiO2 nanos-

ponges by calcining the dried particles in a furnace. The

resulting nanosponges find applications in highly sensitive

gas sensors, separation of peptides with polyionic nanos-

ponges, and for the purification of water from polycyclic

aromatic hydrocarbons.

On the other hand, cyclodextrins (CDs) [8] are capable of

including compounds whose geometry and polarity are

compatible with those of the cavity. However, native CDs

are incapable of forming inclusion compounds with certain

molecules, such as hydrophilic or high-molecular-weight

molecules. In addition, since the cheapest and most useful

CD (i.e., b-CD) has low water solubility (1.85wt% at room

temperature) and is toxic when injected intravenously, many

chemical modifications of CDs have been studied in order to

overcome their drawbacks and to improve their technological

characteristics. Some CD derivatives are well tolerated par-

enterally, especially hydroxypropyl CD, which is reported to

have a toxicity approaching that of glucose. However, be-

cause individual CDs, and even individual CD derivatives,

easily dissociate from the drug on dilution, many of the

advantages of CDs are limited in parenteral treatment.

A possible solution is to synthesize dimers [9–11] or

trimers [12–14] of CDs having the hydrophobic cavities

positioned in such a way as to cooperate in forming the

inclusion compound with the guest molecule. This leads to

much higher binding constants in comparison with either

native or modified CD monomers. Unfortunately, due to the

presence of many reactive hydroxyl groups on CDs, complex

reactions are required in order to prepare the desired mono-

mer, generally with very low yields and high cost. On the

other hand, the production of simple cross-linked CDs has

long been possible. The best known network is generated

using epichloridrine [15–17] as a cross-linking agent, and

these CDs have been used for several purposes, including

column packing for inclusion chromatography, elimination

of bitter components from grapefruit juice, for copper
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analysis, and for cobalt determination in foods. Glutaralde-

hyde [18] is also reported to give a cross-linked CD. Highly

cross-linked CDs have also been synthesized for molecular

recognition purposes [19–21], but only after the work by Li

and Ma [22] was the term cyclodextrin nanosponges intro-

duced and the peculiarities of such compounds studied. CD-

based nanosponges are generally used for decontamination

processes.

At present, CD-based nanosponges can easily be obtained

by reacting the selected CD with a suitable cross-linking

agent; these include diisocianates [23], diarylcarbonates and

carbonyl diimidazoles [24], carboxylic acid dianhy-

drides [25], and 2,2-bis(acrylamido)acetic acid [26]. More

recently, through thework of Trotta and co-workers [24–26],

many other applications have been found. In this chapter we

describe the uses of CD nanosponges in different fields.

2. CD-BASED CARBAMATE NANOSPONGES

Researchers at the Los Alamos National Laboratory were the

first to introduce the term nanosponge for CD cross-linked

derivatives. The starting problemwas to find an alternative to

activated carbon for wastewater decontamination processes.

Activated carbon has some affinity to apolar organic com-

pounds but fails to remove the more polar compounds and is

unable to remove contaminants to ppb levels. By reacting

CDs with suitable diisocyanates [i.e., hexamethylene diisi-

cyanate (HDI) or toluene-2,4-diisocyanate (TDI)] in DMF

solution at 70�C for 16 to 24 h under a nitrogen atmosphere,

after the usual workup and prolonged washing with a large

excess of acetone to remove residual DMF, a powder of

the cross-linked polymer was obtained (Scheme 1). The

chemical conversion was monitored using infrared spectro-

photometry following the complete disappearance of the

isocyanate group at 2270 cm�1. Nanoporous polymers were

obtained in the form of granular solids, powders, and even

films, but in all cases the purified CD was allowed to react

with diisocyanate in a 1 : 8 molar ratio. No other CD/cross-

linking agent ratios have been reported.

The resulting nanoporous polymers can bind organic

molecules; for example, nitrophenol is removed from its

water solution even at very low concentrations. This com-

pound shows a characteristic absorption at 400 nm (yellow),

but at very diluted concentrations (i.e., 10�7 to 10�9M), the

yellow color of nitrophenol solutions cannot be seen by the

naked eye. Nevertheless, when CD-based carbamate nanos-

ponges is introduced into a colorless nitrophenol solution, the

native white polymer gradually turns yellow due to absorp-

tion of nitrophenol, which is concentrated on the nanosponge

powder.

It is an important characteristic of CD-based carbamate

nanosponges that they have a very low surface area, 1 to 2m2/

g compared with activated carbon (600 to 700m2/g). How-

ever, their loading capacities for organic molecules are very

close to those of activated carbon, being in the range 20 to

40mg/cm3. It thus appears probable that the organic mole-

cules are not simply adsorbed onto the surface of the nanos-

ponges, but are transported into the bulk of the nanoporous

polymer during the inclusion process. The intercalation of

the guest molecule into CD-based carbamate nanosponges is

reported to be a “downhill” process, that is, to be spontane-

ous, with a driving force, arising from its DG� at 298K of

about 10 to 13 kcal/mol [27].

Table 1 reports some chemical–physical data of the

inclusion compounds of selected organic molecules with

Scheme 1

Table 1. CD-Based Carbamate Nanosponge Guest Molecule

Formation Constant, K (M�1) Loading Level (mg/cm3) DG (kcal/mol)

b-CD/HDI p-Nitrophenol 5� 109 40 (86%) �13.2

b-CD/TDI p-Nitrophenol 2� 109 37 (78%) �12.7

b-CD/HDI Toluene 3� 107 �18 (60%) �10.2

b-CD/OMe-HDI Toluene 1� 108 �17 (56%) �10.9

b-CD/HDI Trichloroethylene 1.8� 108 �38 (87%) �11.2

b-CD/OMe-HDI Trichloroethylene 2.2� 109 �35 (79%) �12.7
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several nanosponges. The high value of the formation con-

stants is significant: 107 to 5� 109M�1. This means that the

affinity of nanosponges for the reported molecules is very

high, being among the highest observed for noncovalent

inclusion phenomena. Bearing in mind that native CDs show

maximum formation constants no greater than 104M�1 (e.g.,

b-CD with phenolphthalein), the formation of the nanos-

ponge network greatly enhances the (apparent) stability

constant of the inclusion compounds [28].

Los Alamos researchers Li and Ma reported numerous

characterization experiments, but the only application

claimed by the patent deals with water purification. Superior

performances in comparison with activated carbon, zeolites,

and reverse osmosiswere reported. Because zeolites are good

material for absorbing water from organics, but not vice

versa, and because reverse osmosis fails for low-contaminant

concentrations, nanosponges appear to be compared prefer-

ably with activated carbon. Although the latter is cheaper

than CD nanosponges, it has drawbacks in water purification.

For example, it is easily deactivated bymoisture in the air and

cannot function effectively once completely saturated with

water; it is also inefficient at reducing low-concentration

contaminants in wastewater (ppb level) and is not suitable for

polar molecules. All these drawbacks are overcome by using

CD carbamate nanosponges. The polymers developed can be

used to bind trichloroethylene, toluene, some phenol deri-

vatives, and many dye compounds.

Li and Ma also demonstrated that nanosponges form an

inclusion compound with the guest molecules by using

circular dichroism [27]. It is well known that a compound

must have both chirality and suitable electron-optical ab-

sorption in order to show circular dichroic absorption. Al-

though CDs possess chirality, they do not absorb in the

ultraviolet/visible (UV/Vis) region. On the other hand, the

guest molecule (e.g., nitrophenol) absorbs light but is not

chiral. An induced circular dichroism will be observed only

when CD and the guest molecule form a true inclusion

compound that has both chirality and optical absorption.

That is the case for nanosponges: The hosted molecule is not

simply absorbed on the surface, but enters the CD cavity.

Another important feature of nanosponges is that the

formation constant depends closely on the solvent used.

In aqueous environments, formation of the inclusion

compounds is greatly favored. On the contrary, the inclusion

process is completely reversible in organic and less polar

solvents, such as ethanol. Because of this reversibility,

nanosponges are easily regenerated simply by washing with

an ecofriendly solvent such as ethanol and can thus be

recycled for indefinite numbers of cycles without weight

loss and without the dangerous burning processes necessary

for partial recovery of activated carbon.

The effectiveness of CD-based carbamate nanosponges in

contaminant removal from wastewater was more recently

also shown by Mamba et al. [29]. They report that nanos-

ponges can remove as much as 84% of dissolved organic

carbon (DOC) from wastewater. The same group demon-

strated the possibility to remove undesirable taste and odor

compounds such as geosmin [30] and 2-methylisoborneol by

using appropriate CD polyurethane nanosponges.

More recently, Tang et al. applied CD-based carbamate

nanosponges to adsorb aromatic amino acids [31] (AAA)

from phosphate buffer. The adsorption efficiencies of AAA

were in the order L-tryptophane > L-phenylalanine > L-

tyrosine, and the adsoprtion process followed the Freundlich

isotherm.

3. CD-BASED CARBONATE NANOSPONGES

Among the many difunctional compounds suitable for use

as cross-linking agents, particularly interesting results have

been obtained using active carbonyl compounds such as

carbonidiimidazole, diphenylcarbonate, and trifosgene.

The resulting CD nanosponges present carbonate bonds

between two CD monomers, as shown in Scheme 2. De-

pending on the carbonylating agent used and on the required

reaction time, the reaction can be carried out at room

temperature (CDI) or at 80 to 100�C (DPC) in the presence

of a solvent, but even in melted DPC or under ultrasound

assistance [32]. A mixture of CD and linear dextrin is also

used to tune the porous network and, consequently, affects

the inclusion ability of CD-based nanosponges. In all cases,

after the addition of water to eliminate any possible non-

reacted carbonyl derivative, prolonged washing with water

and ethanol, Soxhlet extraction with acetone or ethanol, and

drying in an oven at 70 to 80�C, a white powder is obtained.
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The reaction is easilymonitored by the appearance of a band

at about 1750 cm�1 in FTIR spectra due to the carbonyl

group of the carbonate bond. It is evident from the spectrum

that the peak 1750 cm�1 is missing from the infrared

spectrum of CD, which is a startingmaterial for nanosponge

synthesis (Fig. 1).

CD-based carbonate nanosponges are insoluble in water

and all organic solvents and do not swell appreciably; they

are nontoxic, porous, and stable above 300�C. The latter

characteristic is evident from the gravimetric thermal anal-

yses (TGA) reported in Fig. 2. The TGA shows no degra-

dation until 340�C, indicating that the nanosponges have

good thermal stability. This assumption is confirmed by

differential scanning calorimetry (DSC), as reported inFig. 3.

It is evident that an exothermic peak is present at about

340�C, which could be ascribed to degradation of the na-

nosponge network. The endothermic peak below 100�C is

related to residual moisture in the sample.

Carbonate nanosponges exhibit some interesting features:

. They can be formed in spherical particles of diameter as

low as 1 mm (Fig. 4). They can be obtained in a wide

range of dimensions, ranging from 1 mm to tens of

micrometers.

. The cavities of the framework have a tunable polarity.

. Different functional groups can be linked to the

structure.

. They can be given magnetic properties (by adding

magnetic particles in the reaction mixture).

. They can be modified further.

The ability of carbonate nanosponges to remove organics

from wastewater is evident in Fig. 5, where methyl red is

completely removed from itswater solution by adding a small

amount of carbonate nanosponges. More interestingly,

3.62

3.4
3.2

3.0
2.8
2.6
2.4
2.2
2.0
1.8

1.6
1.4
1.2
1.0

0.8

0.54
4000.0 3600 3200 2800 2400 2000 1800 1600

cm-1

Å

1400 1200 1000 800 600 400.0

Figure 1. FTIR spectra of native b-CD- (blue line) and b-CD-based carbonate nanosponges (black
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Figure 4. Microscope photograph of spherical b-CD-based carbonate nanosponges particles (<10 mm).

[Reprinted with permission from Journal of Inclusion Phenomena andMacrocyclic Chemistry 56, 211 (2006).]
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Figure 5. Discoloration of a methyl red solution using b-CD-based carbonate nanosponges. (See

insert for color representation of the figure.)
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carbonate nanosponges may be the ideal solution to purify

water contaminated by persistent organic pollutants

(POPs), such as chlorobenzenes, chlorotoluenes, or poly-

chlorobiphenyls. Currently, the most widespread technique

is based on the use of activated carbon. Thanks to their

adjustable polarity and the changeable dimensions of their

cavities, nanosponges are able to equal, and in some cases

exceed, the performance of activated carbon. As reported in

Fig. 6, this is particularly true for highly chlorinated aro-

matic compounds such as hexachlorobenzene, which is

almost completely removed from wastewater using CD-

based carbonate nanosponges [33].

Unlike other classical nanosponges, carbonate-CD-based

nanosponges can be obtained in different forms. By carrying

out the reaction under classical conditions in DMF solution,

an amorphous cross-linked polymer is obtained. On the

contrary, by reacting the CD with melted diphenylcarbonate

under controlled reaction conditions, a rather crystalline

product is synthesized. This is confirmed by XRD (Fig. 7)

and TEM analyses (Fig. 8) [34].

Nanosponge samples are unstable under the electron

beam of the microscope. However, TEM analysis has shown

ordered areas of restricted dimensions (10 to 50 nm) on an

amorphous phase. The d-spacing marked out in each TEM

image perfectly matches those calculated from XRD pat-

terns. The inclusion ability and the controlled release behav-

ior may be influenced by the morphism of the nanosponges;

this theme is discussed below.

Preliminary toxicity studies were carried out on nanos-

ponges to assess their safety and inview of preclinical studies

on laboratory animals. In vitro cell culture toxicity assays

were carried out on different cell lines (i.e., HeLa, MCF7)

using theMTT test. Cells were incubated for between 24 and

72 h and their viability determined. Figure 9 shows cell

survival after incubation with nanosponges. Other in vitro

methods to evaluate the toxicity of a newmaterial include the

determination of hemolytic properties. Nanosponges were

incubated with human erythrocytes for 90min; no hemolytic

activity was evidenced up to a concentration of 6mg/mL,

showing the nanosponges to possess good blood

compatibility.

In vivo toxicity testing is currently under way. Systemic

acute toxicity was evaluated after injection in mice; nanos-

ponges were found to be safe between 500 and 5000mg/kg in

Swiss albino mice; they did not show any sign of toxicity or

adverse reactions. Nor did nanosponges show any aggrega-

tion or degradation after being incubated in plasma at 37�C
for 3 h.

Carbonate nanosponges do not significantly affect the

surface tension of water. Moreover, dynamic vapor sorption

(DVS) studies confirmed the non-hygroscopic nature of

nanosponges and their retention of crystal structure during

absorption and desorpion of moisture. In FTIR spectra of

nanosponges before and after sterilization, the peak at

1750 cm�1 does not disappear; thus, carbonate nanosponges

are autoclavable without loss of their properties.

As reported for other nanosponges, CD-based carbonate

nanosponges have a low surface area, no greater than 2m2/g,

and they can be regenerated easily simply by washing with

ethanol, acetone, or similar organic compounds without any

loss of activity. Carbonate nanosponges have long-term

stability and can be stored for six months at 40�C and

75% relative humidity with marginal loss of native CD (less

than 3%). Finally, carbonate nanosponges are quite stable in

neutral or acid solution, and even more so in a slightly basic

water solution at room temperature (Fig. 10).
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Figure 7. XRD of (A) amorphous b-CD-based carbonate nanosponges and (B) crystalline C b-CD-
based carbonate nanosponges.

Figure 8. TEM photograph of b-CD-based carbonate nanosponges. Magnification �400,000.
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3.1. CD-Based Carbonate Nanosponges

in Agrochemistry

Postharvest flower life is of crucial importance in deter-

mining the value of a crop, and many species are extremely

sensitive to the senescence process. Ethylene, a potent plant

growth regulator, is widely implicated in postharvest se-

nescence. For example, petal senescence in carnation flow-

ers is associated with an increase in ethylene production.

However, the initiation of senescence can also be hastened

by exposure to exogenous ethylene. Silver nitrate, 2,5-

norbornadiene (2,5-NBD), and 1-methylcyclopentene are

used to prolong flower longevity but are not used commer-

cially because of their toxicity or undesired smell. 1-

Methylcyclopropene (1-MCP) can prevent some of the

effects of ethylene without toxicity, but often does so only

for a rather time. In recent years some commercial products

based on CD inclusion compounds have appeared on the

market (e.g., SmartFresh). However, very low antiethylenic

compounds are included, and the stability of the inclusion

compounds is not high.

Antiethylene compounds, interacting with putative eth-

ylene receptors, can modulate ethylene responses, especially

if included in nanosponges. The use of antiethylene–

nanosponge complexes can thus improve the longevity of

cut flowers, but also fruit and vegetables, thus becoming a

significant tool for limiting world starvation. In carnation

cultivars, nanosponges containing an antiethylenic molecule

favored cut-flower longevity (23 days) and the maintenance

of fresh weight, in particular using 1-methylcyclopentene

(Fig. 11) [35].

CD-based carbonate nanosponges are also effective in

root propagation. For example, P. umbilicata is usually

recalcitrant to traditional propagation methods. The results

obtained in micropropagation experiments showed that this

species is also probably recalcitrant to micropropagation and

that the use of nanosponges, either with indolbutyrric acid

(IBA) or with naphthyl acetic acid (NAA), was not effective.

InP. cirrhiflora, IBA improved the number of roots produced

by each plant but showed no significant difference compared

to controls without nanosponge inclusion. On the contrary,
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the NAA-nanosponge (0.2mg/L) complex improved root

development (a mean number of 6.32 roots/plant) of P.

cirrhiflora explants significantly compared with controls

containing nonincluded NAA (1.5 roots/plant) (Fig. 12). In

this case, nanospongeswere able to improve rooting,which is

an essential step in in vitro propagation of ornamental

species, probably facilitating control of phytoregulator re-

lease, stimulating root development and ensuring constant

availability of the active principle [35].

This new nanocolloidal carrier system has been shown

to provide several advantages in an important economic

field, that of nursery gardening. The use of nanosponges to

carry phytohormones and antiethylene substances favors

the gradual release of these products over time, reducing

the concentrations normally required, and increasing their

bioavailability, with substantial reduction of production

costs.

3.2. CD-Based Carbonate Nanosponges

in Pharmaceuticals

Considering their biocompatibility and versatility, nanos-

ponges have many possible applications in the pharmaceu-

tical field. These applications were recently reported by

Cavalli et al. [36]. Nanosponges can be used as excipients

in preparing tablets, capsules, pellets, granules, suspensions,

solid dispersions, or topical dosage forms. In particular, the

design of new drug delivery carriers to improve administra-

tion is now under study. Many drugs show poor solubility,

low permeability, short half-life, low stability and/or high

molecular weight, and their formulation is thus challenging.

Many bioavailability problems may be solved by enhancing

the solubility and dissolution rate of a substance, and nanos-

ponges can increase solubility. The interaction sites available

for complexation in nanosponges are increased markedly

1-Methylcyclopentene

methylcyclopentene

Figure 11. Longevity ofDianthus caryophyllus cut stems treated with 1-methylcyclopentene-b-CD-
based carbonate nanosponges complex, b-CD-based carbonate nanosponges, and 1-methylcyclo-

pentene compared to controls in tap water.
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compared to those in CD molecules, and they also have

different polarities (hydrophobic CD cavities surrounded by

rather hydrophilic nanochannels) enabling molecules with

different lipophilicities and structures to interact. The ability

of CD nanosponges to engage in complex formation has been

evaluated for both hydrophilic and lipophilic molecules.

Moreover, nanosponges form stable, opalescent, colloidal

dispersion in water, and their zeta potential of around �30

mV prevents their aggregation.

Many drugs with different structures, solubilities, and

pharmacological activities have been investigated, including

paclitaxel, camptothecin, dexamethasone, flurbiprofen,

doxorubicin hydrocloride, itraconazole, 5-fluorouracil, ci-

lostazol, progesterone, oxcarbamazepine, nelfinavir mesy-

late, resveratrol, and tamoxifen. Nanosponges particularly

improve the wetting and solubility of molecules with very

poor aqueous solubility. For example, Swaminathan

et al. [37] have studied the formulation of nanosponges with

itraconazole, a drugwith aqueous solubility of about 1 ng/mL

at physiological pH. The presence of nanosponges improved

the drug’s solubility more than 27-fold; on adding PVP as an

auxiliary component in the nanosponge formulation, this was

enhanced to 55-fold.Moreover, the dissolution profiles of the

drug from the two formulations was faster than from the

marketed formulations. Nanosponges could thus increase the

bioavailability of itraconazole. Nanosponges can also be

used as carriers of more hydrophilic drugs, and they may

protect the drug during passage through the stomach. This is

the case of the well-known anticancer drug doxorubicin,

which is released very slowly at pH 1.1, whereas release is

faster if the pH is increased to 7.4 [35]. Particularly good

results were obtained using carbonate nanosponges in the

delivery of some anticancer drugs such as paclitaxel and

campothecin [38].

Paclitaxel is a diterpenoidwith high anticancer activity (in

particular for breast cancer) but extremely low aqueous

solubility. For this reason it is currently formulated in a

vehicle composed of a 1 : 1 blend of Cremophor EL and

ethanol, which is diluted five- to 20-fold in normal saline or

dextrose solution (5wt%) for administration. Many draw-

backs are encountered with this administration route; first,

the vehicle (Cremophor EL: ethanol) required for solubili-

zation is toxic, causing hypersensitivity reactions, vasodila-

tation, labored breathing, lethargy, and hypotension. Pacli-

taxel also tends to precipitate slowly out of the aqueous

media, and thus an inline filter is recommended in the

intravenous (IV) set. Finally, this vehicle is incompatible

with the components of the infusion sets, causing diethyl-

hexylpthalate (DHEP) to leach from the poly(vinyl chloride)

(PVC) infusion bags. Thus, a great deal of work is needed to

develop a cremophore-free formulation of paclitaxel for

intravenous (IV) use, and to enhance the drug’s oral bio-

availability. The use of nanosponges as a carrier for paclitaxel

could overcome all these problems, leading to a Cremophor-

free formulation. Paclitaxel-loaded nanosponges have been

prepared using three types of nanosponges having different

degrees of cross-linking (1 : 2, 1 : 4, and 1 : 8); the formula-

tions have been characterized. The different nanosponge

solubilization capacity is correlated with the degree of

cross-linking. The solubility enhancement factor versus plain

paclitaxel increased with the degree of cross-linking: nanos-

ponges with a 1 : 8 ratio showed a high solubilization capac-

ity, with an enhancement factor ofmore than 60, while that of

b-CD is 9.

The significant change in XRD defractograms of com-

plexes from nanosponges indicates complexation; this is

confirmed by FTIR analyses, in particular by DSC (Fig. 13)

and also by XRPD and NMR analyses. The cytotoxicity of

paclitaxel-loaded 1 : 4 ratio nanosponges was evaluated on

MCF-7 cells; paclitaxel carried by nanosponges was found

to be significantly more cytotoxic than the plain drug

(Fig. 14).

Pharmacokinetic profiles were tested in vivo for both IV

and oral administration. Briefly, nanosponges tend to release
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paclitaxel faster than commercial formulation when admin-

istered IV, making the drug available for rapid distribution in

the peripheral compartments, as is evident from the t1/2a and

K12 values obtained. Results were even better for oral ad-

ministration: As reported in Fig. 15, the AUC of paclitaxel in

the nanosponge formulation increased threefold. The per-

centage relative bioavailability of paclitaxel from the nanos-

ponges was 256%. There was a 2.5-fold increase in the mean

absolute bioavailability (AB) in nanosponges. The Cmax

value for nanosponges was 74.36� 8.3 mg/mL versus

60.76� 7.2 mg/mL for Taxol. There was no significant

change in tmax, mean residence time, or terminal half-life

(t1/2).

On the other hand, camptothecin, originally isolated from

the stem wood of Camptotheca acuminata, is a potent

cytotoxic alkaloid active against a variety of tumors, which

unfortunately is insoluble in water. Camptothecin delivery

suffers from its poor solubility, which causes low bioavail-

ability; its high systemic toxicity; the fact that the lactone ring

of camptothecin opens invivo, rendering it inactive; and from

photo-instability. As reported in Fig. 16, nanosponges en-

hance the photo-stability of camptothecin [39]. This is

particularly true for surface-modified nanosponges with

succinic anhydrides and thus bearing carboxylic acid resi-

dues. Nanosponges also stabilize camptothecin in the plasma

(Fig. 17), but although the results are in agreement with PBS

stability results, the degradation is more pronounced in the

plasma, possibly due to the presence of albumin, known to

play a role in the degradation of camptothecin. Again,

cytotoxicity studies show that the complex is more than six

times more cytotoxic than the plain drug. Cytotoxicity even

after 72 h indicates stability of the lactone ring. Moreover,

since the amount of drug released is higher after 24 h than it is

after 15min, the drug may be said to be stable in the plasma

(Fig. 18).

An interesting feature of CD-based carbonate nanos-

ponges is that the inclusion ability depends significantly on

their degree of crystallinity: Different molecules can be

solubilized to different extents depending on the nanos-

ponges used. For example, the well-known anticancer drug

dexametasone is fourfold better solubilized by crystalline

nanosponges, whereas the widely used antiviral compound

acyclovir is solubilized twice as much by amorphous

nanosponges [40]. Thus, the degree of crystallinity of

CD-based carbonate nanosponges is an important param-

eter to be considered in the correct formulation of drug

carriers.

3.3. CD-Based Carbonate Nanosponges in Catalysis

The use of immobilized enzymes is advantageous for various

reasons: It allows enzymes to be recycled, facilitates the

separation and recovery of reaction products from the reac-

tion environment, and enables continuous flow processes to
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be applied. Exploitation of enzymes in industrial processes

often relies on enzyme immobilization on solid supports,

which facilitates working under continuous-flow conditions

and has been reported to increase enzyme stability and to

limit inhibition effects exerted by reaction products or com-

ponents of the reaction mixture. As a consequence, the

demand for economically advantageous and environmentally

friendly supports is growing constantly.

Hydrolytic enzymes, such as proteases, amylases, es-

terases, and lipases, are among the enzymes used most

widely for industrial purposes. Lipases are triacylglycerol

hydrolases (EC 3.1.1.3) that either catalyze the hydrolysis

of triacylglycerols (in aqueous media) or catalyze

transesterification reactions (in non-aqueous media). They

have found widespread use in a growing range of industrial

applications, including detergents, food processing, phar-

maceutical, cosmetic, textiles, the leather and paper indus-

tries, biotransformations, waste treatment, and bioremedi-

ation. Lipases also have medical applications as drugs or

biosensors. One of the most intriguing industrial applica-

tions of lipases is the synthetic process producing methyl

and ethyl esters of long-chain fatty acids (biodiesel) starting

from oils and methanol (or ethanol); however, it must be

said that the performance of lipases is not yet comparable to

that provided by basic catalysis, in the presence of NaOH or

KOH.

A system obtained by adsorbing Pseudomonas fluores-

cens lipase on a newly synthesized CD-based carbonate

nanosponge has lead to improved activity and better struc-

tural stability of this lipase, when adsorbed on this new

support, compared with those of the free enzyme in solution.

This new type of CD-based nanosponge stabilizes Ps. fluor-

escens lipase, the enzyme still being active after 66 days of

incubation at T � 18�C. Moreover, unlike the solubilized

enzyme, adsorbed lipase is active at T> 40�C, at pH 5 and

after 24 h of incubationwith 70%v/vmethanol (13% residual

activity) [41].

Catechol dioxygenases are enzymes containing iron that

can convert the substrate catechol into the product cis-cis
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muconic acid, a precursor of the industrially important

compound adipic acid. Catechol 1,2-dioxygenase from Aci-

netobacter radioresistens S13 was immobilized on b-CD-
based carbonate nanosponges [42]. The enzyme was ad-

sorbed on this matrix with a yield of 29mg enzyme per

gram of support. The activity profiles at different pH values

and temperatures showed that the optimal pH was between

8.5 and 9.5, and the optimal temperaturewas 30�C in free and

50�C in immobilized protein, respectively. Kinetic para-

meters were calculated, and the KM values were found to

have increased to 2.0� 0.3 mM for the free form and to

16.6� 4.8 mM for the immobilized enzyme, whereas the kcat
values were found to be 32� 2 s�1 and 27� 3 s�1 for the free

and immobilized forms, respectively. The immobilization

process was also found to increase the thermostability of the

enzyme, with 60% residual activity after 90min at 40�C for

the immobilized protein versus 20% for the free enzyme, and

75% residual activity after 15min at 60�C for the immobi-

lized enzyme versus a total loss of activity for the free form

(Fig. 19). The immobilized enzyme retained its activity

toward other substrates, such as 3- and 4-methylcatechol

and 4-chlorocatechol. A small-scale bioreactor was con-

structed andwas able to convert catechol into cis-cismuconic

acid with high efficiency for 70 days.

3.4. CD-Based Carbonate Nanosponges as Gas Traps

The high cross-linked network of CD nanosponges could

host even small molecules such as gases. The reversible

encapsulation of gases in a solid matrix is of great interest

for many applications, such as gas separation, sensors, gas

storage, and fuel cells. It has long been possible to complex

halogen and halogen halideswith native cyclodextrins:a-CD
can host Cl2, Br2, and I2 equally well, b-CD can host Br2 and

I2, while c-CD forms an inclusion complex only with iodine.

The inclusion complex is formed simply by bubbling the gas

through a CD aqueous solution at 10�C. The gas is liberated
by placing the solid complex in water at a slightly higher

temperature.

Many other gases can be entrapped in CDs: a-CD is

generally the CD of choice due to the small size of its cavity,

making it more suitable for low-molecular-weight com-

pounds. The particular nanoporous network of nanosponges

enables b-CD to host gas molecules. As mentioned in

connection with agrochemistry applications, carbonate na-

nosponges can retain 1-methylcyclopropene and other sim-

ilar antiethylenic gases. They can also host other molecules,

such as CO2 and oxygen. For example, b-CD carbonate

nanosponges can entrap carbonic anhydridewhen previously

outgassed. The isotherms obtained at 20�C are reported in

Fig. 20. The stored CO2 amounts to 0.4� 0.1 mass% for the

sample treated at room temperature and 0.6� 0.1 mass% for

that treated at 120�C. In both cases, the kinetics of CO2

adsorption was extremely slow, requiring an equilibration

time of 4 h for each point of the isotherm. Whereas for the

former sample a good coincidence of the first and second runs

indicates the good reversibility of the adsorption process, for

the sample treated at 120�C, a partial hysteresis between the
first and second cycle indicates that 0.1 mass% of CO2 was

irreversibly stored in the sample. The initial weight of the

sample was restored only after heat treatment at 62�C for 3 h

in vacuum [43].

Oxygen also shows good interactions with nanosponges.

It is important to recall that gases play a very relevant role in

medicine, for both diagnostic and treatment purposes. How-

ever, it can be difficult to deliver oxygen in an appropriate

form and at an optimal dosage, making it necessary to

develop carriers that provide patients with oxygen under

optimal conditions. From a therapeutic standpoint, any com-

pound encapsulating oxygen for a long time is a potential

carrier. Local hypoxia is related to various important dis-

eases, ranging from inflammation to cancerous lesions.

100

90

80

70

60

50

40

30

20

10

0
10 15 20 25 30 35

Temperature (ºC)

R
el

at
iv

e 
ac

ti
vi

ty
 (

%
)

40 45 50 55 60

Figure 19. Stability of 1,2-dioxygenase to temperature: enzyme on b-CD-based carbonate nanos-

ponges (&); free enzyme (.). [Reprinted with permission fromDalton Transactions 33, 6510 (2009).]

CD-BASED CARBONATE NANOSPONGES 335



Tumor hypoxia is a therapeutic problem because of its

adverse impact on the effectiveness of radiotherapy and

chemotherapy. Oxygen delivery to hypoxic tumor cells could

be particularly important and has been found to be a powerful

strategy in cancer therapy. Nanosponges could be used as a

long-term oxygen delivery system.

The particle-size analysis of nanosponges encapsulating

oxygen shows that the average diameter is between 400 and

600 nm. The particle-size distribution is unimodal with a

narrow size range. The formulations show sufficiently high

zeta potential, which prevents nanosponges from forming

aggregates. The oxygen is released from the NS formulation

over long periods [i.e., 60min starting from a hypoxic

condition (0.4mg/L)]. The release profiles indicate that there

is an initial burst effect, followed by constant release main-

tained for a long period. The same release behavior was

observed in the presence of a silicon membrane. Figure 21

shows profiles of oxygen release. Ultrasound sonication

produced an increase of approximately 30% in oxygen

release [44].

3.5. CD-Based Carbonate Nanosponges as Filler
for Natural Rubber

Neat nanosponges affect the properties of natural rubber

(NR) to a considerable extent [45] when they are added as a

reinforcing phase to the natural rubber latex matrix. Tensile

properties such as tensile strength, tear strength, tensile

modulus, and elongation at break are altered, as well as the

swelling behavior of the resulting nanocomposites in water.

The values of transport parameters, relative weight loss, and

diameter variations are ascribable to the presence of a three-

dimensional b-CD nanosponge network within the nano-

composite samples. The results indicate that there is a strong

interaction between b-CD nanosponges and the NR latex.

Figure 22 shows the tensile strength of NR samples versus

nanosponge content. Moreover, NS/NR nanocomposites,

prepared by the water evaporation method, offer molecular

transport of different solvents (i.e., toluene, benzene, and

xylene); tests were undertaken at room temperature for neat

NR film and for nanocomposites with 1-, 2-, and 3-g nanos-

ponge content per 100 g of rubber. Transport parameters—

diffusion coefficient, sorption coefficient, permeation coef-

ficient, relative weight loss (RWL), and sol fraction—were

determined. Uptake was slowest for xylene and fastest for

benzene, as measured by these coefficients. A first-order

kinetics model was used to investigate the transport kinetics

(Fig. 23) [46].

3.6. CD-Based Carbonate Nanosponges in Cosmetics

c-Orizanol (GO), extracted from rice bran, is a mixture of

ferulate esters of triterpene alcohols and is known to be a

powerful inhibitor of hydroxyl radical formation. Unfortu-

nately, GO is a light-sensitive ingredient, and thus it would

be advantageous to include it in a carrier system to give it

adequate efficacy and stability. The permeation behavior of

GO through an artificial silicon membrane has been studied

under UVA and UVB radiation; photodegradation was

found to be related to the initial GO concentration and to

the nature of the vehicle. Sapino and co-workers [47]

complexed GO with b-CD-based carbonate nanosponges

and found that inclusion in the nanosponges led to a more

photo-stable form than free GO (Fig. 24). The peroxidation

of linoleic acid was investigated under UVA irradiation in

the absence and presence of GO, either free or complexed

with b-NS. Lipid peroxidation was assessed by malondial-

dehyde (MDA) determination through a colorimetric reac-

tion with thiobarbituric acid (TBA). As Fig. 25 shows.

inclusion of GO in b-NS does not limit its antioxidative

activity. Using slices of pig-ear skin, it was shown that

inclusion in nanosponges slightly increases c-orizanol skin
accumulation. CD-based nanosponges may thus be a prom-

ising carrier system for GO, as they improve photostability

without limiting antioxidative properties or skin
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accumulation. CD-based nanosponges could also be useful

to entrap and prolong the release of essential oil molecules,

such as linalool. It has been reported [48] that nanosponges

can incorporate up to 8wt% of linalool and that its release at

room temperature was half that of a pristin b-CD complex,

thus prolonging the effect of pristin fragrance over time.

4. CD-BASED ESTER NANOSPONGES

Nanosponges can also be produced using a suitable dia-

nhydride as a cross-linking agent; pyromellitic anhydride is

frequently the anhydride of choice. The cross-linking re-

action is very fast and is carried out at room temperature,

dissolving the CD and the dianhydride in DMSO in the

presence of an organic base such as pyridine, collidine, or

triethylamine. The reaction is exothermic and is complete

within a few minutes; reaction conditions are reported in

Scheme 3 [25]. It is significant that this type of nanosponge

(NS-PYR) contains a polar free carboxylic acid group, and

can thus host both apolar organic molecules and cations

simultaneously. By using different amounts of dianhydride

it is possible to vary the number of acid groups. Pyromel-

litic nanosponges also swell considerably in the presence of

water when a small amount of cross-linker agent is used

and to a lesser extent on increasing the cross-linker/CD

ratio.

The NS-PYR polymer was first characterized by FT-IR

analysis. Principally it is significant thanks to the presence of

a wide band at 1727 cm�1 related to the ester carbonyl group

that is missing in native b-CD. Characterization of the acidic
properties of NS-PYR provides information on the anion-

exchange capability of the material. The acidic properties of

the sites were determined by modeling pH-metric data. The

elaboration of titration curves of the NS-PYR polymer,

following Soldatov’s method, provides a pKa value of

4.38. In view of the synthetic procedure, wemay hypothesize

the presence of the pyromellitic biacid residue as a spacer and

the pyromellitic triacid residue as a terminal function; this

hypothesis suggests the existence of acidic groups with

different protonation constants in the polymer. If we assume

that the polymer behaves as a monoprotic acid with a pKH of

4.38, the trend of titration curves cannot be interpreted across

the range of pH values. However, the pH-metric data can be

explained exhaustively with a chemical model that assumes

the presence of two independent sites: a biprotic site and a

triprotic site. The IR spectroscopy data strengthen the hy-

pothesis of this chemical model [49].

Figure 25. Antooxidative activity of c-orizanol (GO).
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The ionic moiety of NS-PYR can be exploited for com-

plexation of heavy metal cations at different pH values

(Fig. 26). Adsorptions have been reported to be above

70% for Al(III), Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd

(II), Pd(II), and U(IV). The new synthesized nanosponges

present a particular structure, which confers cation exchange

and coordinating properties, enhancing the complexing ac-

tivity of the native CD toward metal ions. Cu(II) retention on

the polymer has been characterized at different pHvalues and

through pH-metric titrations [50]. Through the modeling of

pH-metric data, the presence of four different complexes has

been shown, one of which involves dissociated alcoholic

groups present on the CD structure. This complex is present

in the pH range 5.5 to 7. The retention ofCd(II) onNS-PYR is

exploited in a flow system; the NS-PYR packed column

shows the possibility of retaining and releasing Cd(II) simply

by changing the pH conditions of the eluent. Furthermore, the

polymer maintains its properties unchanged after 10 conse-

cutive adsorption and desorption cycles. These data support

the possibility of using NS-PYR in environmental

applications.

Recently, deeper insight into the inclusion abilities of NS-

PYR was achieved by Mele and co-workers using a high-

resolution magic angle spinning (HRMAS) NMR technique

that can be used to investigate semisolid samples such as

swellable NS-PYR. The diffusivity of water and the inter-

action of fluorescein in the inner cavities were thus

investigated [51].

5. POLYAMIDOAMINE NANOSPONGES

Polyamidoamine nanosponges are quite different from the

other types of nanosponges described above. First, the

reaction is carried out in water without using any organic

solvents, working at room temperature in the presence of

LiOH�H2O. Under these reaction conditions, b-CD poly-

merizes with acetic acid 2,20-bis(acrylamide) simply after

long standing (i.e., 94 h at room temperature). A white

powder is then recovered after the usual workup, as re-

ported by Ferruti et al. [26]. A possible structure of poly-

amidoamine nanosponges is shown in Fig. 27. They swell in

water and have both acid and basic residues; swelling and

water uptake were found to be pH dependent. The polymer

formed a translucent gel instantly on contact with water,

and time-dependent swelling studies in biorelevant media

confirmed the stability of the gel for up to 72 h. Model

protein albumin gave a very high encapsulation efficiency,

around 90%. In vitro drug release studies show that the

protein release can be modulated up to 24 h. The confor-

mational stability of the protein, examined using the SDS-

PAGE technique, showed the formulation to be stable even

for several months [52].

6. MODIFIED NANOSPONGES

As could be predicted, the presence of a large set of

hydroxyl groups on the surface of nanosponges opens the

way to further modification of this material and offers the

possibility of fitting the performance more closely to the

desired application. Among others, we mention the fluo-

rescent derivative obtained by reacting the carbonate na-

nosponges with fluorescein isothiocyanate in DMSO at

90�C for a few hours [53]. After the usual workup, a yellow

powder comprising nanosponges is obtained that is of

interest for biological studies. For example, Fig. 28 is a

photograph of human squamous cell carcinoma surrounded

by fluorescent nanosponges. Another possibility is to carry

out the same reaction, in the conditions reported above,
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Figure 26. Retention of heavy metal cations on CD-based ester nanosponges.
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between carbonate nanosponges and a cyclic organic an-

hydride such as succinic anhydride or maleic anhydride. In

this way, CD nanosponges bearing carboxylic acid residues

can be obtained [54]. These novel functionalized nanos-

ponges could react with biologically important carriers such

as biotin, chitosan, or proteins, possibly providing prom-

ising carriers for targeting drugs to specific receptors.

Titrimetry revealed the presence of amounts of acidic

residues as high as 1meq/g of nanosponge. XRPD sudies

showed that these nanosponges are amorphous in nature;

they are also nonhemolytic and noncytotoxic. They interact

strongly with chitosan, as is shown by zeta-potential mea-

surements. As reported above for camptothecin, carboxyl-

ated nanosponges appear to be a promising safe carrier for

drug release.

7. CONCLUDING REMARKS

Nanosponges are a new type of biocompatible, versatile

cross-linked polymer that greatly expand the performances

of their parent CDs. In particular, thanks to very high

inclusion stability constants, they find numerous applications
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Figure 28. Human squamous cells carcinoma treated with fluores-

centb-CD-basedcarbonate nanosponges.ConfocalMicroscopeZeiss

Axiovert 100M. (See insert for color representation of the figure.)
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in pharmaceutics, biomedicine, cosmetics, bioremediation

processes, catalysis, agrochemistry, gas entrapping, and

other fields. Their synthesis can be modulated by varying

the reaction conditions to better fit the application selected.

Moreover, thanks to the presence of residual oxydril groups

on the surface, they can be further modified with suitable

spacers, to increase their specificity and efficiency.
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PHOTODYNAMIC TUMOR THERAPY WITH
CYCLODEXTRIN NANOASSEMBLIES

ANTONINO MAZZAGLIA

CNR-Istituto per lo Studio dei Materiali Nanostrutturati, Universit�a di Messina, Messina, Italy

1. OVERVIEW ON THE PHOTODYNAMIC

THERAPY OF TUMORS: STATE OF THE ART

AND PERSPECTIVES

Photodynamic therapy (PDT) is an innovative modality for

the treatment of localized tumors as an alternative or adjuvant

to classical therapies such as radiotherapy, surgery, and

chemotherapy; at the same time, several nononcological

applications are also emerging for the treatment of a variety

of dermatological, ophthalmic, cardiovascular, and infective

diseases. PDTaims at selectively killing neoplastic lesions by

the combined action of a photosensitizer (PS) and visible

light: in most cases, wavelengths in the red or near-infrared

spectral range are used, since they are characterized by a

greater penetration depth intomost human tissues and are not

absorbed by normal tissue constituents, thereby avoiding the

promotion of generalized photosensitivity. The selectivity of

the PDT modality is achieved partly by the selective or at

least preferential accumulation of the PS in malignant

cells and tissue, and partly by restricting application of the

incident light to the desired area. The latter measure is

incapable of sparing peritumoral tissues completely, espe-

cially in the case of infiltrating tumors; thus, the degree of

selectivity of PS accumulation is of utmost importance.

This therapeuticmodality is based on the property of some

porphyrin derivatives or analogs thereof to be preferentially

accumulated and retained for prolonged periods of time by

many types of solid tumors. Thus, irradiation of the neoplas-

tic lesions with red light wavelengths, which are specifically

absorbed by the photosensitising agent and are endowedwith

a relatively high penetration power (up to 2 cm) into most

human tissues, generates cytotoxic species [i.e., reactive

oxygen species (ROS)], mainly singlet oxygen, by energy

or electron transfer from the electronically excited photo-

sensitiser, inducing irreversible tumor damage [1–3]. At

present, regulatory approval for PDT has been obtained for

selected tumors using Photofrin, a complex mixture of

hematoporphyrin derivatives, or Foscan, a chlorin derivative,

as photosensitizers, while 5-aminolevulinic acid (ALA) and

its methyl ester (which are converted metabolically to the

photosensitizer protoporphyrin IX) are beingwidely used for

the PDT of nonmelanoma skin cancer and other dermato-

logical diseases. Several thousand patients worldwide have

been treated by PDT for palliative or curative purposes with

objectively positive results [4].

PS photodynamic action consists of a photooxidative

process that induces multiple consecutive biochemical and

morphological reactions [5]. In detail, PS from its ground

state (PS0) is brought to a short-lived excited state (1PS*) and

from the latter may convert to a long-lived triplet state

(3PS*). This state is the photoactive state, which may pro-

duce cytotoxic species via a type I or type II mechanism

(Fig. 1). In the type I mechanism, 3PS* may interact with

substrate molecules via hydrogen abstraction or electron

transfer to give radical and ionic species which, in turn, can

react with molecular oxygen to furnish cytotoxic ROS.

Alternatively, 3PS* may react via energy transfer with

ground-state molecular oxygen to yield singlet oxygen

(type II mechanism) that can interact with a large number

of biological substrates to begin oxidative damage via
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peroxidative chain reactions. The triplet energy (ET) is

usually �94 J/mol for efficient energy transfer to ground-

state dioxygen [2]. The type II mechanism is the most widely

accepted, leading to cell damage [6,7]. The necessity of

molecular oxygen in the environment of action can limit the

potential of PDT in solid tumors, where poor vascularized

tissues with insufficient levels of O2 may exist [1]. There is,

however, evidence that an oxygen-independent photodynam-

ic effect is possible from the upper excited triplet state Tn
of PS, such as rose bengal and a substituted magnesium

phthalocyanine [8]. Also, there is an increasing interest in the

application of concomitant biphotonic activation of photo-

sensitizer molecules using two NIR photons [9].

Novel synthesized analogs of porphyrins displayed ab-

sorption bands peaking at longer wavelengths and possess

larger molar extinction coefficients than do conventional

porphyrins [1,10]. Such spectroscopic properties play a key

role, since they guarantee a higher probability and efficiency

of light absorption, hence a higher number of electronically

excited states. For therapeutic applications, the triplet quan-

tum yield, lifetime, and energy are the main parameters.

There was interest in expanding the conjugation of the

macrocycle ring in order to shift the absorption spectrum

toward the far-red/near-infrared wavelength region (i.e.,

porphyricenes), or to prepare chlorines, which are charac-

terized by the reduction via hydrogenation of one pyrrole

ring; phthalocyanines and naphthalocyanines, where a ben-

zene and a naphthalene ring, respectively, is condensed with

each pyrrole moiety. Basic chemical structures of the most

used photosensitisers and their precursors are displayed in

Fig. 2.

Among several compounds of second-generation photo-

sensitizers for PDT, phthalocyanines have been investigated

widely, due to their powerful absorption (e� 105M�1/cm) in

the far-red region of the spectrum (l� 680 nm), where tissue

transparency is optimal [11,12]. For each class of com-

pounds, it is possible utilize both the free base and selected

metalloderivatives: several metal diamagnetic ions can be

coordinated at the center of the macrocycle; therefore, it was

possible to synthesize porphyrinoid derivatives with Mg(II),

Zn(II), Al(III), Ge(IV), Si(IV), and Sn(IV) [13]. In a few

cases, axial ligands are located in the fifth and sixth coordi-

nation positions of the central metal ion in order to modulate

the physicochemical and (photo)biological features of the

porphyrinoid molecules. Recently, two water-soluble sulfo-

nated phthalocyanines containing paramagnetic central metal

ions—copper phthalocanine tetrasulfonate (CuPcS4) and

nickel phthalocanine tetrasulfonate (NiPcS4)—were studied.

Such paramagnetic ions significantly shorten the lifetime of

the triplet state (� nanoseconds), making the complexes far

less effective photosensitizers for PDTwith respect to phtha-

locyanines chelated with diamagnetic metal ions (Al3þ ,
Ga3þ , Zn2þ ), whose triplet lifetimes are much longer. For

CuPcS4 and NiPcS4 it was possible to select satisfactorily the

optimal parameter for two-photon PDT [14].

Also, scientists have focused on porphyrinoids substituted

in the peripheral positions of the macrocycle by functional

groups with well-defined chemical structure, in order to

generate compounds differing in size, electric charge, hy-

drophilic or hydrophobic character, and bulkiness. One of the

strategies was to introduce in the periphery of themacrocycle

suitable hydrophobic or hydrophilic groups conferring

amphiphilicity and improving selectivity in the tumor local-

ization. Therefore, the PDT efficiency depends on the phys-

icochemical features of the PS, its pharmaceutical formula-

tions, the localization and quantity of PS in treated tissue,

time activation with light, light intensity, and amount of

oxygen.

2. PHYSICOCHEMICAL PROPERTIES AND

MECHANISM OF PHOTOSENSITIZERS IN NANO-

AND MICROENVIRONMENTS

The binding properties of complex systems formed by PS in

colloidal nano- and microenvironments, such as liposomes,

micelles, emulsions, and polymer particles, were actively

investigated [15–17]. Over the last 20 years, liposomes

Figure 1. Mechanismof photodynamic action according to amodified Jablonski diagram (vibrational

levels are omitted). Transitions between electronic states of oxygen in solution (3Sg ! 1Dg;
3Sg ! 1Sg) are reported.
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interacting with hydrophobic porphyrins and metallopor-

phyrins have been employed to mimic membrane pro-

teins [18] and to investigate distribution of sensitizers in cell

compartments [15,19] in order to improve the PDT efficacy

substantially and to preserve the quantum yield of the

generation of hypereactive species [20].

Studies on porphyrins incorporated in neutral and charged

micelles have also been proposed [21] in terms of their

equilibrium or kinetic behavior [22]. The mechanism of

interaction with liposomes of photodynamic drugs such as

hematoporphyrins, protoporphyrins, and glycoporphyr-

ins [23,24], has been investigated widely and it has been

established that photophysical and photochemical parameters

are quite sensitive to the physicochemical features of the

microenvironment. Moreover, chiral recognition of micelles

versus a chiral functionalized porphyrin was observed [25].

Biopolymers andcalixarenes constitute furthermicrodomains

where chromophores can be localized [26–28].

A combination of noncovalent and electrostatic interac-

tions influences the partition of dye in a lipid bilayer;

hydrophobic guests are incorporated in the lipid region,

while hydrophilic sensitizers interact primarily with the

aqueous interface at the hydrated internal core of liposomes.

The entrapment of photosensitizers with different polarities

in colloidal nanoassemblies is sketched in Fig. 3. As an

example, liposomal porphyrins could provoke endocytoplas-

matic damage, leading to a change in mitochondrial shape,

while water-soluble hematoporphyrin photosensitized pri-

marily the plasma membrane [29].

As a result of the localization of sensitizers inside vesicles,

monomers and self-aggregates of chromophores can be

formed. The presence of these supramolecular oligomers is

due to a high local concentration of sensitizer. After being

incorporated in the bilayer, the collision process of excited

states and the rotational and diffusional freedom of the

sensitizer molecule is consistently slowed down as a

consequence of the increasing microviscosity. Finally, the

incorporation of photosensitizer influences sensitively the

photophysical properties of PS noncovalently bound to

host molecules or host nanoassemblies. The general mutual

interaction is outlined interestingly in a review of Lang

et al. [15].
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Figure 3. PS entrapment in colloidal nanoassemblies: (A) hydro-

phylic PS in the outer casing of micelles; (B) hydrophobic PS in

the core of micelles. (See insert for color representation of the

figure.)
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Complementary absorption spectroscopic studies using

fluorescence excitation and emission measurements are per-

formed under both steady-state and time-resolved condi-

tions. Such measurements afford important information as

to two main aspects:

1. The quantum yield of fluorescence emission, which

indicates the probability of radiative decay of the

porphyrins from the lowest excited singlet state formed

initially; such emission is often used in biological

systems for the quantitative determination of porphy-

rin concentration, as well as to probe the nature of the

porphyrin microenvironment and binding site in a cell

or tissue.

2. The presence of multiple porphyrin species: for ex-

ample, a mixture of monomeric and aggregated por-

phyrins. The porphyrin aggregates generally exhibit a

reduced fluorescence quantum yield (Wf), and a shorter

emission lifetime. If the fluorescence decay is moni-

tored according to a time-resolved regime, one can

obtain a quantitative measure of the relative weight of

each PS species.

Determining the amount of species aggregated also plays

a predictive role in the photosensitizing efficiency of por-

phyrins. Generally, theWf value of PS is about 0.1. This value

points out that a predominant fraction of the electronically

excited PSmolecules (1PS*) undergoes intersystem crossing

to the lowest excited triplet state (3PS*); the latter plays a

major role in photosensitized processes, owing to its partic-

ularly long lifetime (on the order of milliseconds) even in

fluid media. The lowest excited triplet state represents the

main reactive intermediate in the photophysical processes

promoted by PS. The efficiency for the generation of such as

electronically excited state can be measured quantitatively

through a specific parameter, the triplet quantum yield (WT),

which is the ratio of the number of triplet species formed to

the total number of photoexcited photosensitizer molecules.

This parameter can be obtained by means of laser flash

photolysis techniques, which can determine the triplet-state

lifetime with a resolution level of microseconds. As an

example, both free base and metalloporphyrinoids coordi-

natedwith diamagneticmetal ions exhibit quantum yields for

triplet photogeneration higher than 0.5; such a value under-

lines the appreciable overall photosensitizing efficiency of

these tetrapyrrolic derivatives. The lifetime of porphyrin

triplet states is in the millisecond range, which gives these

species a high probability of diffusing over relatively large

distances in fluidmedia. In actual fact, two reaction pathways

are open to 3PS*:

1. Direct interaction with a nearby substrate molecule

with the formation of radical derivatives, which in turn

reacts with oxygen to yield oxidized products.

2. Energy transfer to ground-state (triplet) oxygen with

promotion of the latter to singlet oxygen, a hyperre-

active and highly cytotoxic species:

3PS*þ 3O2 ! 1PSþ 1O2 ð1Þ

In particular, the singlet oxygen is in the two forms 1O2 (
1Dg)

and 1O2 (
1Sg) due to a spin-allowed process coupled with the

spin inversion of oxygen, and (see Fig. 1) the quantum yield

of singlet oxygen (WD) for effective PDT ranges between 0.7

and 0.9.

Although in principle both mechanisms occur in most

photosensitized processes, the singlet oxygen pathway usu-

ally predominates, especially when the PS is in a hydropho-

bic medium (e.g., organic solvents of low dielectric constant,

internal regions of globular protein molecules, lipid domains

of cell membranes), where the oxygen concentration is

particularly large and the singlet oxygen lifetime is lon-

ger [30]. Two factors may inhibit the photosensitizing action

of PS: (1) the formation of aggregated species (which occurs

most frequently in aqueous media), owing to the related drop

in the lifetime of the triplet state; and (2) the insertion of

paramagnetic metal ions [e.g., Fe(III), Co(III) ions] at the

center of the macrocycle. Such derivatives possess a quan-

tum yield of triplet generation close to unity; however, the

triplet lifetime falls below the nanosecond level, preventing

any interaction between the triplet and other molecules.

Finally, it was ascertained that a photoexcited PSmay also

generate syperoxide anion via electron transfer to oxygen:

3PS*þ 3O2 ! 3ð2PSþ . . . 2O2
�Þ $ 2PSþ þ 2O2

� ð2Þ

However, the efficiency of this process is about 1% of that

typical of singlet oxygen generation; hence, superoxide does

not really play an important role in PS photosensitized

processes.

Finally, twomain factors have to be considered in a PS for

potential use in PDT: (1) the quantum yields of the excited

triplet states and its singlet oxygen production from ground-

state 3O2, and (2) the stability relative to oxidative degra-

dation (photobleaching).

3. PASSIVE AND ACTIVE PDT WITH COLLOIDAL

NANOASSEMBLIES

A full exploitation of PDT potential is limited by factors

such as the often limited selectivity of tumor targeting, the

prolonged persistence of available PDT agents in the skin,

causing a generalized cutaneous photosensitivity, and the

chemical heterogeneity (due to the different chemical spe-

cies present) and inefficient red light absorption typical of

PS as Photofrin and ALA-derived protoporphyrin [1,4].
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Novel approaches are being investigated to overcome the

present limitations of PDT, including the development of

second-generation photosensitizers with improved photo-

chemical and tumor-localizing properties, and the combi-

nation of PDT with other therapeutic modalities. The en-

capsulation of PS in vehicles tagged with a receptor target-

ing group aims to enhance the selectivity of drug by

preserving its efficacy.

3.1. Disaggregation Process of Supramolecular PS
Oligomers

The aggregation of PS is disadvantageous in preserving a

high level of PDT efficiency. The aggregation reflects the

tendency of the flat tetrapyrrolic macrocycle to yield face-to-

face dimers or higher oligomers due to hydrophobic inter-

actions and is more pronounced in aqueous media, while

generally its importance decreases upon moving to organic

solvents or micellar/liposomal dispersions [17,21,31,32]. In

the case of phthalocyanines, the disaggregation into individ-

ual molecules in water or a reduction in the extent of the

aggregates extent is promoted by different strategies, includ-

ing (1) the use of hydrophilic groups as axial ligands

coordinated to a centralmetal such asZn(II) orRu(II) [33,34],

(2) the use of surfactants to create a microheterogeneous

environment [35–38], or (3) interaction with dendrimers,

substituents on the phthalocyanine macrocycle, which

sterically inhibit molecular aggregation and increase solu-

bility [39]. To circumvent aggregation inwater in the absence

of surfactants or other disaggregating agents, synthesis and

characterization of highly water-soluble phthalocyanines

with terminal carboxylate functionalities as monomeric spe-

cies in water was proposed [40].

3.2. Targeting of Photosensitizers Mediated

by Nanoassemblies

Micelles, liposomes, oil dispersions, biodegradable polymer-

ic particles, and hydrophilic polymer–PS conjugates and

nanoparticles generally are used to delivery PS (Fig. 3).

Nanoparticles are considered as passive targeting systems

because they exploit both the natural distribution processes

(passive diffusion and phagocytosis) and selective accumu-

lation in target tissue (i.e., tumors or neovasculature) by an

enhanced permeability and retention effect (EPR). Various

(in most cases, hydrophobic) photosensitizers were bound to

water-soluble polymers [mainly to poly(lactic-co-glycolic

acid) and polylactic acid], to overcome the problems

associated with solubilization of the photosensitizers (e.g.,

bacteriochlorophyll-a [41], verteporfin [42], mesotetra(4-

hydroxyphenyl)porphyrin [43], methylene blue [44], hyper-

icine [45], and various phthalocyanines [46]). Passive target-

ing was illustrated by Konan et al. [47] using data on

biodistribution, pharmacokinetics, and phototoxicity both

for PS encapsulated in liposomes [20,48,49], oil dispersion

or micellar systems [50–52], polymer particles [53], and

hydrophilic polymer–PS conjugates [32,54]. Silica nano-

particles have been used extensively as well, loaded with

typical PDT sensitizers [55,56] or with less usual ones, such

as fullerene [57]. Gold nanoparticles as carriers of PS [58]

were also proposed, since a surface-bound photosensitizer

with gold nanoparticles may represent an advantage, as

singlet oxygen does not need to diffuse out of the polymeric

structure as it does for encapsulated photosensitizers. Later

it was shown that these conjugates are indeed effective in

PDT [59].

Tumor targeting of the photosensitizers has been a long-

sought-after goal in PDT research. Using as PDT agent a

lipophylic photosensitizer [60], by its nature it passively

targets malignant tissue, since the hydrophobic compound

is bound in the plasma mainly to low-density lipoproteins

(LDLs) [61]. Indeed both neovascular endothelial cells and

actively proliferating tumor cells usually have a high expres-

sion of LDL receptors. Thus, hydrophobic photosensitizers

are preferentially accumulated by malignant cells through

the LDL-receptor-mediated endocytosis pathway.

The idea of active targeting of a photosensitizer toward

malignant cells by attaching them to various molecule-

recognizing proteins, peptides, and receptors overexpressed

on the tumor cell membrane has a long history [62,63] but

without reaching a real breakthrough in PDT efficacy. Se-

lective delivery of PS to the site of action can occur toward

covalent grafting of receptor targeting group directly on the

PS [64,65] or by tagging nanoparticles with receptor-binding

moieties and PS [66]. Therefore, active targeting may rep-

resent a significant improvement. Effective PDT requires the

preferential accumulation of relatively large concentrations

of the photosensitizer in the targeted cells. In conjugates

composed of nanoparticles equippedwith PDT sensitizer and

targeting units, the latter should facilitate the delivery of

several photosensitizer molecules by increasing efficiency

and selectivity. These targeting molecules (units) can be

small molecules such as short peptides [67] or the RGD

sequence, antibodies, or fractions thereof [68,69].

4. PDT WITH PHOTOSENSITIZERS

ENCAPSULATED IN CD NANOASSEMBLIES

Due to the high resistance to thermal and oxidative degra-

dation, diminution of side effects and increase in the solu-

bility and bioavailability of complexed drug, CDs are a

promising nontoxic carrier for PS in PDTand photodynamic

antimicrobial chemotherapy (PACT) [70]. Cyclodextrins

(CDs) present a hydrophobic cavity which excludes water

molecules and can include a variety of PS. The bindingmode

of PS on CDs depends strongly on the size of the cavity and

on functional groups. As an example, anionic meso-
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tetrapheyl-substituted porphyrins can bind CD in the follow-

ing modes [71–73]:

1. Inclusion through the lower rim of CD. This mode is

characteristic for b-CD and modified b-CD.

2. Inclusion through the primary face of CD. This typo-

logy of binding is typical for c-CD, which possesses a
secondary face wider than that of b-CD.

3. External binding between the exterior binding sites of

CDs and PS monomers or aggregates.

Therefore, the mode of binding influences the photophy-

sical features of the complexes by modulating the amount of

singlet oxygen produced, of which the quantum yield is

crucial for a highly effective PDT.

4.1. Supramolecular Complex of CDs and

Photosensitizers

Systems of CDs and porphyrin (Por) have been considered

extensively as models for hemoproteins (74,75), and some of

these investigations have focused on the metalloporphyrin

environments which were designed to mime the microdo-

mains of myoglobin and hemoglobin, in which an iron-

containing coordination site is involved (71,76). Hydrophilic

Por/b-CD conjugates [77] and porphyrins bearing four

covalently bound permethylated b-CDs [78] were synthe-

sized and characterized as soluble hosts having the benefit of

multiple interactions with different substrates. Supramolec-

ular interaction between CDs and green plant pigments [79]

has also been reported. Most of these topics concerning

systems of CD–PS complexes have been reported in the

literature [15,80,81]. The strong affinity of anionic porphyrin

5,10,15,20-tetrakis(4-sulfonatophenyl)-21H,23H-porphine

(TPPS) toward the heptakis (2,3,6-tri-O-methyl)-b-cyclo-
dextrin (TM-b-CD) host to form stable inclusion complexes

has been exploited [82]. It was found that in water, a TPPS

(TM-b-CD) inclusion complex (see Fig. 4) behaves as a

highly efficient and resistant supramolecular sensitizer with

high photo-oxygenation turnover numbers and a low extent

of bleaching. Also, supramolecular complexes of hydroxy-

propyl-b-cyclodextrin (HP-b-CD), TM-b-CD, and heptakis

(2,6-di-O-methyl)-(b-cyclodextrin) (DM-b-CD) with a neu-
tral porphyrin (TPyP) have been investigated as potential

agents for PDT [83].

In the recent past, a poorly soluble second-generation

photosensitizer (purpurin) was administrated to animals in

the presence of c-CD or in dipalmitoyl phosphatidylcholine

liposomes [84]. Natural curcumin has been evaluated as a

potential photosensitizer for oral applications. Phototoxicity

was studied in an aqueous dispersion of nonionic micelles,

cyclodextrin, liposomes, and so on. It was assessed that the
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phototoxic effect induced by curcumin is highly dependent

on the type of preparation [85].

Recently, it was demonstrated that photoexcitation of

fullerene derivatives efficiently produces an excited triplet

state and, through energy and electron transfer to molecular

oxygen, produces both singlet molecular oxygen and super-

oxide. It was found that c-cyclodextrin bicapped C60

[(c-CD)2/C60] is a very efficient singlet oxygen producer

and therefore can be used in PDT to kill tumor cells [86].

4.2. Supramolecular Aggregates of Amphiphilic CD and

Porphyrins

One of themain challenges is to achieve targeted PDT, that is,

to obtain selective delivery of a photodynamically active

drug directly to action sites [64]. Our group is interested on

the design of supramolecular colloidal systems formed by

porphyrin and amphiphilic CDs in order to characterize

nanomaterials as ”smart”carriers for specific recognition and

cellular internalization [87,88].

Several chemical modifications have been carried out on

CDs by grafting substituent groups to different positions

(narrow rim, wide rim, or both rims), thus providing non-

ionic or cationic derivatives able to form supramolecular

nanoassemblies potentially useful in pharmaceutical appli-

cations [89]. However, the ability of these molecules in

engineering nanocarriers to deliver and especially target a

drug is largely unknown. In fact, supramolecular nanoas-

semblies, either obtained spontaneously or designed

through a proper preparation method, are of a size com-

patible with intravenous injection and could be utilized to

guarantee drug distribution in the body. Strategies involving

nanocarriers are highly appropriate for the delivery of

highly toxic anticancer drugs to solid tumors, using their

features to extravasate at the level of the tumor porous

capillary bed and deliver the drug at the site of action. The

most significant studies in this sense have been produced

from Bilensoy and co-workers, who demonstrated that 6-N-

CAPRO-b-CD and b-CDC6 (modified on the primary and

secondary face, respectively, with 6C aliphatic chains)

could furnish nanoparticles or nanocapsules able to load

anticancer drugs such as tamoxifen citrate and paclitaxel

with good efficiency [90]. Furthermore, nonhemolytic and

noncytotoxic nanoparticles based on amphiphilic cyclodex-

trins were demonstrated [91].

In this context, our group has recently investigated several

neutral and cationic amphiphilic derivatives of b-CD (Fig. 5)

which form supramolecular assemblies such as micelles and

vesicles, and generally, nanoparticle dispersions showing

different colloidal stability in water according to the CD

component and preparation method [92–94]. This new gen-

eration of amphiphilic CDs provides more water-soluble and

adaptable nanoparticles through modulation of the balance

between hydrophobic and hydrophilic chains at both CD

sides. The grafting of small portions of poly(ethylene glycol)

at the secondary rim of CD can increase drug bioavailability

and potentially decrease the immunogenicity [95].

Furthermore, the use of long hydrophobic chains (C16 or

C12) at a CD’s primary side may make it possible to preserve

the affinity for a biological membrane. Amphiphilic CDs can

be tailored conveniently by covalently appending receptor-

targeting glycosyl groups [88,96] in order to build nanocar-

rierswith increased drug selectivity toward specific cell lines.

Supramolecular aggregates of amphiphilic cyclodextrins are

thereby versatile systems toward the encapsulation of both

hydrophobic and hydrophilic guests [97,98]. PS drugs em-

bedded in cationic CD nanoassemblies were effective in

inducing photodynamic damage in cancer cells. In particular,

the entanglement process between water-soluble TPPS and

the amphiphilic cationic CD, heptakis(2-v-amino-O-oligo

(ethylene oxide)-6-hexylthio-b-CD, (SC6NH2) and the oc-

currence of various species at different porphyrin–CD ratios

were studied by a combination of ultraviolet/visible (UV/

Vis) absorption, fluorescence anisotropy, time-resolved fluo-

rescence, resonance light scattering, and circular dichroism.

The encapsulating process of TPPS on the mean vesicle

diameter was investigated over a wide concentration range

by quasielastic light-scattering techniques (QELS) [99]. The

experimental results indicate that the presence of PS in this

colloidal system promotes some morphological rearrange-

ments, due essentially to charge interactions, which are

responsible for a sensitive change in vesicle dimensions. In

the range of porphyrin–CD molar ratios between 1:10 and

1:50, the porphyrin is solubilized in monomeric form and

photosensitizes the production of singlet oxygen.At the same

molar ratio, this amphiphilic cyclodextrin is able to transport

porphyrins into tumoral cells [87] (Fig. 6).

Elastic light scattering experiments provided the first

structural characterization of these cationic nanoassemblies

in both the absence and presence of TPPS porphyrin,
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Figure 5. Structures of amphiphilic cationic CDs (13, SC6NH2; 14,

SC16NH2) investigated as nanocarriers of PS for PDT.

(From [87,100].)
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modeling the system as a spherical particle described by a

single thin-shell form factor [99]. The structure of mixed

heteroaggregates is modulated by the charge and size of

the two components as a function of different porphyrin–

cyclodextrin molar ratios. Scanning near-field optical

microscopy (SNOM) of the samples evaporated on glass

surfaces gave further insights on the morphology and optical

properties of these systems, confirming the embedding of

TPPS on the nanoassemblies and evidencing the role of the

solvent (Fig. 7).

Figure 6. PS delivery by CD nanoassemblies, HEP-2 intracellular delivery and generation of singlet

oxygen. (From [87,100].) (See insert for color representation of the figure.)

Figure 7. (A) SNOM topography on a typical sample of TPPS/SCNH2 aggregates (1:10 porphyrin–/

CD molar ratio; transmission mode, lexc¼ 457 nm); (B) Detail of topography; (C) relative fluores-

cence SNOM images. (From [99].)
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4.3. Photophysics and Photochemistry of Porphryrins
and CD Nanoassemblies

As a consequence of the previous results, in this section we

report on photophysical and photochemical behavior of PS

encapsulated in CD nanoassemblies. These properties can

shed light on the correlation structure–activity relationships

of the colloidal complex systems.

Lang et al. [28] show in detail some photophysical

peculiarities of anionic and cationic porphyrins bound to

CDs in aqueous solution as model sensitizers. It was evi-

denced that the binding constants (in the range 103 to

105M�1 range) depend strongly on the cavity size and on

the substituent groups grafted on the hydrophilic rims of

CDs. Furthermore, the phototoxicity in vitro of these supra-

molecular sensitizers was described. The noncovalent inter-

action between CDs and anionic porphyrins affects the

spectroscopic and photophysical properties of photosensiti-

zers, leading to the red shift of the Soret band and an increase

in triplet lifetime in both the absence and presence of oxygen.

On the other hand, the quantum yield of singlet and triplet

emission of the sensitizer and singlet oxygen formation does

not undergo sensitive changes. These results suggest that

stable complexes of CDs and porphyrins can prevent exten-

sive aggregation (i.e., the formation of J-aggregates), which

would decrease the photodynamic efficacy.

In TPPS–SC6NH2 systems the steady-state anisotropy can

be related to the molecular motion by time-resolved fluores-

cence analysis. The physical–chemical parameters such as

size, lifetimes, anisotropy, and rotation correlation time are

strictly dependent on the TPPS–SC6NH2molar ratio. The full

photophysical behavior of this system has described by

Mazzaglia et al. [81,99].

The quantum yield of singlet oxygen photogeneration by

TPPS relies strictly on the CD concentration. Although WD

drops down significantly at low concentrations of nanopar-

ticles (see Fig. 8A), it rises up again as the carrier amount

increases (at a TPPS–CD molar ratio of 1:20) to a limiting

value comparable to that of the free PS. The dependence of

WD on the molar ratio is in excellent agreement with the

behavior exhibited by WD (see Fig. 8A and 8B for a com-

parison). This point clearly suggests that the capability of the

encapsulated TPPS to photogenerate 1O2(1Dg) at the differ-

ent ratios is modulated almost exclusively by the population

of the triplet state rather than by the efficacy of the energy

transfer to oxygen. The combination of the photophysical

and photobiological results lead to useful insights into the

photodynamic activity of the TPPS–SC6CNH2 nanoassem-

blies [100]. Despite the high TPPS–SC6CDNH2 molar ratio

(i.e., 1:1, 1:2), the nanoparticles support PS aggregation with

consequent loss of photodynamic activity and clearly avoid

aggregation at the lowest ratios (i.e., 1:10 to 1:50), repre-

senting a valid alternative to other biovehicles in which self-

aggregation of the PS in the encapsulated state represents a

severe disadvantage [101,102]. On these bases we are

inclined to think that the triplet signal observed under these

conditions is generated primarily from residual free TPPS

molecules still present in monomeric form and noninter-

acting with the nanoparticles (Fig. 9A). With a decreasing

molar ratio (a higher CD concentration), porphyrins can

interact statistically with more nanoparticles, and most

of them are probably entangled in the amphiphilic phase

(Fig. 9B).

These results are in agreement with the structural char-

acterization shown by light scattering, microscopy, and

photophysics. Therefore, at high carrier concentrations, a

carrier–PS model system was proposed and the correlation

supramolecular design and activity were investigated in

detail. Some typical examples are reported below.

Figure 8. (A) Dependence of the triplet quantum yield of TPPS on the concentration of SC6NH2; (B)

Dependence of the quantum yield for singlet oxygen production from TPPS (12 mM) on the SC6NH2

concentration in air-saturated solutions. The inset shows a representative decay kinetic of 1O2(
1Dg)

monitored at 1270 nm at the molar ratio 1:20. (From [100].)
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4.4. Nanostructured Molecular Film with CD and

Porphyrins

Self-assembly of porphyrins onto the surface and their

activation by light have been object of strong interest in

recent years, not only for a better understanding of the life-

related mechanism but also in designing optoelectronic

and photonic molecular devices. The Langmuir–Blodgett

(LB) technique is one of the smartest ways to control both

packing and molecular orientation in two dimensions. We

have shown that homogeneous multilayer films based on

amphiphilic CDs entrapping hydrophilic porphyrins can be

fabricated by exploiting interfacial electrostatic interac-

tions between the two components. The presence of TPPS

absorption in the films (Fig. 10) clearly indicates a suc-

cessful transfer procedure according to the formation of

hybrid heptakis(2-v-amino-oligo-(ethylene oxide)-6-hex-

adecyllthio-b-CD (SC16NH2)–TPPS multilayers [103]. A

comparison of the TPPS absorption in the films with that

shown in water solution allows insights to be gained into

the possible organization of the porphyrin within the

amphiphilic network. As illustrated in the figure, despite

the presence of photochemically ”silent” H-aggregates

(see the contribution in the UV band at shorter wave-

lengths), these LS films reveal a good answer to light

excitation. The characteristic shape of the amphiphilic

SC16NH2 seems to play a role in this concern, entrapping

a satisfactory amount of TPPS as a monomer and exerting

protection against self-quenching and/or annihilation pro-

cesses. It was stressed that the CD cavity is not involved in

the binding with TPPS and therefore can be available for

incorporation of additional guest molecules. This addition-

al advantage contributes to making the present architec-

tures intriguing platforms for the fabrication of more

complex supramolecular assemblies on two-dimensional

surfaces in which electron or energy transfer processes

from suitable guests incorporated within the cavity to the

entangled porphyrin, or vice versa, could be activated by

photons of appropriate energy.

4.5. Other Applications

Light-induced energy and electron transfer between por-

phyrins and suitable donors and acceptors have been a

topic of strong interest for many years. The literature

abounds in descriptions of smart covalently linked sys-

tems. On the other hand, investigations in which the donor

and acceptor are held together by noncovalent interactions

either in solution or in a confined region remain quite

limited [104]. The capability of SC6NH2 nanoparticles

embedding TPPS to facilitate photo-induced energy and

electron transfer with suitable donor and acceptor guest

molecules was investigated using a combination of absorp-

tion, induced circular dichroism, and fluorescence spec-

troscopy. It is shown that anthracene (AN) and anthraqui-

none-2-sulfonate (AQS), chosen as an appropriate energy

donor and electron acceptor, respectively, can be trapped

within the nanoassembly network (Fig. 11). Fluorescence

experiments performed in the presence and, for compar-

ison, in the absence of nanoassemblies provide clear

evidence that the amphiphilic nanoassemblies strongly

promote singlet–singlet energy transfer from AN to TPPS

as well as photo-induced electron transfer from TPPS to

AQS. In view of the biocompatibility and drug-delivering

properties of the CD nanoassemblies used, these results are

of interest from the perspective of designing photo-acti-

vated carrier systems [105].

Figure 9. Model for the entangling process of TPPS into SC6NH2 at

(A) low and (B) high CD concentration. (From [100].)
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5. CELLULAR INTERNALIZATION AND

PHOTOTOXICITY

PDT aims at selectively targeting neoplastic lesions by the

combined action of a photosensitizer and visible light, which

generally produces ROS.A classical chemotherapeutic agent

combined with light-activated therapy triggers a series of

signaling pathways in the cells that activate not only the

apoptotic machinery but also cell survival pathways [106].

Some of these pathways are also altered by genetic changes

in specific types of tumors. As a consequence, cancer treat-

ment, based on drugs of high efficacy, is facing several

problems related to their unselective uptake by both healthy

and tumor cells, as well as to the development of resistance

due to modified cellular processes. Cross-resistance to a

multitude of chemotherapeutic agents, called multidrug

resistance, is believed to develop in a small subset of cancer

cells and is the reason for tumor recurrence despite intensive

chemotherapy.

Figure 10. (A)Absoption spectra of amultilayer SC16NH2–TPPSLangmuir–Sch€afer film (solid line)

andTPPS inwater solution (dashed-dotted line). The inset shows a typical image (width¼ 1 mm)of the

SC16NH2–TPPS photoactive nanoassemblies transferred onto hydrophobized silicon. (B) Potential

arrangement of the SC16NH2/TPPS multilayer. The inset shows a representative decay kinetic of
1O2(

1Dg) monitored at 1270 nm. (From [103].) (See insert for color representation of the figure.)

Figure 11. Portion of spherical nanoaggregate of SC6NH2–

TPPS–guest ternary system for energy and electron transfer.

(From [105].)
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The availability of new molecules, such as molecules

interfering with survival pathways and the use of combina-

tions of new nanotechnologies for the treatment of different

tumors has a positive impact on tumor treatment. Nano-

particles designed for cancer treatment alter drug pharma-

cokinetics, improving the treatment’s ability to target and

kill cells of diseased tissues and organs while affecting as

few healthy cells as possible. Depending on the properties

of the carrier, large variations in drug pharmacokinetics

with major clinical implications may occur. It is well

known that sterically stabilized nanocarriers with a bio-

mimetic coating (Stealth nanocarriers) show increased

longevity in the circulation and a potential to accumulate

predominantly in pathological sites with compromized

leaky vasculature, which is a characteristic of solid tumors.

Encouraging results have been obtained by recent findings

pointing out that nanoparticle-loaded PDT agents are ac-

cumulated in significant amounts by a variety of tumor

cells and are able to induce efficient cell photodamage once

activated by suitable visible-light wavelengths [55,107]. In

this scenario the use of CD–PS nanoassemblies for PDT is

an exciting challenge in cancer research. On the other hand,

exploitation of CD–PS complexes was restricted by various

factors, including toxicity in the absence of irradiation,

while in most cases of properly designed inclusion com-

plexes, in which the formation of aggregated PS species is

prevented, the photophysical features are not affected. As a

consequence, it was observed that the PS drug does not lose

its sensitizing properties (i.e., WD) after binding with CD.

The shielding effect of CD can protect PS from aggregation

and from interaction with other species in solution. In

addition, complexes of CD dimers can avoid PS delivery

by the lipoprotein pathway to healthy tissue and reduce

unwanted targeting apart from tumors [108]. Selected

supramolecular complexes of CD–PS were tested biolog-

ically to investigate their phototoxicity and their potential

applications in PDT.

As an example, the phototoxicity of TPPS and ZnTPPS in

a supramolecular complex with HP-b-CD was reported.

These porphyrins may represent efficient PSs with high

phototoxicity against G361 human melanoma cells [109].

The cytotoxic and phototoxic activity of complexes between

chlorophyll a and different types of CDs toward human

leukemia T-lymphocytes (Jurkat cells) were tested by means

of experiments aimed at discriminating between the intrinsic

toxicity and the toxicity induced by light [110]. The overall

data indicate that the HP-b-CD is the CD that has the best

characteristics to form, with chlorophyll a, a potential

supramolecular system for PDT.

As noted in Section 4.1 the difference in generation of

singlet oxygen and ocular toxicity between CD-complexed

fullerene [(c-CD)2/C60] and its aggregated derivatives was

reported recently. It was determined that (c-CyD)2/C60 is

highly phototoxic to human lens epithelial cells HLE B-3 in

the presence of UVA radiation. With aggregation, these

compounds lose their phototoxicity [86]. In the case of

TPPS–SC6NH2 nanoassemblies (at a molar ratio of 1:10 to

1:50) [87], the carrier entrapped only the monomeric form of

the porphyrin, preserving almost entirely its capacity to

generate a singlet oxygen effectively and, as a consequence,

to kill tumor cells upon visible light illumination. It was

demonstrated that the system can deliver TPPS in HEP-2

and HeLa cells (Fig. 12A). In the latter case, HeLa cells are

damaged upon irradiation (Fig. 12B). In this respect, the

molar ratio 1:10 seems to be the best compromise. In fact,

under such conditions we find (1) a significantly high

quantum yield of singlet oxygen photogeneration, (2) the

highest efficiency of intracellular delivery, (3) the highest

percentage of cells alive after treatment and before irradiation,

and (4) a high percentage of cell death after irradiation. In

view of the appropriate combination of these pecularities, the

TPPS–SC6NH2 system represents a potential candidate for

the useful application of photodynamic therapy, such as in

vivo experiments on tumor-model animals [100].

Figure 12. (A) Fluorescence microscopy analysis of HeLa cells treated with TPPS–SC6NH2

nanoassemblies (TPPS 1mM) at 1:10 molar ratio (merging of cell visualized with a rhodamine filter

andDAPI filter). (B) Cell death percenteage inHeLa through trypan blue assay. (For details see [100].)

(See insert for color representation of the figure.)
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5.1. Antimicrobial PDT with CD Nanoassemblies

The present increasing global occurrence of infectious dis-

eases caused by multiantibiotic-resistant microbial patho-

gens represents amajor challenge. Recent results suggest that

PACT could represent a useful tool addressing this problem

correctly, at least in the case of restricted infections [111].

Current confirmation [112] points out that the photosensitiz-

ing agents showing the maximal antimicrobial efficiency are

represented by cationic dyes, including cationic phenothia-

zines, porphyrins, phthalocyanines, and fullerenes, which

can promptly interact electrostatically with the array of

negative charges that are present at the walls of bacterial

cells [113–115].

It has been reported that the monocationic meso-substi-

tuted cationic porphyrin 5-[4-(dodecanoylpyridinium)]

10,15,20-tryphenylporphine (TDPyP) complexed into supra-

molecular aggregates of SC6NH2 appeared able (with favor-

able properties) to operate as a photosensitizing agent,

including a very high quantum yield (WD¼ 0.90) for the

generation of 1O2 (Fig. 13). Although the yield of 1O2

generation was similar to that obtained after TDPyP

incorporation into cationic unilamellar liposomes of N-[1-

(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chlo-

ride (DOTAP), SC6NH2-bound TDPyP was more active than

DOTAP-bound TDPyP in photosensitizing the inactivation

of the gram-positive methicillin-resistant bacterium Staph-

ylococcus aureus.Conversely with respect to DOTAP-bound

TDPyP, photoactivated SC6NH2-bound TDPyP was efficient

also in photokilling Gram-negative bacterial pathogens such

as Escherichia coli [70]. These remarks are in agreement

with thewell-known photobactericidal outcome of positively

charged porphyrin derivatives, which can be improved

markedly after incorporation into carriers with multiple

positive charges. In addition, transmission electron micros-

copy studies revealed that potentiation of the TDPyP-medi-

ated photobactericidal effect by incorporation into SC6NH2

is an effect of the carrier’s ability to promote an efficient

crossing of the very compactly organized three-dimensional

architecture of the bacterial outer wall by the embedded

porphyrin so that prompt interaction can take place between

the short-lived photogenerated 1O2 and close targets, whose

integrity is critical for cell survival.

Figure 13. Cationic porphyrin bearing a long hydrophobic chain (TDPyP) delivery entrapped in

cationic amphiphilic CD (SC6NH2). TDPyP–SC6NH2 can be delivered to both gram-positive and

gram-negative bacterial cells (MRSA and E. Coli, respectively) by photosensitising their inactivation.

(From [70].) (See insert for color representation of the figure.)
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5.2. Therapies Combined using Multifunctional
Nanoparticles

The increasing interest toward hybrid organic and inorganic

multifunctional nanosystems is the foundation of consistent

multidisciplinary research. In the field of PDT, small gold

colloidal particles having an average diameter of 2 to 4 nm

can successfully deliver photosensitizer drugs to cancer cells

acting as carrier systems [59]. Recently, NO has proven to be

an efficient anticancer agent that inhibits key metabolic

pathways to block growth or kill cells outright [116]. Using

light as an external trigger provides extreme rapidity of

delivery and precise control over the NO amount released.

Promising multifunctional nanoassemblies of amphiphiles

and porphyrins for simultaneous delivery of nitric oxide and

singlet oxygen have also been reported recently [117].

PDT combined with photothermal therapy (PT), another

noninvasive treatment making use of the heat released upon

light excitation (bimodal treatments), is known be promising

for some cancer types. It has been shown that tumor cells are

more sensitive to heat damage than are healthy cells. In the

field of therapeutic applications, gold colloids of various

shapes (spheres, rods, and shells) can enhance the sensitivity

of cancer tissues to heat sources and can be proposed as drugs

in PT [118].

PT can be complementary to PDT, which can exhibit

decreased efficacy in poorly vascularized tissues because of

insufficient oxygen levels to generate ROS. Moreover, dif-

ferent techniques, including Rayleigh and Raman scattering,

absorption, diffractometry, and microscopy (SNOM, TEM,

etc.), have been exploited to reveal gold in biological ma-

trices and to understand cellular component alteration fol-

lowing neoplastic diseases.

SC6NH2 can bind gold colloids, yielding Au–CD hybrid

nanoassemblies with an average hydrodynamic radius (RH)

of 2 and 25 nm in water solution [119]. Under physiological

conditions, the gold–aminoamphiphile system can internal-

ize in HeLa cells and induce photothermal damage upon

irradiation, doubling the cell mortality with respect to un-

covered gold colloids. These findings, sketched in Fig. 14,

can open useful perspectives to the use of these self-assem-

bled systems in cancer photothermal therapy. Consequently,

gold nanoparticles capped with amphiphilic CDs could also

encapsulate drugs and therefore could be the starting point

for developing effective systems for combined therapies (i.e.,

PT and PDT) [120].

5.3. PDT and Multimodal Cancer Therapy: Toward an

Understanding of Cellular Mechanisms

Recently, data have shown invitro a reduction in totalmTOR,

a regulator of cell growth and proliferation, and mTOR

signaling immediately after the use of PDT, affording a direct

oxidation ofmTOR [121].mTOR is also involved in negative

regulation of autophagy by interacting with Beclin 1 protein,

also called Bcl-2 protein, as it belongs to the Bcl-2 family

proteins. The competition to limit amounts of Beclin 1 has

Figure 14. Supramolecular hybrid nanoassemblies of Au/SC6NH2 delivery for Pt: (A) typical

FEG–SEM image of Au/SC6NH2 system; (B) Optical microscope images of immobilized HeLa

cells treatedwithAu/SC6NH2; (C)UV/Vis extinction spectra of (B) at the pointmarked. (From [119].)

(See insert for color representation of the figure.)

356 PHOTODYNAMIC TUMOR THERAPY WITH CYCLODEXTRIN NANOASSEMBLIES



been shown to prevent overactivation of autophagy. In ad-

dition to its role in the degradation of proteins and organelles,

autophagy plays a critical role in cellular survival by pro-

viding energy during periods of starvation. Interestingly,

regulation of autophagy involves multiple signaling path-

ways which have also been implicated in tumorigenesis,

suggesting the potential link between authophagy and cancer.

The efforts of many group of researchers are headed in the

direction of the use of novel multifunctional carrier systems

for cancer therapy based on mixed organic–inorganic hybrid

CD nanoparticles, simultaneously incorporating convention-

al and photoactive anticancer drugs as well as stimuli-

responsive metal particles.

The inactivation of mTOR (autophagy) generated by

photoactive drugs, the association with silencing therapy

using silencing-RNA (si-RNA), and the use of conventional

anticancer drugs which cause a mitotic catastrophe [94]—all

combined in a CD nanocarrier—could represent a novel

multifunctional tool to circumvent inefficient apoptosis and

to optimize treatment of many malignant diseases. These

research themes (PDT and, generally, photodynamic medi-

cine), which represent a consistent contribution among the

challenging strategies in the field of nanomedicine, are

fascinating the scientific community as a result of their

multidisciplinary approach and open perspectives for im-

provements in health.
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1. INTRODUCTION

Most applications of cyclodextrins (CDs) are concerned

with solubilizing a drug in a vial to make it water soluble.

When injected in the body, dilution of the drug occurs,

dissociation of the CD–drug complex takes place, and free

drug is available for pharmacological action in the body.

Anesthetic drugs are usually highly lipid soluble, because

they must cross the blood–brain barrier to reach their site of

action. Thus, CDs are useful in the formulation of such

poorly water-soluble agents, such as propofol, sufentanil,

etomidate, and ropivacaine [1]. To achieve adequate effec-

tiveness, the dissociation constant must be less than the

concentration of the drug in the vial and greater than the

effective concentration in the body. A typical dissociation

constant for this purpose is 10�4M.

Sugammadex was developed with another purpose in

mind: to remove a drug from the body. This required much

lower dissociation constants. In essence, the drug had to

be tightly bound to the CD; the dissociation constant

needed to be lower than typical effective concentrations

of the drug, so that encapsulation by a CD would decrease

the free drug concentration below the level that corre-

sponds to pharmacological activity. The drugs that are

targeted are neuromuscular blocking agents, which are not

lipid-soluble drugs, but whose removal from the body at

the end of the anesthetic constitutes a serious clinical

problem.

2. THE PROBLEM

2.1. Components of Anesthesia

Modern anesthesia is a judicious mixture of unconscious-

ness, analgesia (or freedom from pain) and muscle relaxa-

tion, adapted to the particular patient and the surgical pro-

cedure. Over the latter part of the twentieth century, drug

development has focused on agents that are specific for each

component. Unconsciousness is provided by inhalational

drugs such as sevoflurane and desflurane, or intravenous

drugs such as propofol. Opioid drugs such as fentanyl,

sufentanil, and remifentanil are commonly given for anal-

gesia. Muscle relaxation, provided by neuromuscular block-

ing agents, is required when an immmobile surgical field is

needed, when muscle tone must be abolished, and when the

patient must be ventilated mechanically. Neuromuscular

blocking agents are thus required in the vast majority of

surgical procedures involving the thoracic and abdominal

cavities.

2.2. Neuromuscular Blocking Agents

Neuromuscular blocking agents, or curare-like drugs, have

virtually no effect on the central nervous system. They are

water-soluble drugs that do not cross the blood–brain

barrier. Their site of action is the neuromuscular junction

of skeletal muscle, where they bind to the nicotinic
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cholinergic receptor. The interaction between most neuro-

muscular blocking agents and the receptor is competitive.

Transmission can be restored if an excess of the agonist,

acetylcholine, is present. The only practical method to

increase the acetylcholine level is to administer acetylcho-

linesterase inhibitors such as neostigmine. These agents

inhibit acetylcholine breakdown, and this improves neuro-

muscular transmission. However, even high doses of ace-

tylcholinesterase inhibitors have a limited effect when

profound blockade is present [2]. This mechanism applies

to all neuromuscular blocking agents available except suc-

cinylcholine, which belongs to the class of depolarizing

agents. All other neuromuscular blocking agents are thus

called nondepolarizing agents. They are the only agents

that are used to maintain muscle relaxation during surgery.

Succinylcholine is normally used only for tracheal

intubation.

2.3. Restoration of Neuromuscular Function

At the end of surgery it is essential to make sure that the

effects of nondepolarizing agents are no longer present,

because these drugs have an effect on all skeletal muscles,

including those concerned with respiratory function. Several

strategies have been adopted to deal with the problem. There

has been a trend in drug development to produce drugs with

a short duration of action so that the effect would wear off

before the end of surgery. Unfortunately, the shortest agents

available—atracurium, cisatracurium, vecuronium, and

rocuronium—when given in the usual doses, have a duration

of action of 1 to 2 h, and in some cases up to 4 h [3], and do not

offer the flexibility that is required. If the initial dose is

reduced, the price to pay is poor muscle relaxation during

surgery.

Another strategy is to administer agents that restore

neuromuscular function. This is normally achieved by

giving acetylcholinesterase agents, which inhibit the break-

down of acetylcholine at the neuromuscular junction, thus

allowing more agonist to compete with the neuromuscular

blocking agent and restoration of neuromuscular function.

Acetylcholinesterase agents are used widely and can pre-

vent signs of residual paralysis after emergence from an-

esthesia [4]. Unfortunately, they have limited effectiveness,

and an anticholinergic drug has to be coadministered to

prevent serious parasympathetic side effects, such as bra-

dycardia and bronchoconstriction [2]. Despite the admin-

istration of anticholinesterase agents, residual paralysis

after anesthesia is relatively common (5 to 10%), but is

less frequent than if anticholinesterase agents are omitted

(40 to 70%) [4]. Although transient, residual paralysis is

an important problem, because it has been associated with

an increased incidence of postoperative pulmonary

complications [5].

3. THE PROPOSED SOLUTION: SPECIFIC
BINDING

3.1. Classes of Neuromuscular Blocking Agents

Several classes of drugs have been recognized as having

neuromuscular blocking properties. Most modern neuromus-

cular blocking drugs available today belong to one of two

classes: the benzyl isoquinolines (atracurium, cisatracurium,

mivacurium, doxacurium) and the steroid-based (rocuro-

nium, vecuronium, pancuronium). Development of chloro-

fumarates (gantacurium), which have a short duration of

action and can be antagonized by cysteine, is under way [6,7].

Rocuronium and vecuronium are devoid of cardiovascular

effects and have become very popular in anesthesia. Rocur-

onium has a faster onset of action than vecuronium and is

probably themostwidely used neuromuscular blocking agent

throughout theworld. Pancuronium is longer acting, has some

cardiovascular effects, and is more difficult to reverse [2,4].

Over the past few years, its use has declined steadily.

3.2. The Emergence of Sugammadex

Since the 1960s, the pharmaceutical industry has concen-

trated its efforts into the production of new compoundswith a

shorter and shorter duration of action [6]. The goal was to

make the duration of action short enough so that adminis-

tration of the drug would be flexible and recovery would be

quick and reliable once administration of the agent is dis-

continued. The introduction of atracuriumand vecuronium in

the mid-1980s represented a significant improvement, but

they were still too long-acting (30 to 45min with anticho-

linesterase agents). A few years later, mivacurium became

available. It duration of action (20min) was shorter than that

of agents previously available, but its slowonset of action and

cardiovascular side effects were seen as negative aspects, so

that mivacurium has been withdrawn in several countries,

including theUnited States. Rocuroniumwasmarketed in the

1990s. It had the same duration of action as vecuronium but

became extremely popular because of its fast onset of action.

Cisatracurium also became available in the 1990s but was

less successful because of a slow onset of action [8].

In the late 1990s, attempts to produce a shorter-acting

drug produced gantacurium,which has a duration of action of

less than 10 to 12min but some cardiovascular side effects at

high doses [6]. Development has been hindered by successive

acquisition of commercial rights by different firms. Another

approach was taken by Organon, the manufacturer of rocur-

onium. Anton Bom, a chemist at Organon, was working on a

series of cyclodextrin (CD) compounds with the intention of

finding one with sufficient affinity for rocuronium to encap-

sulate the drug. The size of rocuronium, a molecule with a

molecular weight of 672Da, required a c-CD, consisting of

eight residues, for a tight fit [1]. Development resulted in a
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compound with a molecular weight of 2170Da, initially

called Org 25969, for which the name sugammadex was

later coined. It features a pocket that is sufficiently deep to

accommodate the hydrophobic end of the rocuronium mol-

ecule and negatively charged side chains attached to the sugar

residues that interact with the hydrophilic, positively charged

quaternary ammonium end of the rocuronium molecule to

keep it tightly bound. Initial estimates of the dissociation

constant were in the range 0.1 mM (10�7M), indicating a

large affinity between sugammadex and rocuronium [9].

3.3. Interactions Between Neuromuscular Blocking

Agents and Sugammadex

The concentrations of rocuronium associated with its phar-

macological action (i.e., neuromuscular blockade) are in the

mMrange [10]. Thus, the addition of sugammadex, with aKD

value at least one order of magnitude lower, has the potential

to lower the free concentration of rocuronium to levels that do

not produce neuromuscular blockade. It is not known wheth-

er this dissociation constant is modified by pH, temperature,

or blood constituents. Vecuronium reportedly has a lower

affinity for sugammadex, which may be two to three times

less [1]. Also, vecuronium is six times more potent than

rocuronium [8], and concentrations corresponding to neuro-

muscular blockade are less than for rocuronium, typically in

the range 0.1 to 0.2 mM. A lower potency means that fewer

molecules have to be injected to produce an effect, so fewer

molecules are needed to encapsulate the substance. However,

this effect is compensated by the lower affinity, so that in

practice, the sugammadex dose requirements are approxi-

mately the same for both vecuronium and rocuronium. It

seems that pancuronium, which has a potency similar to that

of vecuronium, has even less affinity for sugammadex, and

little experimental work has been performed with the

combination [11].

4. PRECLINICAL PHARMACOLOGY

4.1. Measurement of Effect

The effect of a neuromuscular blocking drug is typically

evaluated by stimulating a nerve electrically and measuring

the force of contraction of the corresponding muscle. As the

concentration of neuromuscular blocking agent increases,

competitive antagonism occurs at the neuromuscular junc-

tion and neurotransmission is impaired progressively. In

other words, the twitch response of the muscle decreases

from 100% of the preblockade value to 0% if the amount of

neuromuscular blocking agent is sufficient. Complete rever-

sal of blockade is accompanied by a return to baseline.

Nondepolarizing blockade is also characterized by another

phenomenon: The response is not sustainedwhen stimulation

frequency is sufficiently high. This fade is produced at

frequencies higher than 2Hz, and this property serves as a

useful tool to measure the degree of muscle relaxation. Fade

is maximum after the fourth response, and contractions at

2Hz are easily seen. Thus, the “train-of-four” pattern has

been retained in clinical practice and research to assess the

degree of blockade. The degree of neuromuscular blockade

during surgery usually corresponds to 0 to 2 twitches visible

in response to train-of-four stimulation. When no visible

response is seen, another mode of stimulation is used, post-

tetanic count, which relies on the application of a high-

frequency stimulus (50Hz for 5 s), followed by 15 to 20

stimulations at 1Hz. The effect of the high-frequency, or

tetanic, stimulation is to produce a temporary reversal of

blockade. The depth of blockade depends inversely on the

number of 1-Hz responses seen: 0 to 2 representing deep

blockade, 15 to 20moderate block. It is generally agreed that

full neuromuscular recovery compatible with adequate re-

spiratory function requires a train-of-four ratio of 90%; that

is, the size of the fourth twitch is > 90% that of the first [4].

Themuscle relaxation required for surgery is associated with

a train-of-four ratio of 0%.

4.2. Binding Studies

The dissociation constant (KD) value for the rocuronium–

sugammadex complexwas initially reported to be 0.1 mM[9].

More recent articles mention values of 0.04 mM for rocur-

onium–sugammadex and 0.1 mMfor vecuronium–sugamma-

dex [12]. Dissociation constants for pancuronium have not

been reported, but they are probably higher because sugam-

madex has less effect on a pancuronium-induced block in

vitro than that produced by rocuronium or vecuronium [1].

4.3. In Vitro Studies

The effect of sugammadex was first evaluated in the mouse

phrenic nerve–hemidiaphragm preparation, where the con-

cept of reversal by encapsulating rocuronium, vecuronium,

and pancuroniumwas proven. At rocuronium concentrations

of 3.6 mM, the twitch height is abolished. With increasing

concentrations of sugammadex, the twitch height is restored

progressively, with maximum response occurring before the

molar sugammadex/rocuronium ratio reaches 1.0 [12]. A

ratio of exactly 1.0 is not required, probably because of the

safety margin at the neuromuscular junction. The concept of

safety margin refers to the need for neuromuscular blocking

agents to occupy a large proportion of receptors before a

blocking effect is seen. Vecuronium is more potent than

rocuronium, and the twitch height is abolished at 1.0 mM.

The sugammadex/vecuronium ratio required for the resto-

ration of twitch height exceeds 1.0, probably because of the

lesser affinity of vecuronium for sugammadex compared

with rocuronium. Since there arewide discrepancies between
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species in their sensitivities to neuromuscular blocking

agents [12], the actual numbers obtained in the phrenic

nerve–hemidiaphragm preparation have little practical

significance.

4.4. Animal Studies

Sugammadex has been given to guinea pigs, monkeys, and

cats, and the efficacy of the drugwasmeasured [1]. Again, the

doses of rocuronium and vecuronium are different from

humans. Nevertheless, these experiments showed that the

train-of-four ratio reached the target value of 0.9 rapidly after

sugammadex when complete blockade was produced by

rocuronium or vecuronium, but there was no effect if block-

ade was produced by benzylisoquinoline compounds such as

atracurium or mivacurium [11]. It was also established that

the plasma concentration of rocuronium increased after

injection of sugammadex [13]. This provides insights into

themechanism of action of sugammadex. Since both free and

sugammadex-bound fractions are measured by the assay, it

appears that sugammadex is effective in creating amovement

of rocuronium from the peripheral to the central

compartment.

5. MECHANISM OF ACTION IN HUMANS

5.1. Pharmacokinetics

Plasma concentrations of sugammadex were measured in

humans, and the pharmacokinetic profile was shown to be

linear with increasing dose. The drug has a rather small

volume of distribution (10 to 12 L in adults), consistent with

distribution in the extracellular fluid volume [14]. Its elim-

ination half-life is approximately 2 h, and the rocuronium–

sugammadex complexes are excreted by the kidney. In

patients with impaired renal function (mean creatinine clear-

ance of 12mL/min), the clearance of sugammadex was

markedly reduced, to 5.5mL/min from 95mL/min in normal

subjects [15]. Elimination half-life was increased markedly

in renal failure (35 h) compared with normal subjects

(2.3 h) [15]. As in animals, the injection of sugammadex

was also found to produce an increase in the measured free

and bound plasma concentration of rocuronium. This sug-

gests that the creation of rocuronium–sugammadex com-

plexes in plasma reduces the free concentration of rocuro-

nium, which in turn creates a concentration gradient between

the extravascular tissue and plasma. Free rocuronium then

moves from the periphery into plasma, down its concentra-

tion gradient, which causes evenmore rocuroniummolecules

to bind to sugammadex. The site of action of rocuronium is at

the neuromuscular junction,which is located extravascularly,

and termination of action of rocuronium occurs because of

movement of rocuronium away from the neuromuscular

junction. Sugammadex does not appear to move to the site

of action of rocuronium.

5.2. Clinical Pharmacology

5.2.1. Volunteers Sugammadex has been administered to

unanesthetized volunteers [16–18] either alone or in com-

bination with rocuronium or vecuronium given simulta-

neously. Injection of sugammadex with either rocuronium

or vecuroniumdid not produce neuromuscular blockade [18],

probably because of the rapid binding. Side effects are

reported as mild, with pain on injection and a change in the

sense of taste being the most frequent complaints. No QTc

change has been reported on the electrocardiogram. The

doses used have been as high as 32mg/kg, which is consid-

erablymore than the usual doses of 2 to 4mg/kg. There is one

case of “hypersensitivity reaction” in one volunteer that

resulted in discontinuation of administration of sugammadex

but did not require any treatment [7]. Six volunteers also

showed possible hypersensitivity after 32mg/kg [7]. Other

volunteers were anesthetized and received rocuronium or

vecuronium followed by sugammadex. In these persons,

rapid reversal of neuromuscular blockade was documented,

with a dose– response relationship similar to that found in

patients. Side effects may be masked when a general anes-

thetic is given. However, it was observed that although

volunteers appeared to have an adequate depth of anesthesia

before sugammadex was injected, signs of light anesthesia

(such as movement, coughing, and grimacing) were often

observed after sugammadex [7]. This probably has little

clinical significance because sugammadex is intended to be

given at the end of anesthesia and surgery.

5.2.2. Efficacy In anesthetized patients, the efficacy of

sugammadex has been evaluated by measuring recovery

time, defined as the interval from injection until a train-of-

four ratio> 90% is obtained at the adductor pollicis muscle.

Secondary measures of efficacy were the absence of recur-

rence of blockade and clinical assessment of muscle power

after emergence from anesthesia. It was expected that the

response would depend on the intensity of blockade, so

sugammadex was tested in three typical situations: moderate

blockade, when two twitches are visible after train-of-four

stimulation; deep blockade, when the post-tetanic count or

number of visible responses after a 50-Hz, 5-s tetanus is 1 to

2; or rescue reversal, 3 to 5min after the administration of

rocuronium, to mimic the situation when attempts at intu-

bation were unsuccessful.

5.2.3. Moderate Blockade Not surprisingly, recovery time

decreases as the dose of sugammadex increases, and for the

same recovery time, the dose required increaseswith depth of

blockade. For moderate rocuronium blockade in healthy

adults (i.e., when two twitches are visible), doses of 0.5 to
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8mg/kg have been tested and comparedwith control subjects

that were not given sugammadex [18–20]. Spontaneous

recovery takes approximately 40min under those circum-

stances.With 2mg/kg, recovery time is markedly reduced, to

approximately 2min, and plateaus for higher doses (Table 1).

With 0.5 and 1mg/kg, recovery is longer and more variable.

For moderate vecuronium blockade, the dose–response re-

lationship is approximately the same, with 2mg/kg being the

lowest effective dose [20]. This might seem surprising

because the affinity of sugammadex for vecuronium is less

than for rocuronium, but this effect is probably compensated

for by the greater potency of vecuronium, which implies that

for a given degree of blockade, fewer molecules of vecur-

onium are present in the body compared with rocuronium.

Other studies supported the notion that 2mg/kgwas effective

for moderate blockade [21–24].

5.2.4. Deep Blockade Sugammadex has been given to

patients with deep blockade, defined as a post-tetanic count

(PTC) of 1 to 2. With either rocuronium or vecuronium, it

usually takes 15 to 30min to recover fromdeep blockade, or a

PTCof 1 to 2, to reachmoderate blockade,when two twitches

are visible in response to train-of-four stimulation. When the

blockade is deep, recovery times are increased at all sugam-

madex doses less than, and including, 2mg/kg [25,26].

Recovery times of approximately 2min are observed with

4mg/kg [25–28]. There is no further improvement, evenwith

doses as high as 8mg/kg, because the effect is limited by

circulatory factors; adequate mixing of any drug within the

circulation takes approximately 2min. Again, these doses

apply to rocuronium and vecuronium (Table 2). Neuromus-

cular recovery is usually sustained when a train-of-four ratio

> 0.9 is attained, except when relatively low doses of

sugamamdex (0.5 to 1.0mg/kg) are given [26].

5.2.5. Rescue Reversal Vecuronium is not indicated for

emergency tracheal intubation, so the ability of sugammadex

to restore neuromuscular function soon after intubation has

been investigated for rocuronium only. Here, the required

dose of sugammadex depends on how much rocuronium is

given. With a relatively modest dose (0.6mg/kg), rapid

reversal time (< 2min after sugammadex) is obtained with

sugammadex, 8mg/kg [14]. Doses as high as 16mg/kg are

required for a rocuronium dose of 1.2mg/kg [29] (Table 3).

Table 2. Time (min) for Complete Recovery with Sugammadex Given for Deep Blockade

Sugammadex Dose

Study 0.5mg/kg 1mg/kg 2mg/kg 4mg/kg 8mg/kg

For Rocuronium

Groudine et al. [25] 32.4 15.3 4.3 2.5 1.5

Duvaldestin et al. [26] 79.8 28 3.2 1.7 1.1

Rex et al. [27] — — — 1.3

Jones et al. [28] — — — 2.9

For Vecuronium

Duvaldestin et al. [26] 68.4 15.1 9.1 3.3 1.7

Table 1. Mean Times (min) for Complete Recovery with Sugammadex Given for Moderate Blockade

Sugammadex Dose

Study No Sugammadex 0.5mg/kg 1mg/kg 2mg/kg 4mg/kg

For Rocuronium

Sorgenfrei et al. [18] 21 4.3 3.3 1.3 1.1

Shields et al. [19] — 6 3 2 2

Suy et al. [20] 31.8 3.7 2.3 1.7 1.1

Sacan et al. [21] — — — — 1.8

Vanacker et al. [22] — — — 1.8

Flockton et al. [23] — — — 1.9

For Vecuronium

Suy et al. [20] 48.8 7.7 2.5 2.3 1.5

Khuenl-Brady et al. [24] — — — 2.7
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The time required from injection of rocuronium until su-

gammadex-induced recovery is shorter than the interval

between the administration of succinylcholine until full

recovery [30]. This indicates that rocuronium, with sugam-

madex as a backup in case of failure to intubate, may be given

instead of succinylcholine for emergency tracheal intubation.

5.2.6. Special Populations Experience with sugammadex

in special populations is still limited. A multicenter study in

pediatric patients suggests that sugammadex is equally ef-

fective in children as in adults, using the same mg/kg

dose [31]. In renal-failure patients, sugammadex has a longer

half-life than in normal subjects, but the effect of sugamma-

dex is essentially the same as in patients with normal renal

function [15]. Concern arises when a patient requires another

surgical procedure within hours, or perhaps days in the case

of renal failure, of receiving sugammadex. Residual effects

of the drug might still persist, and the blocking effect of

rocuronium or vecuronium might be less. It is too early to

formulate recommendations, and other neuromuscular

blocking agents that do not interferewith sugammadexmight

be given. Sugammadex appears as a good choice in neuro-

muscular disease, such as myasthenia gravis, or muscle

disease, such as the muscular dystrophies, but at the time

of writing, no case reports describing these situations had

been published.

5.2.7. Comparison with Anticholinesterase Drugs The

current method to accelerate reversal of neuromuscular

blockade is to administer an anticholinesterase agent, such

as neostigmine, pyridostigmine, or edrophonium. Of these,

neostigmine is most frequently used and is considered to be

the gold standard. Anticholinesterase agents have parasym-

patomimetic effects, and among these the dramatic slowing

of heart rate is most important clinically. To counteract these

side effects, an anticholinergic drug, atropine or glycopyr-

rolate, is given concurrently. Still, changes in heart rate are

common after atropine–neostigmine or glycopyrrolate–

neostigmine mixtures. Also, like other anticholinesterase

drugs, neostigmine is not very effective when given during

deep blockade [27]. At moderate blockade, when its effec-

tiveness is optimal, recovery time is 10 to 30min, longer than

that of sugammadex [21,23,24,28]. Thus, sugammadex is

much more effective than currently available agents

(Table 4). For deeper levels of blockade, the current thera-

peutic option is to provide mechanical ventilation of the

lungs and proper sedation until sufficient neuromuscular

recovery returns for neostigmine reversal of blockade.

Sugammadex has been found to be free of cardiovascular

side effects, whereas there are marked variations in heart rate

with the neostigmine–glycopyrrolate mixture [23]. Thus,

sugammadex has a better efficacy and fewer side effects

than do existing drugs.

6. THE FUTURE OF SUGAMMADEX IN

CLINICAL PRACTICE

6.1. Approval Issues

Sugammadex was submitted for approval in the United

States, the European Union, and several other countries. In

Table 3. Time (min) for Complete Recovery with Sugammadex 3 to 5 Minutes After Rocuronium

Sugammadex Dose

Study No Sugammadex 1mg/kg 2mg/kg 4mg/kg 8mg/kg 16mg/kg

For Rocuronium, 0.6mg/kg

Sparr et al. [14] 52.4 25.0 6.9 4.3 1.6

For Rocuronium, 1.2mg/kg

deBoer et al. [29] 122.1 — 56.5 15.8 2.8 1.9

Lee et al. [30] — — — — — 3.2

Table 4. Comparison of Sugammadex with Neostigmine

Sugammadex Neostigmine

Study Neuromuscular Blocking Agent Level of Block Dose (mg/kg) Time (min) Dose (mg/kg) Time (min)

Sacan et al. [21] Rocuronium Moderate 4 1.8 0.07 17.4

Jones et al. [28] Rocuronium Deep 4 2.9 0.05 50.4

Khuenl-Brady et al. [24] Rocuronium Moderate 2 2.7 0.05 17.9

Flockton et al. [23] Rocuronium Moderate 2 1.9 0.05 9.0
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mid-2008, the U.S. Food and Drug Administration (FDA)

ruled that the drugwas “not approvable,” based on a fewmild

cases of hypersensitivity or allergy seen in volunteers [7].

The FDA requiredmore clinical and safety data. Based on the

same information, the European authorities approved the

drug in 2008.

6.2. Cost Issues

In countries where sugammadex is available in clinical

practice, its cost is markedly higher than that of any of the

other drugs used in anesthesia, and probably greater than the

combined cost of all other drugs used for a typical case. A

200-mg vial, which would be appropriate for reversal of

moderate block, has a price of approximately 70 euros. Using

it for all general anesthesia cases would in fact more than

double the cost of anesthetic drugs, so a restricted use of

sugammadex might be considered a prudent option. Still,

most would agree that sugammadex is valuable and may be

lifesaving in emergency situations. Unfortunately, these

situations cannot be anticipated easily, so it is not possible

to ask clinicians to request the drug only if they have an

indication to use it. Anesthesia departments, individual

anesthesiologists, and hospital administrations have to make

tough decisions on the possible indications of the drug in their

setting and on theways to dispense it immediately should the

need arise.

6.3. Possible Impact on Clinical Practice

At the time of writing, sugammadex had been available for

just over a year, and only in a restricted number of countries.

Cost has hindered its general use, so experience is limited. It

can therefore be said with a reasonable degree of confidence

that sugammadex has not yet changed anesthetic practice.

However, a certain number of trends can be predicted. At

present, anesthesiologists are reluctant to give more neuro-

muscular blocking agent than is required for the duration of

the planned surgical procedure, because reversal of profound

blockade is difficult with neostigmine and other anticholin-

esterase agents. Availability of sugammadex essentially

removes that restriction. With the administration of large

doses of neuromuscular blocking agents, some signs of

inadequate anesthesia and analgesia such as movement are

lost, so the possibility of patient awareness might be of

concern. Another possible development could occur at the

end of surgery. Recovery rooms were developed, at least in

part, in response to the need for close monitoring of respi-

ratory function, which might be impaired after anesthesia

because of the residual effects of neuromuscular blocking

agents. If such a concern is no longer present thanks to the

judicious use of sugammadex,will recovery rooms be needed

in the future?

7. CONCLUSIONS

Sugammadex is the first cyclodextrin with sufficient specific

binding affinity to be used as an effective antagonist of the

effects of another drug in the body. It is used against the

neuromuscular blocking agents rocuronium and vecuronium

when a rapid transition from complete muscle relaxation to

full neuromuscular recovery is required at the end of anes-

thesia. Sugammadex has few side effects, is well tolerated,

and has improved effectiveness compared with currently

available methods of accelerating reversal of neuromuscular

blockade.
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