Chapter 1 )
Fundamentals and Applications b
of Cyclodextrins

Grégorio Crini, Sophie Fourmentin, Eva Fenyvesi, Giangiacomo Torri,
Marc Fourmentin, and Nadia Morin-Crini

Contents

1.1 Cyclodextring — AN INrOQUCHION. .....cueuietririeeeteieecintet ettt eseenene s 3
1.1.1 Cyclodextrin Description. 3
1.1.2  Fields of Application.... e 6
113 LAterature Data........cc.cucuieiiiciiiciiciiciscicssss s sesasnan 7
1.1.4  The Cyclodextrin Scientific COMMUNILY......c.ceeeriruerirrereniercrinretereeeereeseeennenes 8
1.1.5 Szejtli Prize.......covvivciiiiiiiiinnne 12
1.1.6  Nobel Prize 2016... 13

1.2 Cyclodextrins: An update 2012-2016 — Present Situation, Trends and Outlook.............. 13
1.2.1 Cyclodextrins: From 1891 Until Now....... . e 13
1.2.2 Self-association of CYCIOAEXIIINS. ...vvvrvrveuerereeeererieieieieieieiereieerereeieeeeeeeaeenns 14
1.2.3  Cyclodextrins as Drug Delivery Vehicles. 15
1.2.4 18
1.2.5 22
1.2.6 23
1.2.7 25
1.2.8 25
1.29 27
1.2.10  Cyclodextring and CatalysiS........eeeuereueuerereeeeereeereeresesesesesesesesessssesssesesesess .28
1.2.11  Cyclodextrin-based Supramolecular Architectures 29
1.2.12  Cyclodextrins and Sugar-based Surfactants.............cccoeueveveueeccienininnnieceeenn 29
1.2.13  Cyclodextrins and Click Chemistry............ v 30
1.2.14  Cyclodextrins and AGroChemiStI........ccceveueirereereerueueuereieeeerertseseseseseesesesesenenen 30
1.2.15  Electrospinning of Functional Nanofibers with Cyclodextrins............cccccceueucn 31
1.2.16  Cyclodextrins and Remediation..........coeueveeeeeeeeeerererereseseseeneneenns 33
1.2.17  Cyclodextrins: Other Interesting Selected Reviews and Works.... 36

1.3 CONCIUSION......oiviiiiciiiiiiiiiit s ... 38

RETEIENCES. ..o 39

This chapter is dedicated to the memory of Professor Benito Casu (Istituto di Chimica e Biochimica
G. Ronzoni, Milan, Italy).

G. Crini (24) - N. Morin-Crini

UFR Sciences et Techniques, Laboratoire Chrono-environnement,
Université de Bourgogne Franche-Comté, Besancon, France
e-mail: gregorio.crini @univ-fcomte.fr; nadia.crini @univ-fcomte.fr

© Springer International Publishing AG, part of Springer Nature 2018 1
S. Fourmentin et al. (eds.), Cyclodextrin Fundamentals, Reactivity and Analysis,

Environmental Chemistry for a Sustainable World,

https://doi.org/10.1007/978-3-319-76159-6_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-76159-6_1&domain=pdf
https://doi.org/10.1007/978-3-319-76159-6_1
mailto:gregorio.crini@univ-fcomte.fr
mailto:nadia.crini@univ-fcomte.fr

2 G. Crini et al.

Abstract Cyclodextrins are natural oligosaccharides obtained from starch. They
were discovered in 1891 by Villiers, and attracted major scientific and industrial
interests from the late 1970s. Actually, cyclodextrins are among the most remark-
able macrocyclic molecules with major theoretical and practical interest for chem-
istry and biology. Cyclodextrins belong to the family of cage molecules due to their
structure, which is composed of a hydrophobic cavity that can encapsulate other
molecules. Indeed, the most characteristic feature of cyclodextrins is their ability to
form inclusion complexes with various molecules through host-guest interactions.
Cyclodextrins and their derivatives have a wide variety of practical applications
including pharmacy, medicine, foods, cosmetics, toiletries, catalysis, chromatogra-
phy, biotechnology, nanotechnology, and textile production. Cyclodextrins are also
the object of numerous fundamental studies. Between 2011 and 2015, 18,430
cyclodextrin-related publications have been published. In this chapter, after a brief
description of cyclodextrin basics, we highlight selected works on cyclodextrins
published over the last 5 years by various research groups.
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HP-B-CD  Hydroxypropyl-p-cyclodextrin

IT Imprinting technique

LC Liquid chromatography

MIP Molecularly imprinted polymers
MOF Metal organic frameworks

NF Nanofibers

NMR Nuclear magnetic resonance

NPC Niemann-Pick type C disease
PAH Polycyclic aromatic hydrocarbons
PAN Polyacrylonitrile

PCB Polychlorinated biphenyls

PDT Photodynamic therapy

QS Quorum sensing

RAMEB  Randomly methylated-p-CD

SFC Supercritical fluid chromatography
VOC Volatile organic compounds

1.1 Cyclodextrins — An Introduction

1.1.1 Cyclodextrin Description

Cyclodextrins (CDs) are cyclic oligomers obtained from the enzymatic degradation
of starch, one of the most essential polysaccharide in the nature. Cyclodextrins
make up a family of cyclic oligosaccharides. They are composed of six or more
D-glucopyranoside units linked in a(1—4), like in amylose, a component of starch.
They are also called cycloamyloses. Typical native cyclodextrins contain six, seven
or eight glucose units and are denoted a-, - and y-CDs, respectively. They are pro-
duced in a highly pure form at an industrial scale.

Cyclodextrins are hollow, truncated-cone-shaped molecules made up of several
glucose units linked together covalently by oxygen atoms and held in shape via
hydrogen bonding between the secondary hydroxyl groups on adjacent units at the
wider rim of the cavity. Indeed, cyclodextrins are ring molecules and they are toroi-
dal or cone-shaped. They are not cylindrical due to the lack of free rotation at the
level of bonds between glucopyranose units. The primary hydroxyl groups are
located on the narrow side and the secondary groups on the wider side. The molecu-
lar structures and characteristics of the three analogues are schematized in Fig. 1.1
and their main characteristics in Table 1.1. Other cyclodextrins, with less than six
and more than eight units, denoted large CDs, may also be isolated at the laboratory
scale. Indeed, depending on the particular transferase used during enzymatic degra-
dation of starch, the nature of starch and the reaction conditions, different types of
cyclodextrins result.

B-Cyclodextrin (f-CD) is the most studied and most frequently used, based on its
cheapness, availability, and complex-forming capacities towards a large range of
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Fig. 1.1 Schematic representations of (a) the general chemical structure and (b) the tridimensional
structure of cyclodextrins, and (c) chemical structure and dimensions for a-, - and y-cyclodextrin

(n =6, 7 and 8, respectively)

Table 1.1 The three native cyclodextrins and their main characteristics

Cyclodextrin o B Y
Chemical Abstracts Service Registry Number 100016-20-3 7585-39-9 17465-86-0
Glucopyranose units 6 7 8
Formulae C36He0O30 CipH700s5 CisHgoO49
Molecular weight (g/mol) 972.9 1135.0 1297.1
Central cavity diameter: external/internal A) 5.3/4.7 6.5/6.0 8.3/7.5
Height of torus (A) 7.9 7.9 7.9
Approximate volume of cavity (A) 174 262 427
Water solubility at 25°C (g/L) 145 18.5 232
Number of water molecules within cavity 6-8 11-12 13-17
pKa 123 12.2 12.1
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Fig. 1.2 Schematic representation of the inclusion phenomena between a cyclodextrin molecule
(the host) and a solute (the guest) to form solute-cyclodextrin complexes
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Fig. 1.3 Schematic drawing of main CD complexes stoichiometries

substances. Indeed, as others cyclodextrins, the most characteristic feature of the
B-CD molecule is its ability to form inclusion compounds with various substances
through host-guest interactions (Fig. 1.2). Its central cavity which is composed of
seven glucose units is hydrophobic when the external part is hydrophilic because the
presence of 21 hydroxyl groups. The core of its structure can trap or encapsulate
other substances. This remarkable encapsulation properties can modify and/or
improve the physical, chemical, and/or biological characteristics of the guest mol-
ecule (Szejtli 1988; Morin-Crini et al. 2015).

Formation of an inclusion complex is the result of an association/dissociation
equilibrium between the free guest and the free host and the complex. This is gov-
erned by a constant Ky, denoted formation or stability constant. The higher the K;
value is, the more stable the inclusion is, and the less dissociation that occurs. The
driving forces for complex formation include release of high-energy water, solvent
effects, hydrophobic interactions, hydrogen bonds, van der Waals interactions, and
dipole-dipole interactions. As a general rule stated by Cramer in the 1950s, the
complex is strong when there is size complementarity between the guest and the
cyclodextrin cavity (Crini 2014). Depending on the respective size of the guest and
host molecules, one guest molecule can interact with one or two (or more) cyclo-
dextrin (i.e. host:guest complexes 1:1 and 2:1), or two (or more) guest molecules
can interact with one cyclodextrin or two (or more) (i.e. host:guest complexes 1:2
and 2:2) as showed in Fig. 1.3. Because of their conformation, some guests can be
included in one or two cyclodextrin molecules, and depending on the CD size, it is
a different part of the guest molecule that can be included. Cyclodextrins them-
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selves can self-associate to form aggregates or micelles in aqueous solutions. So, in
solution, multiple inclusion equilibria can coexist. While stoichiometry is often
characterized by means of Job plots, affinities are generally determined by titration,
competition or solubility procedures (Connors 1997; Landy et al. 2000; Decock
et al. 2006; Brewster and Loftsson 2007). Many techniques including NMR, calo-
rimetry, fluorescence, circular dichroism and headspace gas chromatography have
been used for complexation studies (Decock et al. 2008; Morin-Crini et al. 2015).

Various methods such as co-precipitation and derivatives methods such as spray
drying and freeze-drying, kneading, slurry complexation, paste complexation, damp
mixing, heating method (sealed-heating), extrusion method, dry mixing, microwave
treatment, and supercritical carbon dioxide can be used in the formation of CD
complexes. The books published by Szejtli (1982a, 1988) can be consulted on the
preparation of inclusion complexes. Evidence for a guest inclusion into the cyclo-
dextrin cavity may be proved by various analytical techniques including nuclear
magnetic resonance (NMR) spectroscopy, UV-visible absorption spectroscopy,
optical rotatory dispersion and circular dichroism, fluorescence, infrared (FT-IR)
spectroscopy, thermo-analysis, mass spectrometry, and powder X-ray diffractome-
try (Morin-Crini et al. 2015).

The structure of cyclodextrins is stabilized by the formation of hydrogen bonds
between C-2 and C-3 hydroxyl groups of adjacent glucose units. This phenomenon
widely affects, in addition to molecular dimensions, the water solubility of cyclo-
dextrins. The formation of a complete ring of intramolecular hydrogen bonds in
B-CD counteracts its hydration and reduces its solubility as compared to other native
cyclodextrins (Table 1.1) (Szejtli 1998). Disruption of intermolecular hydrogen
bonds (i.e. substitution of highly reactive hydroxyl groups with either polar or apo-
lar moieties) generally produces cyclodextrin derivatives with anomalous increased
solubility. Synthesis of derivatives aims also to construct CD polymers or CDs with
enhanced complexation ability and selectivity. Over than 15,000 cyclodextrin deriv-
atives have been obtained by alkylation, hydroxyalkylation, sulfatation, phosphata-
tion, acetylation, amination, esterification and etherification reactions (Khan et al.
1998; Szejtli 2004a; b) but only some particular one such as hydroxypropylated,
methylated and sulfobutylated derivatives are marketed and widely used.

1.1.2 Fields of Application

As already stated, although they have been known for 126 years, cyclodextrins only
really took off in the 1980s with the first applications in the chromatography, phar-
maceutical and food industries. Cyclodextrins were used as host molecules for
molecular recognition, as solubilizing agents for lipophilic drugs, excipients in for-
mulation development, as delivery systems and complexing agents in the food and
drug industries, or for masking of undesired odor and taste. Actually, applications
are found in practically all sectors of industry but especially, in cosmetics, hygiene
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and personal care, textiles including textile finishing, functional textiles and cosme-
totextiles, medicine and biomedicine, agrochemistry or pesticides, biotechnology,
and catalysis (Morin-Crini et al. 2015). Cyclodextrins and their derivatives have
also other practical applications in microencapsulation including aroma and fra-
grances, oils, analytical chemistry, organic chemistry (synthesis), macromolecular
chemistry (materials), click chemistry, supramolecular chemistry, membranes,
enzyme technology, environment such as remediation, decontamination and extrac-
tion, and nanotechnology (nanoparticles/nanosponges for various domains).
Research on cyclodextrins is also very active in fields such as the formulation of
detergents, glues and adhesives, the sector of plastics (packaging) and the industry
of fibers and paper. However, the main market remains the pharmaceutical, food and
cosmetic industries. It is interesting to note that the vast majority of these chemical
and biological applications are based on the ability to form inclusion complexes
(Szejtli 1982a, 1988; Szejtli 2004a; b; Duchéne 1987, 1991; Dodziuk 2006; Morin-
Crini et al. 2015).

1.1.3 Literature Data

The literature on cyclodextrins is vast and spread across different disciplines:
Chemistry, Biochemistry, Health Science, Agriculture, etc. Interesting books and
book chapters on the different aspects of cyclodextrins such as the preparation,
description, characterization, properties, chemistry, and derivatives for these disci-
plines can be consulted (Table 1.2). In the last two decades, a large number of gen-
eralist reviews has been also published in the literature on practically all these
aspects of cyclodextrins (Table 1.3), so many that it would not be feasible to cite
them all. Selected books and reviews are given in Tables 1.2 and 1.3, respectively,
which contain the original sources of the data displayed, and also selected recent
works discussed in this chapter.

Figure 1.4 demonstrates how the number of publications increased using cumu-
lative numbers of 5-year periods. In 2015, with an average of 4.5 papers and 2.5
patent applications daily, the literature data shows that cyclodextrin research and
development is still in the focus (Source: Cyclodextrin News, Cyclolab). Recently,
Deorsola et al. (2014) have performed a thorough patent search on cyclodextrin-
related patents using free databases. The period they evaluated was 1981-2011. The
survey showed the leading role of Asia on the number patent applications filed in
patent offices of different countries, being Japan and China on the first and second
positions, followed by the US and the European Patent offices. The top 10 inventors
among the total of 20,198 inventors have all Chinese names. The three leading com-
panies are Procter & Gamble Co., Kao Corporation and Schering AG.
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Year | Title Reference
1978 | Cyclodextrin chemistry Bender and Komiyama
1978
1982 | Cyclodextrin and their inclusion complexes Szejtli 1982a
1984 | Inclusion compounds Atwood et al. 1984
1987 | Cyclodextrins and their industrial uses Duchéne 1987
1988 | Cyclodextrin technology Szejtli 1988
1991 | New trends in cyclodextrins and derivatives Duchéne 1991
1994 | Cyclodextrin in pharmacy Fromming and Szejtli
1994
1996 | Comprehensive supramolecular chemistry. Volume 3: Szejtli and Osa 1996
Cyclodextrins
2000 | Principles and methods in supramolecular chemistry Schneider and
Yatsimirsky 2000
2002 | Introduction to supramolecular chemistry Dodziuk 2002
2004 | Encyclopedia of supramolecular chemistry Atwood and Steed
2004
2006 | Cyclodextrins and their complexes - Chemistry, analytical Dodziuk 2006
methods and applications
2010 | Use of cyclodextrin polymers in separation of organic species | Kozlowski and Sliwa
2010
2011 | Cyclodextrins in pharmaceutics, cosmetics and biomedicine. | Bilensoy 2011
current and future industrial applications
2012 | Applications of supramolecular chemistry Schneider 2012
2015 | Cyclodextrines - Histoire, propriétés, chimie et applications Morin-Crini et al. 2015
(in French)
2016 | Encapsulations Grumezescu 2016

1.1.4 The Cyclodextrin Scientific Community

In 1981, Professor Szejtli organized the First International Cyclodextrin Symposium
in Budapest, Hungary. This symposium was a great success, with participants coming
from all over the world (more than 180 participants from 17 countries) while Professor
Szeijtli “expected 25-30 participants outside Hungary” (Szente and Szejtli 1996). The
submitted manuscripts filled a 544-page volume of proceedings published by
Akademiai Kiado. The second cyclodextrin symposium was organized by Professor
Nagai in 1984, in Tokyo. Since 1984 and Szejtli’s initiative, a broad community of
researchers has met every two years to exchange and share their works on cyclodex-
trins. These well-established symposiums provide opportunities for scientists who
work in several aspects of cyclodextrin research to meet and discuss recent advances
in all cyclodextrin fields. The 19" International Cyclodextrin Symposium organized
by Professor Keiko Takahashi and Professor Takashi Hayashita will be held on April
2018 in Tokyo, Japan (the next will be organized in Sicily, Italy in 2020).
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Table 1.3 Selected comprehensive reviews and book chapters on cyclodextrins published in the
last four decades, including selected recent works discussed in this chapter

General topic(s)

References

Aggregation - Self-
assembly

Gonzalez-Gaitano et al. 2003; Loftsson et al. 2004; He et al. 2008;
Fiilop et al. 2012; Macaev et al. 2013; Ryzhakov et al. 2016;
Saokham and Loftsson 2017

Agrochemistry

Szente and Szejtli 1996; Morillo 2006; Luca and Grigoriu 2007;
Venturini et al. 2008; Ho et al. 2014; Garrido et al. 2014; Fernandes
et al. 2014; Campos et al. 2015; Yusoff et al. 2016; Letort et al. 2016

Analytical chemistry

Li and Purdy 1992; Szente 1996a; Armspach et al. 1999;
Schneiderman and Stalcup 2000; Mosinger et al. 2001; Martin Del
Valle 2004; Dodziuk 2006; Fakayode et al. 2007; Venturini et al.
2008; Szente et al. 2016; Prochowicz et al. 2016

Biotechnology

Szejtli 1990, 1991; Bar 1996; Singh et al. 2002; Li et al. 2011

Catalysis

Komiyama and Monflier 2006; Hapiot et al. 2006, 2011, 2014;
Bhosale and Bhosale 2007; Macaev and Boldescu 2015; Hong et al.
2015

Characterization

Bender and Komiyama 1978; Szejtli 1982a; Robyt 1998; Cairo 2011;
Mura 2015; Szente et al. 2016

Chemistry - Polymer
science

Szejtli 1982a, 1988; Kano 1993; Luca and Grigoriu 2007; Wenz
2009; Morin-Crini et al. 2015; Rezanka 2016; Lay et al. 2016

Chromatography - LC -
GC - Electrophoresis -
SFC

Smolkova-Keulemansova 1982; Ward and Armstrong 1988; Han and
Armstrong 1989; Sybilska and Zukowski 1989; Menges and
Armstrong 1991; Hilton and Armstrong 1991; Fanali 1993; Fanali

et al. 1994; Schneiderman and Stalcup 2000; He and Beesley 2005;
Vetter and Bester 2006; Hongdeng et al. 2011; Xiao et al. 2012; West
2014; Scriba 2016

Click chemistry

Dodziuk 2006; Bilensoy 2011; Venturini et al. 2008; Zhou and Ritter
2010; Faugeras et al. 2012; Dondoni and Marra 2012; Kushwaha
et al. 2013; Schmidt et al. 2014; Hou et al. 2016

Complexing agents

Szejtli 1988; Mikus et al. 2002; Mosher and Thompson 2002;
Tacovino et al. 2017

Cosmetics - Fragrances -
Personal care - Toiletry -
Essential oils

Szejtli 1982a, 1996; Buschmann and Schollmeyer 2002, 2004;
Hashimoto 1996, 2006; Venturini et al. 2008; Cabral Marques 2010;
Bhaskara-Amrit et al. 2011; Bilensoy 2011; Tarimci 2011; Auzely-
VElty 2011; Hougeir and Kircik 2012; Ammala 2013; Zarzycki et al.
2016

Derivatives

Duchéne 1987, 1991; Jicsinszky et al. 1996; Khan et al. 1998; Shen
and Ji 2011; Rezanka 2016

Detergents - Surfactants

Szejtli 1988; Dodziuk 2006; Villalonga et al. 2007; Li et al. 2011;
Valente and Soderman 2014

Enzymology - Enzyme
technology

Komiyama 1996; Szejtli 1984; Schmid 1996

Environmental
chemistry - Remediation

Crini and Morcellet 2002; Fakayode et al. 2007; Kozlowski and Sliwa
2010; Gruiz et al. 2011; Landy et al. 2012a, 2012b; Atteia et al. 2013;
Morin-Crini and Crini 2014

Fluorescent
cyclodextrins

Ueno 1996; Maciollek et al. 2013; Malanga et al. 2014

(continued)
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Table 1.3 (continued)
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General topic(s)

References

Food - Nutrition -
Flavors - Aromas -
Packaging

Hedges et al. 1995; Appendini and Hotchkiss 2002; Szejtli 2004b;
Szente and Szejtli 2004; Han 2005; Hashimoto 2006; Astray et al.
2009; Fang and Bhandari 2010; Ko et al. 2012; Sun 2012; Martina
et al. 2013; Lopez-Nicolas et al. 2014; Calo et al. 2015; Sharma and
Baldi 2016; Kfoury et al. 2016; Fenyvesi and Szente 2016; Fenyvesi
et al. 2016; Zarzycki et al. 2016

Green chemistry

Venturini et al. 2008; Kushwaha et al. 2013

Hydrogels Szejtli 1988; Li 2009; Zhao and Xu 2010; Tan et al. 2014; Pinho et al.
2014
History Szejtli 1982a, 1988, 1998; Loeve and Normand 201 1; Kurkov and

Loftsson 2013; Crini 2014

Inclusion compounds

Saenger 1980; Szejtli 1982a, 1988; Bergeron 1984; Atwood et al.
1984; Clarke et al. 1988; Cram 1988; Szejtli 1988; Connors 1997,
Robyt 1998; Lincoln and Easton 1998; Mikus et al. 2002; Herbstein
2005; Luca and Grigoriu 2006; Morin-Crini et al. 2015

Industrial applications

Vaution and Hutin 1987; Szejtli 1996, 1997, 1998, 2004a; Shieh and
Hedges 1996; Hedges 1998; Hashimoto 2002; Sharma and Baldi
2016

Large cyclodextrins

Larsen 2002; Ueda 2002; Endo and Ueda 2004; Endo 2011; Assaf
etal. 2016

Medicine - Van de Manakker et al. 2009; Yang and Keam 2009; Caliceti et al.

Biomedicine - Cell 2010; Dong et al. 2011; Bilensoy 2011; Kanwar et al. 2011;

biology Moya-Ortega et al. 2012; Macaev et al. 2013; Zhang and Ma 2013;
Hirakawa and Tomita 2013; Morohoshi et al. 2013; Vecsernyés et al.
2014; Miller et al. 2015; Okano et al. 2016; Brackman et al. 2016;
Silva et al. 2016

Membranes Zhou et al. 2007; Kozlowski and Sliwa 2008

Nanotechnology Bilensoy and Hincal 2009; Goyal et al. 2011; Davis and Higson 2011;
Tejashri et al. 2013, Chilajwar et al. 2014; Trotta et al. 2014, 2015;
Mavridis and Yannakopoulou 2015

NMR Schneider et al. 1998; Potrzebowski and Kazmierski 2005; Berendt
et al. 2006; Pessine et al. 2012; Ferro et al. 2014, 2016

Organometallic Hapiot et al. 2006; Smaldone et al. 2010; Agostoni et al. 2015

compounds

Pharmacy - Excipients -
Drug delivery

Duchéne et al. 1986; Fenyvesi 1988; Fromming and Szejtli 1994;
Uekama and Irie 1996; Irie and Uekama 1997; Davis and Brewster
2004; Thompson 2006; Brewster and Loftsson 2007; Van de
Manakker et al. 2009; Bilensoy and Hincal 2009; Loftsson and
Brewster 2010, 2012; Bilensoy 2011; Chilajwar et al. 2014; Tejashri
et al. 2013; Simoes et al. 2014; Sharma and Baldi 2016

Preparation (native CDs,
inclusion compounds)

Szejtli 1982a, 1988; Kainuma 1984; Bender 1986; Szente 1996b;
Robyt 1998; Li et al. 2007; Guo and Wilson 2013; Morin-Crini et al.
2015

Spectroscopy

Szejtli 1982a, 1988

Structural aspects

Szejtli 1982a, 1988; Saenger 1984; Terekhova and Kulikov 2005

(continued)
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Table 1.3 (continued)

General topic(s)

References

Supramolecular
chemistry

Nepogodiev and Fraser Stoddart 1998; Schneider and Yatsimirsky
2000; Chen and Jiang 2001; Atwood and Steed 2004, 2009; Wenz
et al. 2006; Wenz 2009; Hapiot et al. 2006; Harada et al. 2009a,
2009b, 2014; Wang and Zhang 2010; Zhang et al. 2011; Dong et al.
2011, 2015; Schneider 2012; Schmidt et al. 2014; Karim and Loh
2016; Gontero et al. 2017

Textiles - Cosmeto-
textiles

Citernesi and Sciacchitano 1995; Buschmann et al. 1998; Hebeish
and El-Hilw 2001; Martel et al. 2002; Romi et al. 2005; Hashimoto
2006; Grigoriu et al. 2008; Ammayappan and Moses 2009; Abdel-
Halim et al. 2010; Ripoll et al. 2010; Andreaus et al. 2010; Bhaskara-
Amrit et al. 2011; Voncina 2011; Voncina and Vivod 2013; Islam
etal. 2013

Toxicology

Szejtli 1982a, 1987, 1998; Gould and Scott 2005; Dodziuk 2006;
Stella and He 2008; Saokham and Loftsson 2017

Wastewater

Mocanu et al. 2001; Crini 2006; Landy et al. 2012a; Morin-Crini and
Crini 2013; Shen et al. 2014a; Morin-Crini et al. 2015

Number of publications
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Fig. 1.4 Number of cyclodextrin-related publications including papers, patents and conferences
(source: Cyclodextrin News, Cyclolab)

In Europe, the cyclodextrin scientific community is also very active. After
Aalborg in 2009, Asti in 2011, Antalya in 2013 and Lille in 2015, Lisbon will
welcome the 5" European conference in 2017. This is a biennial meeting where
academic researchers and industrials come together to present the latest achievements
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in the field of cyclodextrin science and technology. The 9" and most recent Asian
cyclodextrin Conference was held in 2017 in Singapore.

There are also several national groups that are very active (e.g. in Japan, France,
Italy...) which enables a good quality of exchange on current research into cyclo-
dextrins in each country. In France, the 19" annual colloquium of the Société
Frangaise des Cyclodextrines will be organized by Nadia Morin-Crini and Grégorio
Crini in Besancon, in October 2018. This colloquium aims to provide an enabling
environment for PhD students from numerous French Universities and Research
Institutes, so that they can create new research collaborations. The 34" annual meet-
ing of the Japanese community was held in 2017.

1.1.5 Szejtli Prize

The list of prestigious researchers who have contributed to the development of
cyclodextrins includes Professor J6zsef Szejtli (1933-2004). Professor Szejtli made
an important contribution to the chemistry of cyclodextrins, to the dissemination of
results and in their industrial applications, notably by the creation of a laboratory in
1972, which became an independent company in 1992 (CYCLOLAB Ltd.) totally
devoted to cyclodextrins (“From toy to tool with industrial interest”) and by the
publication of numerous general reviews. CYCLOLAB was the first private research
institute for the technological transfer between cyclodextrin research and industry
(Crini 2014).

CYCLOLAB recently established Szejtli Prize (Fig. 1.5) to preserve his legacy,
keep his memory alive and recognize his ground-breaking achievements in the area
of cyclodextrin research, development and commercialization of related technolo-
gies. This prize aimed to award young researchers demonstrating outstanding results
in the cyclodextrin science and technology. The first award was assigned to Professor

Fig 1.5 The Jozsef Szejtli medal (source: CYCLOLAB)
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Keiichi Motoyama, Kumamoto University, in Saarbriicken, at the 17" International
Cyclodextrin Symposium in 2014 for his works in the design of new active pharma-
ceutical ingredients as anticancer agents. The winner of Szejtli Prize 2016 is
Professor Tamer Uyar, Bilkent University, for his studies on electrospinning of
functional nanofibers with cyclodextrins.

1.1.6 Nobel Prize 2016

In 2016, the Royal Swedish Academy of Sciences has decided to award Jean-Pierre
Sauvage (University of Strasbourg, France), Sir James Fraser Stoddart (Weinberg
College of Arts and Sciences of Northwestern, Scotland) and Bernard Lucas Feringa
(University of Groningen, The Netherlands) the Nobel Prize in Chemistry “for the
design and synthesis of molecular machines”. This was a high recognition for supra-
molecular chemistry utilizing building blocks of host-guest complexes including
also cyclodextrin complexes.

1.2 Cyclodextrins: An update 2012-2016 — Present Situation,
Trends and Outlook

Recent and continuing interest in cyclodextrins is evident from the number of papers
that appears each year in the literature on various chemical and biological topics for
both academic and industrial applications as showed in Fig. 1.4. In this section, we
chose to highlight selected works on cyclodextrins published over the last 5 years by
different research groups in order to have an update overview. The main objective is
to summarize some of the developments related to the applications of cyclodextrins,
based on a substantial number of relevant references published recently. Of course,
this review is not exhaustive. Readers interested in cyclodextrin topics should refer
to the library database “Cyclodextrin News” from CYCLOLAB, Ltd. (Hungary),
which is a periodical collecting all of the cyclodextrin papers, proceedings, patents,
conferences and lectures.

1.2.1 Cyclodextrins: From 1891 Until Now

Recently, Crini (2014) published a historical review of cyclodextrins, molecules
discovered serendipitously by the French pharmacist Antoine Villiers in 1891 and
then called “cellulosines”. They were subsequently named ‘““Schardinger dextrins”
at the beginning of the 20" century, in tribute to Franz Schardinger, an Austrian
chemist and microbiologist who was the first to describe their basic chemistry.
Schardinger is considered the “Founding Father” of cyclodextrin chemistry. After
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that, they were termed “cycloamyloses” by the American chemist Dexter French at
the beginning of the 1940s and finally “cyclodextrins” by the German chemist
Friedrich Cramer towards the end of the 1940s. Crini’s review reported their history,
divided into 5 more or less clearly defined periods: The early days around their
discovery from 1891 to 1911, a period of doubt between 1911 and 1935, reaching
maturity from 1935 to 1950, exploration from 1950 to 1970, and the uses to which
they have been put from 1970 to the present day. A series of other prestigious names
has marked their history, names such as Hans Pringsheim, Paul Karrer, Karl Johann
Freudenberg, Benito Casu, Wolfram Saenger, Myron Lee Bender, and Jézsef Szejtli
who is considered as the “Godfather” of cyclodextrins. Each of the main periods
was illustrated by precise examples from among the works published in the litera-
ture. Although this review is not exhaustive, it highlights the work of those research-
ers who have contributed to the development of our knowledge of cyclodextrins
throughout the 120 years of their history. An historical examination of cyclodextrins
can be found elsewhere (Szejtli 1998; Loftsson and Duchéne 2007; Loeve and
Normand 2011).

1.2.2  Self-association of Cyclodextrins

It is now well-known that cyclodextrin molecules can adopt various types of assem-
bly modes in aqueous solution as well as crystal structures (Gonzalez-Gaitano et al.
2003). New micro- and nanostructures including aggregates, formed by the self-
assembly of cyclodextrins, have been useful, particularly in the fields of supramo-
lecular chemistry, materials science, pharmacy including formulation and drug
delivery, and medicine as reported by Kurkov and Loftsson (2013), Simoes et al.
(2014), Ryzhakov et al. (2016), and Oliveri and Vecchio (2016).

The most important property of the cyclodextrins is the ability to establish spe-
cific interactions (molecular encapsulation) with various types of molecules through
the formation of non-covalently bonded entities, either in the solid phase or in aque-
ous solution. However, cyclodextrins are not only able to form these host/guest
inclusion complexes but also non-inclusion complexes (Gonzalez-Gaitano et al.
2003; Loftsson et al. 2004; Messner et al. 2010; Moya-Ortega et al. 2012; Kurkov
and Loftsson 2013). The hydroxyl groups present on the outer surface can form
hydrogen bonds with other molecules which makes them able, just like dextrins,
non-cyclic oligosaccharides and polysaccharides, to form complexes (molecular
structures) with lipophilic substances insoluble in water. In pure aqueous cyclodex-
trin solutions, CD molecules self-assemble to form nanoparticles with diameter
from about 20 to 200 nm (Loftsson et al. 2004; He et al. 2008). At low concentra-
tions (below 1% w/v), the fraction of CD molecules forming such aggregates is
insignificant but the aggregation increases with increasing cyclodextrin concentra-
tion. Another possibility that is mentioned is the formation of aggregates able to
dissolve water-insoluble lipophilic molecules (structures similar to micelles). The
CD/drug complex aggregates are frequently from 100 to 4000 nm in diameter or in
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the nanoparticle and small microparticle size range. The complexes are kept together
by weak hydrogen bonds and hydrophobic forces, and dissociate readily upon
media dilution. Such systems are called cyclodextrin nanostructures, nanoassem-
blies or self-aggregates.

In recent years, it has been observed, in pharmaceutical applications, that other
types of cyclodextrin complexes such as non-inclusion complexes, are also partici-
pating in CD solubilization of poorly soluble drugs (Bilensoy 2011; Kurkov and
Loftsson 2013; Morin-Crini et al. 2015). There are some indications that formation
of CD/drug complex aggregates might play an important role in CD enhancement
of drug bioavailability. The cyclodextrin aggregates present the ability to form com-
plexes, and nanosized aggregates and nanotube-type host/guest architectures can be
envisaged. This is a generally unexplored domain and often causes controversies
since the results obtained are closely dependent on the technique used, as pointed
out by Ryzhakov et al. (2016). Another problem discussed in the literature is the
stability of the cyclodextrin aggregates, in particular when these systems are used as
drug delivery systems. The publications of Loftsson’s group summarized the most
important features and the main conclusions of these cyclodextrin-based aggregates
(Fiilop et al. 2012; Kurkov and Loftsson 2013; Ryzhakov et al. 2016; Saokham and
Loftsson 2017). The use of CD-based nanoaggregates in oral drug delivery could be
a promising strategy to improve the bioavailability of poorly soluble drugs. Much
work is necessary to study the behavior of these nanoaggregates under conditions
that are representative for the gastrointestinal tract and the effects which may cause
disaggregation (Ryzhakov et al. 2016).

1.2.3 Cyclodextrins as Drug Delivery Vehicles

Although cyclodextrins can be found in 56 pharmaceutical products (source:
Cyclolab), they are still regarded as novel pharmaceutical excipients, drug delivery
vehicles, and anti-aggregation agents (Duchéne 1987, 1991; Fromming and Szejtli
1994; Uekama and Irie 1996; Thompson 2006; Brewster and Loftsson 2007; Van de
Manakker et al. 2009; Loftsson and Brewster 2010, 2012; Bilensoy 2011; Ahuja
et al. 2011; Kurkov and Loftsson 2013; Chilajwar et al. 2014; Morin-Crini et al.
2015). In the last decade, as already mentioned, it has been observed that cyclodex-
trins and cyclodextrin complexes in particular self-assemble to form nanoparticles
and that, under certain conditions, these nanoparticles can self-assemble to form
microparticles, a tendency that increases upon formation of inclusion complexes
with lipophilic drugs. These properties have changed the way we perform cyclodex-
trin pharmaceutical research and have given rise to new cyclodextrin formulation
opportunities as summarized by Bilensoy (2011), and Kurkov and Loftsson (2013).
The design of functional cyclodextrin nanoparticles formed by self-assembly is also
a developing area in the field of nanomedicine (cancer therapy) as reported by Fiilop
et al. (2012). Nanoparticle-based systems can improve bioavailability, reduce
immunogenicity, modify drug metabolism, reduce toxicity, and increase the
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biological half-life of drugs after systemic administration (Bilensoy 2011; Fiilop
et al. 2012; Kurkov and Loftsson 2013; Brandariz and Iglesias 2013; Tejashri et al.
2013; Concheiro and Alvarez-Lorenzo 2013; Simoes et al. 2014; Morin-Crini et al.
2015; Sharma and Baldi 2016).

The field of medicine using cyclodextrins and their derivatives is vast including
biomedicine (wound dressing, biosensors, medical devices), nanomedicine
(nanoparticles for drug delivery), antifungal treatment, antimicrobial therapy, gene
therapy, tissue engineering, cancer treatment, and magnetic resonance imaging (Van
de Manakker et al. 2009; Yang and Keam 2009; Caliceti et al. 2010; Dong et al.
2011; Bilensoy 2011; Kanwar et al. 2011; Moya-Ortega et al. 2012; Macaev et al.
2013; Zhang and Ma 2013; Hirakawa and Tomita 2013; Morohoshi et al. 2013;
Miller et al. 2015; Okano et al. 2016; Brackman et al. 2016; Silva et al. 2016).

Interesting recent studies were devoted to the physicochemical properties of
local anesthetics (LA) and their inclusion complexes with cyclodextrins in order to
understand their behavior (Brandariz and Iglesias 2013). Their capacity to reach and
to block sodium channels and act as anesthetics depends on their protonation state.
Different studies showed that the extent of complexation with CDs varies greatly
with the protonation state of the involved molecules, an interesting fact in the
administration of LA, as recently reported by Brandariz and Iglesias (2013).

Another interesting example concerns the preparation of vaccines Daptacel®
(Sanofi Group, Pasteur) for protection against diphtheria, tetanus and whooping
cough which contain dimethyl-f-cyclodextrin.

Cyclodextrins can be used in antifungal formulations as auxiliary substances to
modify and to improve physicochemical properties of the active compound such as
solubility and stability. The biological effects of cyclodextrins, important for their
use within antimycotic formulations, can be divided into: (i) effects based on the
ability of cyclodextrins to form inclusion complexes with endogenous substances
(e.g. membrane lipids, cellular cholesterol), (ii) effects based on formation of inclu-
sion complexes with component parts of fungi cells, and (iii) effects based on the
chemical nature of cyclodextrins and their derivatives. The advances in research of
biological activity of CDs with focus on their properties responsible for their syner-
gistic effect with antimycotic compounds were recently discussed by Macaev et al.
(2013). The number of publications on the use of cyclodextrins in antifungal formu-
lations is still growing.

Oliveri and Vecchio (2016) reviewed the use of cyclodextrins and their deriva-
tives as anti-aggregation agents in a number of proteins such as insulin, prion pro-
tein, and amyloid-beta, and some multimeric enzymes. There are many diseases that
are correlated to protein misfolding and amyloid formation processes affecting
numerous organs and tissues. There are over 30 different amyloid proteins and a
number of corresponding diseases including Alzheimer’s diseases the most com-
mon neurodegenerative disease. Treatment of these diseases is still a goal to reach,
and many molecules including cyclodextrins were studied in this perspective.

Onchocerciasis, also known as River Blindness, is a disease caused by infection
with the parasitic worm Onchocerca volvulus. The parasite worm is spread by the
bites of black fly. These flies live near to rivers in sub-Saharan Africa, hence the
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name of the disease. There is no vaccine against it. Insecticides are used to decrease
the fly population. People infected are treated with ivermectin. The drug kills the
larvae but not the adult worm therefore the treatment should be repeated once or
twice a year. However, ivermectin is not compatible with conventional excipients
(Shaw et al. 1999; Shen et al. 2014). Recently, novel formulations have been pro-
posed: Intraperitoneal injection of cyclodextrin-conjugated ivermectin proved to be
effective in inhibition of transcription factor-dependent human colon cancer xeno-
graft in vivo (Melotti et al. 2014).

Actually, cyclodextrins are also perceived as dream molecules for the develop-
ment of applications in biomedicine and nanomedicine including nanovectoriza-
tion, such as, for instance, nanoparticles for drug delivery, innovative biosensors for
detection of biological targets, bio-recognition events, molecular diagnosis and
medical imaging, gene therapy or tissue engineering (Concheiro and Alvarez-
Lorenzo 2013; Zhang and Ma 2013; Tan et al. 2014; Simoes et al. 2014; Dong et al.
2015; Wu et al. 2015b; Yuan and Zhang 2016).

Medical devices including catheters, prosthesis, vascular grafts, and bone
implants can also benefit from surface grafting or thermofixation of cyclodextrins.
This explains the recent increase in the number of research papers dealing with
these topics (Concheiro and Alvarez-Lorenzo 2013). However, most of these studies
are in the proof-of-concept stage, and only a few therapeutic nanosystems have been
comprehensively investigated. The successful translation of these laboratory inno-
vations to clinical reality remains challenging. The cost is an important factor that
limits the successful translation of new materials containing cyclodextrins. Another
problem concerns the lack of data on the biocompatibility evaluation and on the
toxicity of these nanomaterials. In spite of these, Zhang and Ma (2013) concluded
that the future of cyclodextrin-based supramolecular systems mainly in drug and
gene delivery is promising in view of the notable clinical success. The cyclodextrin-
based nanomaterials have found applications not only in biomedical sector, phar-
macy, pharmacotherapy, biology, and biotechnology, but also in the textile industry
by providing clothes for transdermal delivery.

A new generation of drug eluting stents based on the strong anchorage of a bio-
compatible and bioresorbable cyclodextrin-based polymer onto metallic devices has
been elaborated (Perez-Anes et al. 2015). Polydopamine, a strong adhesive poly-
mer, was applied as a first coated layer. Cyclodextrin was fixed by in sifu polycon-
densation with citric acid (polycyclodextrins formation). As a third layer an
amine-rich polymer, polyethyleneimine was used to stabilize the anionic cyclodex-
trin layer. As an alternative polycyclodextrins and chitosan layers were applied
using layer-by-layer deposition technique.

Junthip et al. (2016) proposed new textiles modified with multilayer cyclodextrin
polyelectrolytes (e.g. citric acid-cyclodextrin polymer and quaternary amino cyclo-
dextrin polymer) using layer-by-layer technique to obtain textiles with antibacterial
properties to be applied as wound coatings or prostheses. Sustained release of three
model compounds such as tert-butyl-benzoic acid, methylene blue and triclosan, was
presented. Biological and microbiological tests were performed to investigate the
cytocompatibility and the intrinsic antibacterial activity of multilayer assemblies.
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Functionalized cyclodextrins are interesting scaffolds for contrast agents used in
magnetic resonance imaging as recently reported by Gouhier’s group (Idriss et al.
2013; Zgani et al. 2017). For the further improvement of the sensitivity of this medi-
cal diagnostic tool, it is necessary to fully understand the role of the cyclodextrins
in the efficiency of the contrast agents. The review by Mavridis and Yannakopoulou
(2015) can be also consulted on the same topic.

Different methods of immobilizing cyclodextrin onto polysaccharide were dis-
cussed by Yang and Yang (2013). These materials possess the cumulative effects of
inclusion, size specificity, controlled release ability and transport properties of
cyclodextrin as well as the biocompatibility, non-toxicity, and biodegradability of
polysaccharide. Their nanoscale association could also lead to the formation of
original particles and films which pave the way to new applications in tissue
engineering.

Wound dressings should be capable of mechanical wound protection and should
also facilitate the healing process via maintenance of suitable environmental condi-
tions and controlled delivery of bioactive molecules. It is known that, among mac-
romolecular systems, hydrogels present suitable properties for wound-dressing
applications such as cost-effectiveness, easy to use, good biocompatibility, together
with a high-water content, the latter of which is important for the maintenance of a
moist environment and ready removal from the wound with a minimal level of asso-
ciated pain. As reported by Pinho et al. (2014), their properties as drug delivery
systems can be improved by the use of cyclodextrins as cross-linking agents. The
conjugation of cyclodextrin molecules with hydrogels may allow the achievement
of an optimal wound-dressing material, because the hydrogel component will main-
tain the moist environment required for the healing process, and the cyclodextrin
moiety has the ability to protect and modulate the release of bioactive molecules.
Pinho et al. (2014) concluded that cyclodextrin-based hydrogels with target charac-
teristics as interesting new materials for wound-dressing applications due to their
powerful complexation abilities and biocompatibilities.

1.2.4 Cyclodextrins as Active Ingredients

Currently the field of medicine is closely concerned with cyclodextrin inclusion
complexes. These complexes are preformed prior to be administrated. There are,
however, some cases when the complexes are formed within the body. The best-
known example is the one containing the active compound sugammadex (Bridion®):
it is a modified y-CD (Fig. 1.6; Table 1.4) used as an antidote to certain curare-like
muscle relaxants in anesthesia since 2008 (Booij 2009; Yang and Keam 2009;
Ozbilgin et al. 2016). After intravenous administration, it neutralizes steroid curare-
like agents (rocuronium, vecuronium) by forming an inactive complex in the plasma
which is then eliminated in the urine. Sugammadex has improved effectiveness
compared with currently available methods of accelerating reversal of neuromuscu-
lar blockade. Its mechanism of action also differs from that of other commonly used
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Fig. 1.6 Structure of Sugammadex
Table 1.-4 Physicochemical Chemical Abstract Service
properties of Sugammadex Registry Number 343306-71-8
(Booij 2009; Yang and Keam Mol bstituti 1
2009; Bilensoy 2011) olar subsh u ton
Molecular weight (g/mol) 2146
Water solubility at 25°C (g/L) Freely soluble

reversal agents e.g. neostigmine and edrophonium. Sugammadex is biologically
inactive, does not bind to plasma proteins, and appears to be safe and well tolerated
although it has few side effects. Its cost is markedly higher than that of any of the
other drugs used in anesthesia (Donati 2011). The literature data are actually abun-
dant with a matter of considerable debate. Sugammadex shows an unexpected rise
from 17 papers in 2000-2005 to 780 in 2010-2015 (Source: Cyclodextrin News,
Cyclolab).

Application of hydroxypropyl-p-cyclodextrin (HP-p-CD) against Niemann-Pick
C disease (NPC) started with a surprising observation in 2007 that this cyclodextrin
aimed as excipient was more effective than allopregnanolone, the active (Walkley
et al. 2016). As no alternative treatment existed at that time the NPC1 disease



20 G. Crini et al.

families pushed FDA for approval for individual access for their children and as a
result of a large collaborative work in all areas of drug development, including
chemistry and manufacturing, formulation, pharmacology, pharmacokinetics, toxi-
cology, and regulatory affairs, the preclinical clinical Phase 1 and Phase 2 studies
have been concluded to start Phase 3 studies in 2015. In the meantime, the research
focuses on the still not completely understood mechanism how HP-B-CD can help
to NPC patients (Tanaka et al. 2015; Davidson et al. 2016).

Cyclodextrins are used in autophagy, a catabolic process with an essential func-
tion in the maintenance of cellular and tissue homeostasis. It is primarily recognized
for its role in the degradation of dysfunctional proteins and unwanted organelles.
Actually, the range of substrates also includes lipids. Autophagy is a self-degradative
process that is important for balancing sources of energy at critical times in develop-
ment and in response to nutrient stress. It also plays a housekeeping role in remov-
ing misfolded or aggregated proteins, clearing damaged organelles, such as
mitochondria, endoplasmic reticulum and peroxisomes, as well as eliminating intra-
cellular pathogens. Thus, autophagy is generally thought of as a survival mecha-
nism, although its deregulation has been linked to non-apoptotic cell death (Glick
et al. 2010). As cellular membranes play important role in autophagy, their modula-
tion by cyclodextrins modifies this important house-keeping process of the cells.
However, the results of various studies seem to be controversial partly because dif-
ferent cell types, different cyclodextrins were used at different concentrations. The
accumulation of autophagosomes, the intermediary products of autophagy, was
interpreted both as a sign of activated and impaired autophagy. Hydroxypropyl-f-
cyclodextrin treatment at high concentration leads to cholesterol depletion in an
extent which leads to hindered fusion of the cellular membranes and this way to the
diminished fusion of autophagosomes with lysosomes or to reduced expulsion of
the autophagolysosomes. At low HP-B-CD concentrations, however, the autophagy
is not perturbed or might be even improved. A combination of cholesterol removal
by HP-B-CD and autophagy stimulation by rapamycin or carbamazepine seems to
be a promising strategy in the treatment of impaired autophagy in lysosomal storage
disorders, such as Niemann-Pick type C disease (Maetzel et al. 2014; Ward et al.
2016). Other interesting works have been published on cyclodextrin role (Yokoo
et al. 2015; Tamura and Yui 2015; Motoyama et al. 2015, 2016; Manchon et al.
2016). Hydroxypropyl-p-cyclodextrin was found effective in inhibition of leukemic
cell proliferation at various leukemic cell lines as recently reported by Arima’s
group (Yokoo et al. 2015). Their results demonstrated that hydroxypropyl-p-
cyclodextrin was a potential anticancer agent in leukemia. Further studies are
needed to understand the effect of cyclodextrins on autophagy and specially to learn
how these effects can be utilized in the therapy of various illnesses including neuro-
degenerative diseases and cancers.

Cyclodextrins are also used for prevention and treatment of atherosclerosis as
recently reported by Zimmer et al. (2016). These authors published a comprehen-
sively study on the anti-atherosclerotic and anti-inflammatory effects of
hydroxypropyl-p-cyclodextrin used as solubilizing agent to increase cholesterol
solubility. Atherosclerosis is a chronic inflammatory disease driven primarily by a
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continuous retention of cholesterol within the subendothelial space where it precipi-
tates to form cholesterol crystals (CC). Despite ongoing advances in the prevention
and treatment of atherosclerosis, cardiovascular disease remains the leading cause
of death worldwide. Continuous retention of apolipoprotein B-containing lipopro-
teins in the subendothelial space causes a local overabundance of free cholesterol.
Cyclodextrin treatment of murine atherosclerosis reduced atherosclerotic plaque
size and CC load and promoted plaque regression even with a continued cholesterol-
rich diet. Mechanistically, cyclodextrins increased oxysterol production in both
macrophages and human atherosclerotic plaques and promoted liver X receptor-
mediated transcriptional reprogramming to improve cholesterol efflux and exert
anti-inflammatory effects. In vivo, this cyclodextrin-mediated liver X receptor ago-
nist was required for the anti-atherosclerotic and anti-inflammatory effects of cyclo-
dextrins as well as for augmented reverse cholesterol transport. Because cyclodextrin
treatment in humans is safe and cyclodextrin beneficially affects key mechanisms of
atherogenesis, it may therefore be used clinically to prevent or treat human athero-
sclerosis. The authors are optimistic as hydroxypropyl-p-cyclodextrin is a drug (it
has received the orphan drug status against NPC).

A recent review on the effect of cyclodextrins on blood brain barrier (BBB) sum-
marizes the findings of several research groups on various animal models of the
central nervous system (CNS) diseases (Vecsernyés et al. 2014). The CD-mediated
cholesterol modulations change the action of various proteins in the membrane of
epithelial cells in BBB. These proteins play significant role in pathogenesis of
stroke, cerebral hypoxia and ishemia, Alzheimer, Parkinson and Huttington disease,
epilepsia, CNS infections, and brain tumor. Extensive research is going on to trans-
late these effects into therapy.

The alarming spread of bacterial resistance to traditional antibiotics has war-
ranted the study of alternative antimicrobial agents. Quorum sensing (QS) is a
chemical cell-to-cell communication mechanism utilized by bacteria to coordinate
group behaviors and establish infections (Hirakawa and Tomita 2013; Morohoshi
etal. 2013; Miller et al. 2015; Okano et al. 2016). It is known that cyclodextrins can
interact with N-acyl-L-homoserine lactones (AHLSs), the main signaling molecules
for the bacterial cell-to-cell communication QS system. Many bacteria regulate
their cooperative activities through releasing, sensing and responding to small sig-
naling molecules. This mechanism called quorum sensing makes possible for a
population of bacteria to behave as a multi-cellular organism in host colonization,
formation of biofilms, defense against competitors and adaptation to changing envi-
ronment. Quorum sensing is a new target for the development of antibiotic agents.
The QS system is regulated by three different-type of signals: AHLs and small pep-
tides (called auto-inducing peptides, AIP) are produced in gram-negative and gram-
positive bacteria, respectively, while production of the autoinducer-2 (AI-2) was
known as a universal signal for responding to bacterial populations in both gram-
negative and gram-positive bacteria. Inclusion complexes between cyclodextrins
and bacterial signal molecules are responsible for inhibitory effects on quorum
sensing. Since many bacteria have QS system for controlling gene expression in
response to cell population density by means of signal molecules, an intercept of the
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quorum sensing signal onto the cyclodextrins can be a general method to control
transcription of the QS-regulated genes. The concept of complexation of signal
molecules (AHLs or peptides) by cyclodextrins does not aim to kill the bacteria but
to control their growth and to decrease their virulence (Hirakawa and Tomita 2013).
The development of novel strategies in the prevention and treatment of biofilm
infections are expected in the next years. This will be useful not only in medicine
but also in cosmetic, textile and packaging fields (Brackman et al. 2016; Silva et al.
2016).

Fluorophore-functionalized cyclodextrins have been extensively studied and
successfully utilized in photodynamic therapy (PDT) (Mazzaglia et al. 2012). This
minimally invasive therapeutic approach has proven to be efficient for the treatment
of cancer and bacterial infections. In PDT, the photosensitizer gets excited and
transfers the energy to nearby molecular oxygen photodonor. This leads to an in situ
generation of singlet oxygen ('O,) offering advantages over conventional drugs (e.g.
no drug resistance is developed). In the combined chemotherapy and PDT, the cav-
ity of cyclodextrin is utilized as carrier for a drug with anticancer or antibiotic effect
while the cavity entrance serves as molecular scaffold for attaching the photosensi-
tizer (porphyrin or xanthene dye), nitric oxide releasing moiety, etc. (Krdlova et al.
2010; Fraix et al. 2015, 2016). The fluorescence of such nanoassemblies is utilized
in in vitro experiments for imaging (Kirejev et al. 2014).

1.2.5 Cyclodextrins and Nanotechnology

Cyclodextrins and their derivatives have been successfully employed to create novel
nanomaterials, often called nanosponges (Bilensoy and Hincal 2009; Goyal et al.
2011; Davis and Higson 2011; Tejashri et al. 2013; Chilajwar et al. 2014; Trotta
et al. 2014, 2015; Mavridis and Yannakopoulou 2015). A broad spectrum of
cyclodextrin-containing materials with versatile supramolecular architectures such
as nanoparticles, nanosponges, nanomicelles, and nanovesicles has been synthe-
tized to assemble functional platforms. For pharmaceutical and biomedical applica-
tions (Bilensoy and Hincal 2009; Goyal et al. 2011), nanomaterials can be formulated
as oral, parenteral, topical or inhalation dosage forms. These materials have also
found applications in nanomedicine.

At present, nanotechnology is receiving considerable acknowledgment due to its
potential to combine features that are difficult to achieve by making use of a drug
alone. Cyclodextrin-based nanomaterials are a contemporary approach for high-
lighting the advancements which could be brought about in a drug delivery system.
Chilajwar et al. (2014) recently reported that statistical analyses have shown that
around 40% of currently marketed drugs and about 90% of drugs in their develop-
mental phase encounter solubility-related problems. Cyclodextrin-based
nanosponges have the capacity to emerge as an innovative approach over conven-
tional cycodextrins by overcoming the disadvantages associated with the latter.
These novel class structures have been also developed since their use can improve a
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drug’s bioavailability by modifying the pharmacokinetic parameters of actives.
Nanosponges offer high drug loading compared to other nanocarriers and are thus
suitable for solving issues related to solubility, stability, and delayed release of
actives (Tejashri et al. 2013). Although the methods of preparation are well-known,
more information on their characterization is required to optimize their performance
for therapeutic purposes and to demonstrate the role of the nanocavity in the com-
plexation. Neutral, cationic and/or anionic amphiphilic cyclodextrins have been also
proposed to increase interactions of cyclodextrins with biological membranes.

Cyclodextrin-based nanosponges have been also developed as tool for the deliv-
ery of anticancer drugs, e.g. paclitaxel, doxorubicin, 5-fluorourcil and tamoxifen, as
reported by Trotta et al. (2014, 2015). These innovative materials can be considered
as a challenging technology for the development of innovative formulations, suit-
able for various administration routes for anti-cancer drugs.

Metal organic frameworks (MOF) based on cyclodextrin have been developed by
the group of 2016 Nobel laureate, Sir Stoddart (Smaldone et al. 2010). Mixing
y-cyclodextrin with alkali metal salts and alcohol (all edible constituents) robust,
nanoporous MOF are obtained. On the other hand, nanoMOF of iron polycarboxyl-
ates were coated with cyclodextrin phosphates to obtain engineered nanoMOF for
targeted drug delivery, catalysis, and sensing (Agostoni et al. 2015).

1.2.6 Cyclodextrins and Foods

In recent years, the growth of the functional foods industry has increased research
into new compounds with high added value for use in the fortification of traditional
products (Martina et al. 2013; Lépez-Nicolds et al. 2014; Calo et al. 2015; Sharma
and Baldi 2016; Kfoury et al. 2016; Fenyvesi and Szente 2016; Zarzycki et al.
2016). One of the most promising functional food groups is those enriched in anti-
oxidant compounds of a lipophilic nature. In spite of the numerous advantages
reported for such antioxidant molecules, they may also have disadvantages that
impede their use in functional foods, although these problems may be avoided by
the use of encapsulant agents such as cyclodextrins (Hedges et al. 1995; Appendini
and Hotchkiss 2002; Szejtli 2004b; Szente and Szejtli 2004; Hashimoto 2006;
Astray et al. 2009; Fang and Bhandari 2010; Fenyvesi et al. 2016).

It has been recently recognized that a-cyclodextrin being non-digestible is a
dietary fiber with beneficial effects on digestion of fat and carbohydrates (Artiss
et al. 2006). It has been marketed for body weight control in several countries. The
antidiabetic effect has been recognized by European Food Safety Administration
(EFSA) approving the health claim: “Consumption of alpha-cyclodextrin contrib-
utes to the reduction of the blood glucose rise after starch-containing meals” (EFSA
2012). The role of cyclodextrin molecules played in food technology and human
nutrition have been recently reviewed (Fenyvesi et al. 2016).

An excellent review of the most recent studies on the complexes formed between
several important types of antioxidant compounds and cyclodextrins was published
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by Lépez-Nicolds et al. (2014). This comprehensive review focus on the contradic-
tory data reported in the literature concerning the antioxidant activity of the host/
guest molecule complexes, the different complexation constants reported for identi-
cal complexes, the bioavailability of the antioxidant compound in the presence of
cyclodextrins and the recommendations concerning the use of natural or modified
cyclodextrins. The authors also concluded that cyclodextrins will act as secondary
antioxidants, enhancing the ability of traditional antioxidants to prevent enzymatic
browning in different foods. Another interesting review on the encapsulation of
antioxidants such as flavonoids and phenolic acids and their applications in food
products, food supplements and also packaging has been published by Zarzycki
et al. (2016).

Effects of encapsulation, such as solubility enhancement, protection, controlled
release, improved organoleptic behavior and masked off-flavors, active packaging
as well as improved handling and dosage were recently discussed in details in the
review by Kfoury et al. (2016). The authors also gave a detailed evaluation of the
experimental techniques used for studying the cyclodextrin/flavor complexes
including static headspace gas chromatography, UV-visible and fluorescence spec-
troscopy, isothermal titration calorimetry, phase solubility studies, NMR spectros-
copy, thermoanalytical methods and microscopy. There was an interesting large
table listing the methods of complexation and analysis for over 100 aroma com-
pounds and essential oils with significant references.

A general overview on the nano-encapsulation of flavors and aromas was also
given in a chapter published by Fenyvesi and Szente (2016). Starting with the his-
tory dating back to the sixties of the last century, the advantages were summarized,
the approval status of cyclodextrins in food was evaluated, and the methods of prep-
aration and analysis were shortly outlined. Flavor complexes in food processing to
reduce the loss in color, odor and taste were revealed. Several examples were given
to illustrate the advantages of nanoencapsulation of flavors in aroma preserving
food packaging.

An interesting effect of cyclodextrin encapsulation is in the container and wrap-
ping materials for foods. Wasabi (Japanese horseradish) is a plant extract used for
commercial antimicrobial packaging (Ko et al. 2012). The main active antimicro-
bial ingredient in wasabi extract is allyl-isothiocyanate (AIT). This substance is
volatile and decomposes rapidly by oxidation. The AIT gas inhibits many fungi and
bacteria. This extract has been encapsulated in cyclodextrin to control the volatility
of AIT and to stabilize it in wrapping materials. The AIT in the encapsulated powder
becomes volatile when the AIT-CD complex is exposed to high humidity conditions
after the packaging of the food product. The evaporated AIT then migrates to the
food surface, and inhibits the growth of aerobic bacteria. The AIT-CD complex
powder has been incorporated in packaging materials of drip sheets, polymer films
(polyethylene, nylon), and tablets (Han 2005; Sun 2012). These products are used
for rice lunch boxes, meats, fresh produce, and raw fish (Sashimi) to keep them
fresh, and are commercially available in Japan (under trade name Wasapower®).
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1.2.7 Cyclodextrins and Cosmetics

Encapsulation techniques using cyclodextrins as (nano)-encapsulating agents are
increasingly used not only by food, aroma, and pharmaceutical industries but also
by cosmetic, fragrance and flavor industries, toiletry and personal care sectors for
improving the efficiency of odorant and aroma substances, odor control in per-
fumes, masking unpleasant smells and tastes of some compounds, improving the
physical and/or stability of essential oils and volatile compounds, stabilizing vola-
tiles by reducing or eliminating any losses through evaporation, modifying the
physicochemical and/or biological properties of the guest to afford a protective
effect, or transforming of liquid compounds into crystalline form (Bilensoy 2011;
Ammala 2013; Hougeir and Kircik 2012; Kfoury et al. 2016; Zarzycki et al. 2016;
Fenyvesi and Szente 2016). The fragrance and flavor industry is a large and innovate
sector of the chemical industry. Fragrance chemicals are added to consumer prod-
ucts such as personal care products, perfumes, deodorants, laundry detergents, etc.
Encapsulation techniques using cyclodextrins are increasingly used by this industry
for protecting fragile molecules (eye-drop solutions) and improving the efficiency
of odorant and aroma substances, but also to avoid the degradation of flavors by
processing or, on storage, allowing the use of minor amounts of flavors. Encapsulation
of flavors by cyclodextrins is also an essential process that ensure controlled release,
reduce volatility, increase solubility, dissolution and bioavailability, and decrease
the allergic reactions (Szejtli 1982a, 1982b, 1996; Buschmann and Schollmeyer
2002, 2004; Hashimoto 1996, 2006; Venturini et al. 2008; Cabral Marques 2010;
Bhaskara-Amrit et al. 2011; Bilensoy 2011; Tarimei 2011; Auzely-Vélty 2011). The
use of these host compounds is also promising for various emerging fields such as
aromatherapy and cosmeto-textiles — these new products also called ‘cosmeceuti-
cals’ (Bilensoy 2011).

1.2.8 Cyclodextrins and Textiles

Textile finishing is crucial for giving textiles new functionalities and making them
appropriate for special applications such as antimicrobial resistance and flame retar-
dancy (Citernesi and Sciacchitano 1995; Buschmann et al. 1998; Hashimoto 2006;
Grigoriu et al. 2008; Ammayappan and Moses 2009; Ripoll et al. 2010; Andreaus
et al. 2010). In recent years, the use of low-environmental impact technologies
based on sustainable substances such as polysaccharides (chitosan, alginate), cyclo-
dextrins and others compounds (sericin protein) has been proposed as a novel pos-
sible route for large scale development of bioactive textiles (Bhaskara-Amirit et al.
2011; Voncina 2011; Voncina and Vivod 2013; Islam et al. 2013). Traditionally,
chemicals such as inorganic salts (zinc pyrithione), phenolic derivatives, antibiotics,
formaldehyde derivatives, dyes, and other compounds (triclosan) have been
employed to impart antimicrobial activity to textile fibers. However, these
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compounds are not environmental friendly and some have toxic effects. With the
public’s enhanced awareness of ecosafety, it is necessary to develop new strategies
including both the use of natural products and the concept of green chemistry.
Cyclodextrin molecules can be an ecofriendly alternative and used as finishing
agents. In this sector, their main characteristics are: ecofriendly nature, cost-
effectiveness and ease of production at large-scale, physicochemical (e.g. inclusion
complex forming ability, solubilizing activity, chelating activity, slow release of
fragrances) and biological (e.g. biocompatibility, biodegradability, drug carrier abil-
ity, insecticidal delivery) properties. These properties can be applied to different
areas of applications such as deodorant (odor absorption, stabilization of active
ingredients), fragrance/aroma, UV protection, water resistance, antimicrobial resis-
tance, flame retardancy, and also insect repellent. In general, cyclodextrins are
grafted in materials using binding and cross-linking agents. The comprehensive
reviews of Islam et al. (2013) and Voncina and Vivod (2013), and the previous works
by Hebeish and El-Hilw (2001), Martel et al. (2002), Romi et al. (2005), and Abdel-
Halim et al. (2010) can be consulted. Cyclodextrin is considered as a promising
reagent in textile finishing.

More and more research and practical use results also indicate that cyclodextrins
might also act as active compounds in functionalized textiles called cosmeto-
textiles. A cosmeto-textile allows the administration of active natural substances,
like vitamins, oils and therapeutic extracts, simply and controllably. Neither in cos-
metics nor textiles, the microencapsulated ingredients on cosmeto-textiles ensure
their slimming, hydrating or perfuming progressive effect on the skin. It can also be
used to change the surface properties of a fabric in order to make it self-cleaning,
hydrophobic or lipophobic. Cyclodextrins may function as encapsulating, dispers-
ing and levelling agents in the dyeing and washing of materials. Furthermore, as
already mentioned, they may be anchored to polymers and fibers in order to impart
target properties such as odor reduction, UV protection, or for the controlled release
of perfumes, aromas, substances with therapeutical effects like antimicrobial prop-
erties, and also mosquito repellents. The techniques used to functionalize materials
include microencapsulation, plasma, and sol-gel. The adhesion of the substances
that functionalize textiles can be achieved physically or chemically. Voncina and
Vivod (2013) reviewed the current state of the art concerning functionalization tech-
niques and the methods used to characterize a functionalized fabric.

Cosmeto-textiles meet an increasing demand on the market and the cosmetic and
textile industries are on the forefront of the research on this topic. These innovative
materials are increasingly used not only in these sectors but also in pharmaceutical
and medical industries, and in food packaging. Development of textiles with an
antimicrobial activity can be also useful for water and air treatment.
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1.2.9 Cyclodextrins and Separation Techniques

Chirality is an important modulator of the effects and properties of chiral substances
not only in pharmacology, agrochemistry, food and environmental chemistry but
also in all biological systems. As additives and/or chiral selectors, cyclodextrins and
their derivatives have been used extensively in separation science because they have
been shown to discriminate between positional isomers, functional groups, homo-
logues and enantiomers. This property makes them one of the most useful agents for
a wide variety of separations (Smolkova-Keulemansova 1982; Ward and Armstrong
1988; Han and Armstrong 1989; Sybilska and Zukowski 1989; Menges and
Armstrong 1991; Hilton and Armstrong 1991; Fanali 1993; Fanali et al. 1994;
Schneiderman and Stalcup 2000; He and Beesley 2005; Vetter and Bester 2006).
Cyclodextrin derivatives are more interesting than natives due to their higher solu-
bility and increased selectivity introduced by the presence of non-ionic or ionic
substituents on the cyclodextrin molecules. Cyclodextrins are used in liquid chro-
matography (LC), gas chromatography (GC), thin-layer chromatography, gel elec-
trophoresis, capillary electrophoresis, electrokinetic chromatography, dialysis,
separation on hollow fibers, solid- and liquid-phases extractions, liquid, gas and
supercritical fluid chromatography, separation through liquid and composite mem-
branes, and also molecularly imprinted polymers.

Although an important number of works have been published, the sector of
cyclodextrin-based chromatography and electrophoresis continues to interest the
scientific community (Hongdeng et al. 2011; Xiao et al. 2012; West 2014; Scriba
2016). The number of publications continues to grow not only in high performance
LC, ultra-high performance LC, capillary chromatography and GC, but also in
supercritical fluid chromatography (SFC). Actually, SFC is considered as a green
separation technique, as it avoids the use of organic mobile phase, and is an ideal
alternative technique with fast and efficient separation for the preparation and sepa-
ration of pure substances e.g. enantioselective separation, chiral extraction, etc.).

Xiao et al. (2012) reported various synthetic and functional groups immobiliza-
tion strategies of novel cyclodextrin chiral stationary phases for chromatography, in
particular for supercritical fluid chromatography. The authors concluded that the use
of high performance CD-based stationary phases for preparative supercritical fluid
chromatography will likely play an important role for future pharmaceutical indus-
try. The interest of supercritical fluid chromatography for screening methods and for
the preparative scale was also showed by West (2014). While the pharmaceutical
sector is the main application area of enantioselective separations, other industries
such as agrochemicals and fragrances are also concerned.

Scriba (2016) recently published an interesting update review on the contribu-
tions to the understanding of the binding mechanism between chiral selectors and
cyclodextrins in analytical enantioseparations dating between 2012 and early 2016.
The author showed that many tools are available nowadays to study the mechanism
of enantiorecognition including spectroscopic techniques (NMR) as well as molec-
ular modeling for the visualization and analysis of the dynamics of the process.
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Selectors such as cyclodextrins appeared advantageous due to the much broader
range of applications for structurally diverse analytes. Either random substituted
cyclodextrins, which are mixtures of isomers with similar structure, or single iso-
mer cyclodextrins are used. This high versatility makes cyclodextrins the first-
choice selectors. The single isomers have the advantage of uniform structure, while
the random substituted cyclodextrins often suffer from the batch-to-batch reproduc-
ibility (Li and Vigh 2004; Benkovics et al. 2016).

Lay et al. (2016) illustrated the exotic applications of imprinting techniques (IT)
employing cyclodextrins. The exploitation of IT could produce products of molecu-
larly imprinted polymers (MIP), which are very robust with long-term stability,
reliability, cost-efficiency, and selectivity. MIP containing either cyclodextrin or its
derivatives demonstrate superior binding effects for a target molecule e.g. steroi-
dals, amino acids, polysaccharides, drugs, plant hormones, proteins, pesticides, and
plastic additives. The authors concluded that cyclodextrins and their derivatives as
emerging single or binary functional monomers are a versatile tool in separation
science.

1.2.10 Cyclodextrins and Catalysis

Cyclodextrins have long been known to be good contributors to the development of
catalytic processes. They have been used for mass-transfer catalytic reactions and
for the production of new catalysts mimicking enzymatic activity (Macaev and
Boldescu 2015; Hong et al. 2015). The following classification for catalytic applica-
tions of cyclodextrins was proposed by Monflier’s group (Hapiot et al. 2006, 2011,
2014): (i) to significantly increase the rate and selectivity of reactions catalyzed by
water-soluble organometallic complexes; (ii) to design new water-soluble ligands
for aqueous organometallic catalysis; (iii) to stabilize catalytically-active noble
metal nanoparticles in water; and (iv) to facilitate reactions catalyzed by supported
metals or metallic powder in water. Cyclodextrins were used in organic synthesis as
promoters or catalysts of different reactions, as components of artificial enzymatic
systems, as stabilizers for the nanodimensional metallic catalysts. A comprehensive
collection of recent breakthroughs in aqueous cyclodextrin-assisted supramolecular
catalysis can be found in the review by Hapiot et al. (2014).

As already mentioned, cyclodextrins have been used as separating agents for
racemic mixtures or in chiral resolution of enantiomers. The formation of an inclu-
sion complex between the f-CD unit of a catalytic system and a substrate leads to
an increase of the local concentration of the latter and immobilizes it near the
catalytically-active center. As a result, acceleration in the reaction rate, higher sub-
strate selectivity, enantioselectivity and regioselectivity can often be achieved.
Recently, Macaev and Boldescu (2015) published a state-of-the-art of cyclodextrins
in asymmetric and stereospecific synthesis. Three topics were summarized: (1)
cyclodextrins’ complexes with transition metals as asymmetric and stereospecific
catalysts; (2) cyclodextrins’ non-metallic derivatives as asymmetric and
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stereospecific catalysts; and (3) cyclodextrins promoting asymmetric and stereospe-
cific catalysis in water. The authors concluded that cyclodextrins and their deriva-
tives can be a feasible alternative to traditional catalysts in a variety of reactions.
Particularly, cyclodextrins can play the role of nanoreactors in which the asymmet-
ric or stereospecific synthesis is facilitated. A wide range of stereospecific and
asymmetric reactions can be performed with the application of non-metallic deriva-
tives of cyclodextrins as catalysts. These include reactions of halogenation and
hydrohalogenation, oxidation, reduction, hydrogenation, aldol reactions, photoly-
sis, addition and substitution reactions. Finally, an interesting discussion was made
on the effects of different factors such as correlation between the substrate molecu-
lar dimensions and the cyclodextrin cavity size, geometry in the approach of the
substrate to the “active site”, influence of pH and temperature, on the enantioselec-
tivity of these reactions.

1.2.11 Cyclodextrin-based Supramolecular Architectures

Supramolecular chemistry was defined as “the chemistry of non-covalent interac-
tions” by the 1987 Nobel Prize Jean-Marie Lehn. These interactions can be used to
form new nanoassemblies for multiple applications. The state of the art reviews of
the design of complex macromolecular architectures based on cyclodextrin were
presented by Schmidt et al. (2014) and Dong et al. (2015), and comprehensively
discussed. In particular, by an elegant combination of dynamic/reversible structures
with exceptional functions, functional supramolecular polymers are attracting
increasing attention in various fields such as biomedical, e.g. gene transfection, pro-
tein delivery, bio-imaging and diagnosis, tissue engineering, and biomimetic chem-
istry, and material science (polymer science, nanotechnology). Although extensive
work has been done on cyclodextrin-based supramolecular architectures, future
research needs to take into account their precise physicochemical characterization
Wenz et al. 2006; Wenz 2009; Li 2009; Hapiot et al. 2006; Harada et al. 2009a,
2009b; Dong et al. 2011, 2015; Schmidt et al. 2014; Agostoni et al. 2015; Karim and
Loh 2016; Gontero et al. 2017; Valetti et al. 2017). Indeed, the understanding and
the design of supramolecular systems require a detailed characterization with
respect to stoichiometry, affinity, structure, heterogeneity, and supramolecular
dynamics.

1.2.12 Cyclodextrins and Sugar-based Surfactants

Carbohydrate-based surfactants are today an important class of amphiphilic com-
pounds which play an important role with both fundamental and practical applica-
tions. The growing interest in such compounds is due to, inter alia, their preparation
from renewable raw materials, their ready biodegradability and biocompatibility, as
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well as other more basic reasons of practical, economic and environmental order.
When complexed with cyclodextrins, carbohydrate-based surfactants considerably
increase their performance and potential application range (Dodziuk 2006;
Villalonga et al. 2007; Li et al. 2011). The formation of CD/surfactant host-guest
compounds leads to an increase in the critical micelle concentration and in the solu-
bility of surfactants. The use of these new systems is promising as reported by
Valente and Soderman (2014).

1.2.13 Cyclodextrins and Click Chemistry

Click chemistry describes a family of modular, efficient, versatile and reliable reac-
tions which have acquired a pivotal role as one of the most useful synthetic tools for
functionalization of cyclodextrins with a potentially broad range of applications
(Faugeras et al. 2012; Dondoni and Marra 2012; Schmidt et al. 2014; Hou et al.
2016). Cyclodextrins modified by the click reaction are building blocks of super-
structures used for drug delivery systems (Venturini et al. 2008; Zhou and Ritter
2010; Nielsen et al. 2010), for the modification of macromolecular surfaces
(Celebioglu et al. 2014a), for the preparation of cyclodextrin dimers and trimers
(Mourer et al. 2008; Tungala et al. 2013), and for the generation of various glyco-
conjugates (glycopeptides, glycodendrimers, etc.) (Kushwaha et al. 2013; Dodziuk
2006; Bilensoy 2011). A tutorial review with the recent development in thiol-ene
coupling for peptide glycosylation was published by Dondoni and Marra (2012).
Cyclodextrins will play a very important role in all these new developments.

1.2.14 Cyclodextrins and Agrochemistry

An interesting sector for cyclodextrins is agrochemistry (Ho et al. 2014; Campos
et al. 2015; Yusoff et al. 2016). Development of environmentally-friendly pesticides
for sustainable agriculture is a key focus in the agrochemical industry. Identifying
novel active ingredients and improving the delivery system of an active ingredient
are the main challenges in developing new agrochemical formulations. Conventional
formulations of agrochemicals are likely to contaminate the environment and there
is a need for controlled-release formulations of agrochemicals to reduce pollution
and health hazards. Strategies for the control of delivery systems for slow and sus-
tained release of agrochemicals are of great interest to environmental scientists. In
this context, the selection of materials to be used as carrier agents in agrochemical
formulations is crucial. In recent years, the efficacy of cyclodextrins for pesticide
formulations has been evaluated. Cyclodextrins can effectively encapsulate or bind
the pesticide’s active ingredients in the material’s matrix with a sustained release
profile and slow mobility in soil (Yusoff et al. 2016). It is well-known that cyclodex-
trin molecules form complexes with a wide variety of agricultural substances such
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as insecticides, fungicides, herbicides, repellents, pheromones, and growth regula-
tors (Szente and Szejtli 1996; Morillo 2006; Luca and Grigoriu 2007; Venturini
et al. 2008). This is at the origin of many benefits: modification of the physico-
chemical properties of the included guest, i.e., physical state, stability, solubility,
and bioavailability, stabilization against the effects of light or biochemical
degradation, and reduction of volatility. All these benefits are interesting during the
preparation of the commercial formulations. It is important to note that most of
the pesticides-CD inclusion complexes studied in the literature have used p-CD
because of its lower price, and most of the published papers related to pesticides are
not directly practice-oriented (Garrido et al. 2014; Fernandes et al. 2014).

1.2.15 Electrospinning of Functional Nanofibers
with Cyclodextrins

Electrospinning (ES) is one of the most useful techniques for nanofibers (NF) pro-
duction due to its versatility and cost-effectiveness. Discovered in the early 1900’s,
ES is a long-known polymer processing technique that has recently been rediscov-
ered to produce nanofibers/nanowebs in order to create many products for medical
(medical devices, tissue engineering scaffolds), textile (clothing) and environmental
(filtration media, membranes) applications. Nanofibers also represent high potential
in other fields such as sensors, electronics, energy and biotechnology. The principle
is simple: ES is an electro-hydrodynamic process in which a charged polymer jet is
collected on a grounded collector; a rapidly rotating collector results in aligned
nanofibers while stationary collectors result in randomly oriented fiber mats. The
polymer jet is formed when an applied electrostatic charge overcomes the surface
tension of the solution. There is a minimum concentration for a given polymer,
termed the critical entanglement concentration, below which a stable jet cannot be
achieved and no nanofiber will form - although nanoparticles may be achieved
(electrospray). The characteristics of nanofibers such as high surface-to-volume,
porous structure, controllable fiber diameter and variety of morphologies (core-
shell, hollow, porous) can be manipulated by changing the parameters of the process
(i.e. viscosity, conductivity, flow rate, concentration, solvent and needle type). The
ultra-fine fibers are 1000 times smaller than a single human hair and range from
about ten nanometers to few microns in diameter. ES nanofibers possess several
remarkable characteristics such as very large surface-to-volume ratio, high porosity
within the nanoscale, and unique physical and mechanical properties along with the
flexibility for chemical/physical (multi-)functionalization. These properties and
multi-functionality make them favorable candidates in many areas including tex-
tiles, energy, sensors, electronics, healthcare, environmental (filtration), food, pack-
aging, and also agriculture.

A literature data survey shows that studies mostly focused on polymeric nanofi-
bers and their functionalization. Indeed, electrospinning of nanofibers from polymer
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solution is very common since entanglements and overlapping between macromo-
lecular chains play crucial role for uniform fiber formation. Polymers have to pos-
sess high molecular weight and high polymer concentrations are desirable.
Numerous polymers including polystyrene, polyester, cellulose acetate, polylactic
acid, polycaprolactone, and polyethylene oxide were studied. However, polymer-
based nanofibers production requires organic solvents and this causes some prob-
lems in specific applications.

Recently, electrospinning of functional nanofibers with cyclodextrin molecules
was proposed, and an important contribution was made by Uyar’s group on this
topic (Celebioglu and Uyar 2012, 2013a, 2013b; Kayaci and Uyar 2012, 2014;
Kayaci et al. 2013a, 2013b, 2013c, 2014, 2015; Celebioglu et al. 2014a, 2014b,
2016; Keskin et al. 2015a, 2015b; Aytac et al. 2015, 2016a, 2016b; Aytac and Uyar
2016, 2017; Senthamizhan et al. 2016). Functional nanofibers incorporating cyclo-
dextrin were developed via ES using different polymers and reactions (cross-linking,
grafting, click chemistry). Cyclodextrin molecules were also proposed to produce
nanofibers without using any polymer carrier because cyclodextrin can form aggre-
gates via intermolecular hydrogen bonding in their concentrated solutions or poly-
meric structures through cross-linked reactions. The functionalization of nanofibers
with cyclodextrins and cyclodextrin inclusion complexes (denoted CD-ICs) is
extremely attractive since electrospun nanofibers/nanowebs containing cyclodex-
trins and/or CD-ICs have unique characteristics that can potentially improve and
broaden the application areas of cyclodextrins and electrospun nanofibers. Uyar and
his research team proposed various materials: CD functionalized electrospinning
polymeric nanofibers, molecular filters based on cyclodextrin functionalized elec-
trospinning polymeric nanofibers, electrospinning of nanofibers from cyclodextrins,
and electrospinning of CD-ICs nanofibers. Various applications were target of
including functional materials for textile and medical textile, drug delivery, control
release of antibacterials, packaging and food applications, complexation and micro-
encapsulation (essential oils, antioxidants), and environmental purposes (e.g. filtra-
tion, purification and separation processes).

By means of the electrospinning technique, Uyar’s group have successfully pro-
duced cyclodextrin functionalized polymeric nanofibers using polymers such as
polystyrene, polymethylmethacrylate and polyethylene oxide. These polymers were
blended with o-, B- and y-cyclodextrins and electrospinning into uniform nanofi-
bers. The authors noted that the addition of cyclodextrin in the polymer solutions
facilitated the ability to produce electrospun nanofibers from polymer solutions at
low polymer concentration yielding in bead-free and uniform nanofibers.
Cyclodextrin molecules were homogeneously distributed within the polymer matrix
without forming phase separated crystalline aggregates. However, the choice of
polymeric matrix is important in which polymer chains should not make inclusion
complexation with cyclodextrin cavity and therefore cyclodextrin will be available
for further complexation depending on the application target. Uyar’s group also
demonstrated that the combination of cyclodextrins and the electrospinning nanofi-
bers can potentially increase the efficiency of filters by facilitating complex forma-
tion with organic compounds and the very high surface area of the nanofibers.
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1.2.16 Cyclodextrins and Remediation

In the last two decades, cyclodextrins as complexing agents have attracted consider-
able attention in environmental science in terms of removal of pollutants present in
all environmental compartments, soils, air, waters and wastewaters, and sediments.
Cyclodextrins can be used in soluble or insoluble form. In general, the removal of
pollutants is mainly accounted for by the formation of inclusion processes due to
cyclodextrin molecules and the specific structure of the material containing CDs
used. Different materials have been proposed such as insoluble polymers, e.g. cross-
linked structures, hydrogels and nanosponges, functionalized materials, e.g. poly-
mers, silica and organic resins, organic-inorganic systems, membranes, and
nanofibers (Crini and Morcellet 2002; Fakayode et al. 2007; Kozlowski and Sliwa
2010; Landy et al. 2012a, 2012b; Atteia et al. 2013; Morin-Crini and Crini 2014;
Morin-Crini et al. 2015).

Soil flushing using cyclodextrin-based aqueous solutions was employed to solu-
bilize pollutants. Cyclodextrin molecules are used as additives to enhance efficien-
cies and reduce the treatment time compared to the use of water alone or conventional
surfactants. The review by Atteia et al. (2013) can be consulted on this topic.

Cyclodextrins found their role in the environmental risk management. Both risk
assessment and risk reduction technologies may benefit from the CD’s ability of
forming inclusion complexes with the typical organic contaminants in soils as
reported by Gruiz et al. (2011) and Fenyvesi et al. (2016). The solubility enhance-
ment of these compounds of usually poor water solubility can be utilized. Extraction
of soils with aqueous solutions of well soluble cyclodextrin derivatives (HP-p-CD
or RAMEB, randomly methylated-f-CD) gives information on the contaminant
fraction easy to mobilize. As this fraction is the most available for the soil microbes,
extracting the soil with HP-B-CD solution is considered as a measure of the bio-
available, biodegradable fraction. Nowadays, this method has become a part of the
everyday protocol to predict the microbial bioavailability of organic pollutants of
soils.

The aim of the risk reduction technologies is not only the removal of the con-
taminant from the soil but also destroying the polluting compounds by chemical or
biological means. These technologies have improved economic parameters when
performed in situ (no need of transporting the soil or its extract). Both in sifu chemi-
cal oxidation and microbial degradation show improved efficiency when combined
with CD flushing. The lab-scale experiments with various pollutants including
monoaromatics such as benzene, toluene, ethylbenzene and xylenes, and BTEX,
polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB), and
motor oil proved that the bioavailability of the contaminants in bioremediation tech-
nologies is enhanced. RAMEB has a catalytic effect in in sifu chemical oxidation of
chlorinated solvents such as trichloroethylene. Several strictly controlled field dem-
onstrations of the technologies showed that CD flushing can be adjusted to the cur-
rent running technologies without special technical difficulties. The benefits are
clear: saving time compared to the traditional technologies which may pay off the
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price of cyclodextrin. The vivid soil life proved that cyclodextrins were nontoxic
adjuvants enhancing the bioavailability of the nutrients as well. The biodegradabil-
ity of the cyclodextrin derivatives used in soil remediation is pre-requisite of their
application. The cyclodextrin derivatives were degraded in a lower rate compared to
the underivatized ones. However, even the less degradable RAMEB was slowly
degraded by the microflora of contaminated soils.

Cyclodextrin-based materials for water and wastewater treatment include cross-
linked polymers and nanosponges, membranes, nanofibers, and functionalized sys-
tems such as polymers, silica, and organic resins. Morin-Crini and Crini (2013)
reviewed the developments in the use of cross-linked cyclodextrin-based polymers
as complexing polymeric matrices for pollutant removal by oriented-adsorption
processes. The authors summarized the features of these polymers and how they
were used in decontamination applications. Numerous interesting studies on the
treatment of real effluents can be found in the literature (Nagy et al. 2014; Khaoulani
et al. 2015; Morin-Crini et al. 2015; Charles et al. 2016; Euvrard et al. 2016; Han
et al. 2016; Alsbaiee et al. 2016). Imprinting technology (IT) makes possible to
develop sorbents with extremely high specificity (Lay et al. 2016). Cyclodextrin-
containing molecular imprinting polymers and cyclodextrins grafted to the surface
of silica or other support via IT offer multiple binding sites with tunable surface
properties for sorption of selected chemicals, e.g. perfluorinated compounds
(Karoyo and Wilson 2015).

Nanofibers containing cyclodextrin molecules are another interesting material
for pollutant removal. All the results published by Uyar’s group demonstrated that
these new materials may have high potential to be used as air filters for the removal
of organic vapor wastes, adsorbents/filters for pollutant removal from aqueous solu-
tions, and also drug delivery system. The pollutants studied include dyes (Keskin
et al. 2015a, 2015b), volatile organic compounds (VOC) (Celebioglu et al. 2016;
Kayaci et al. 2015; Kayaci and Uyar 2014), aromatic derivatives such as PAH
(Celebioglu et al. 2014a; Kayaci et al. 2013a; b; c), triclosan (Celebioglu et al.
2014b), metals (Senthamizhan et al. 2016) and drugs (Aytac et al. 2015). Electrospun
nanofibers without having cyclodextrin were ineffective for entrapment of pollut-
ants whereas cyclodextrin-based nanofibrous membranes can effectively entrap pol-
lutants by taking advantage of the high surface-volume ratio of nanofibers with the
added advantage of inclusion complexation capability of cyclodextrins presenting
on the nanofiber surface. Uyar’s group proposed cyclodextrin functionalized cellu-
lose acetate nanofibers prepared by combining electrospinning and click reaction as
efficient adsorbent for the purpose of water purification and wastewater treatment
containing PAH molecules (Celebioglu et al. 2014a). First, cyclodextrin molecules
and cellulose acetate nanofibers were modified to obtain azide-CD and propargyl-
terminated nanofibers, respectively. Then, click chemistry reaction was performed
between these two derivatives to obtain permanent grafting of cyclodextrin mole-
cules onto nanofibers surface. Click chemistry can be an interesting alternative to
modify the surface of nanofibers because these reactions showed high yields. The
adsorption capacity of cyclodextrin-grafted electrospun cellulose acetate nanofibers
were determined by removing phenanthrene as guest model present in aqueous
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solutions. The material exhibited high adsorption properties and all the results were
interpreted using adsorption surface due to the high surface area of nanofibers and
chemisorption via inclusion complexation. Another alternative proposed was to pre-
polymerize cyclodextrin onto electrospun polyester nanofibers using citric acid as
cross-linking agent. However, although, nanofibers have shown enhanced mechani-
cal and thermal properties, their surface areas were less important (Kayaci and Uyar
2012). Uyar’s group also published a series of papers on the electrospinning of
nanofibers from non-polymeric systems such as native cyclodextrin molecules
(Celebioglu and Uyar 2013a, 2013b, Celebioglu and Uyar 2012; Celebioglu et al.
2016). They have successfully performed electrospinning of nanofibers from a-CD,
B-CD and y-CD molecules and their derivatives (such as hydroxypropyl or methyl
derivatives) without using a carrier polymer matrix. Similar to polymeric systems,
the electrospinning of cyclodextrin solutions resulted in different morphologies and
average fiber diameters depending on the cyclodextrin type and cyclodextrin con-
centration. Also, the success of the electrospinning of the cyclodextrin-nanofibers
strongly depends on type of solvent (water, DMF) and intermolecular interactions
between the cyclodextrin molecules. The existence of cyclodextrin aggregates via
hydrogen bonding and very high solution viscosity and viscoelastic solid-like
behavior of cyclodextrin solutions were found to be the key factors for obtaining
bead-free nanofibers from cyclodextrin. The addition of urea disrupted cyclodextrin
aggregates and lowered the viscosity significantly, and therefore, the urea-added
cyclodextrin solutions yielded beaded fibers and/or beads. Using XRD data, the
authors showed that electrospun cyclodextrin-nanofibers have amorphous charac-
teristic without showing any particular orientation or crystalline aggregation of
cyclodextrin molecules. Celebioglu and Uyar (2013b) demonstrated that y-CD
nanofibers were efficient for entrapping of aniline and toluene as guest VOC models
by inclusion complexation whereas y-CD in powder form did not show any entrap-
ment ability. The driving forces of inclusion complex formation proposed were
electrostatic interactions, Van der Waals contributions and hydrogen bonding. The
inclusion complexation ability of cyclodextrin molecules was combined with very
high surface area and versatile features of nanofibers. The authors concluded that
electrospun cyclodextrin-nanofibers could serve as useful filtering material for air
filtration purposes due to their molecular entrapment capability of volatile organic
compounds.

There are several other interesting works for synthesizing membranes and nano-
fibers containing cyclodextrins (Meng et al. 2014; Xiao et al. 2014; Ghemati and
Aliouche 2014; Zhao et al. 2015; Zhang et al. 2015; Wu et al. 2015a; Norena-Caro
and Alvarez-Lainez 2016; Wei et al. 2016; Costoya et al. 2017). For example,
Norena-Caro and Alvarez-Lainez (2016) proposed two different methods for the
production of electrospun polyacrylonitrile (PAN) nanofibers containing cyclodex-
trin capable of capturing formaldehyde, a common indoor pollutant. The former
comprised the addition of cyclodextrins to PAN/dimethyl sulfoxide solutions and
the subsequent electrospinning of the mixture. The latter involved the crosslinking
of cyclodextrins on electrospun PAN fibers by alkaline hydrolysis and esterification
with citric acid. The results showed that both functionalized nanofibers might be
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used for indoor air purification. However, functionalized fibers obtained by addition
of cyclodextrins were more effective for capturing formaldehyde than fibers
obtained by crosslinking of cyclodextrins.

Cyclodextrin-functionalized silica networks used as adsorbents/filters for envi-
ronmental applications has recently received a lot of attention as reported by Gibson
(2014), Samiey et al. (2014), Lee and Park (2015), Dinker and Kulkarni (2015),
Vunain et al. (2016), Mahmud and Wilson (2016), and Yamamoto and Kuroda
(2016). Two main class of materials have been proposed: cyclodextrin-functionalized
silicas prepared through grafting reactions and cyclodextrin-silica hybrid systems
prepared through sol-gel or self-assembly process. These materials could be applied
in the elimination, enrichment and detection of environmental pollutants in air and
water samples.

Actually, fundamental research is also focusing on cyclodextrin-based nanopar-
ticles for environmental applications (Taka et al. 2017). Indeed, nanosponges have
not only been explored for their pharmaceutical applications but for water purifica-
tion and wastewater treatment (Landy et al. 2012a; Tong and Chen 2013; Taka et al.
2017). This emerging technology of cyclodextrin-based nanosponges is expected to
provide technical solutions to water treatment.

To conclude, the environmental application of cyclodextrins was one of the
focuses of the 18" International Cyclodextrin Symposium held in Gainesville on
May 19-21, 2016. Two of the 4 invited lectures, 7 of 24 oral presentations and 6 of
31 posters were related to this topic. However, in spite of numerous results, publica-
tions, and patents, cyclodextrins are still not used for soil remediation and water
treatment. Why? It is difficult to respond.

1.2.17 Cyclodextrins: Other Interesting Selected Reviews
and Works

Szente et al. (2016) published a comprehensive overview on the methods used for
analysis of cyclodextrins and their derivatives. The paper intends to act as a guide
for the readers in looking around the classical and modern instrumental analytical
methods suitable for identification, characterization and determination of cyclodex-
trins themselves, cyclodextrins in finished products or even in biological samples. A
thorough analytical characterization of cyclodextrin complexes is of fundamental
importance to provide an adequate support in selection of the most suitable cyclo-
dextrin for each guest molecule, and also in view of possible future marketing of
drug-cyclodextrin formulations for example. However, the analytical characteriza-
tion of drug-cyclodextrin solid systems and the assessment of the actual inclusion
complex formation is not a simple task and involves the combined use of several
analytical techniques as reported by Mura (2015). In this review, the author also
presented a general prospect of the principal analytical techniques which can be
employed for a suitable characterization of drug-cyclodextrin systems in the solid
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state, evidencing their respective potential advantages and limits. The applications
of each examined technique were described and discussed by pertinent examples
from literature.

Curcumionoids such as curcumin and related compounds are well-known, in
particular in South Asia for their antioxidant, antibacterial, antifungal, anticancer
and anti-inflammatory effects. Curcumin/CD formulations for application as food
supplement are on the market. Recently, the benefits in cystic fibrosis and Alzheimer
disease have also been proved in cellular and animal models (Higdon and Drake
2014). Curcumin is an oil-soluble polyphenol pigment, practically insoluble in
water at acidic and neutral pH, but soluble in alkali. It has low bioavailability owing
to the poor aqueous solubility. Recent studies showed that natural cyclodextrin mol-
ecules can enhance notably the solubility of curcumin. This result in enhanced bio-
availability and improved clinical effects (e.g. aggregation of curcumin/CD complex
in spherical nanoparticles form helps the cell penetration). Complexation with
cyclodextrins also protects from decomposition upon UV-exposure. Further results
on prostate cancers are expected in the near future (Boztas et al. 2013; Zhang et al.
2016).

Rezanka (2016) recently reviewed monosubstituted cyclodextrin derivatives
with particular focus on the synthesis of allyl, cinnamyl, propargyl, formylmethyl,
carboxymethyl, azido and amino derivatives. Synthesis and modification methods
of magnetic chitosan materials containing cyclodextrins were reviewed along with
some interesting applications in analytical separations by Tong and Chen (2013).
Magnetic nanoparticles grafted with cyclodextrin were developed for various appli-
cations, such as solid phase extraction that is for sample concentration prior analy-
sis, for magnetoresponsive drug delivery (Banerjee and Chen 2008) and for magnetic
manipulation of cholesterol removal (Hordk et al. 2017).

The advances in the developments of supramolecular hydrogels based on the
polypseudorotaxanes and polyrotaxanes formed by inclusion complexes of cyclo-
dextrins threading onto polymer chains were detailed by Li (2009). Both physical
and chemical hydrogels of many different types were discussed with respect to their
preparation, structure, property, and gelation mechanism. A large number of physi-
cal supramolecular hydrogels were formed induced by self-assembly of densely
packed cyclodextrin rings threaded on polymer or copolymer chains acting as phys-
ical crosslinking points. The thermo-reversible and thixotropic properties of these
hydrogels had inspired their applications as injectable drug delivery systems. Slide-
ring gels of extreme swelling capacity are formed by threading cyclodextrin poly-
mers onto polymer backbones (Kali et al. 2015; Murakami et al. 2017). Chemical
supramolecular hydrogels synthesized from polypseudorotaxanes and polyrotax-
anes were based on the chemical crosslinking of either the cyclodextrin molecules
or the included polymer chains. The chemical supramolecular hydrogels were often
made biodegradable through incorporation of hydrolyzable threading polymers, end
caps, or cross-linkers, for their potential applications as biomaterials.

While interactions of cyclodextrins with metal ions have been studied for
decades, structurally well-defined systems are relatively rare and the application of
cyclodextrin-based functional materials is in its initial phase. The review published
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by Prochowicz et al. (2016) focuses on the synthesis, reactivity and structural diver-
sity of well-defined metal complexes derived essentially from native cyclodextrins.
Various structural motifs for metal complexes based on cyclodextrins were delin-
eated ranging from monomeric species, dinuclear systems, homo- and heterometal-
lic sandwich-type complexes to cylindrical, extended structures. The reported
examples are discussed with an emphasis placed on how the character of used metal
or auxiliary ions, and the formation of intra- and/or intermolecular hydrogen bonds
can influence the mode of aggregation and supramolecular arrangement of the
resulting metal complexes.

Letort et al. (2016) provided an update on the current use of cyclodextrins against
organophosphorus compound intoxications. Organophosphorus pesticides and
nerve agents play a determinant role in the inhibition of cholinesterases. The cyclic
structure of cyclodextrin molecules and their toroidal shape are perfectly suitable to
design new chemical scavengers able to trap and hydrolyze the organophosphorus
compounds before they reach their biological target.

Cyclodextrin-based nanosponges found a broad range of applications. However,
their structural and dynamic characterization is still a challenge, mainly due to their
amorphous state. Mele’s group demonstrated that NMR spectroscopy, especially
high resolution magic angle spinning techniques, is an interesting tool to obtain
information not only on their structure but also on the dynamics of organic mole-
cules encapsulated in these polymeric hydrogels (Mallard et al. 2015; Ferro et al.
2014, 2016).

1.3 Conclusion

This chapter gives an overview of recent selected works on cyclodextrins used in
various fields. Large-scale applications of cyclodextrins have been made possible
by their ease of production and low cost, in particular for the native molecules, non-
toxicity, biocompatibility and their ability to form inclusion complexes. This is the
basis for their applications in the pharmaceutical, food, and cosmetic industries.
Other practical and industrial applications have been reported in other sectors such
as chromatography and biomedicine. The increasing number of publications on
cyclodextrins shows that there is always an increasing interest in these molecules
and their applications from academic and practical point of views. The emergence
of cyclodextrins as active and smart molecules rather than complexing molecules in
numerous cosmetic, textile, therapeutic and biomedical products seems to be the
next step in the development of cyclodextrin technology. Further studies, contribu-
tions, and industrial developments are expected in the near future in the following
domains: catalysis, bacterial resistance, anticancer drugs (chemotherapy), magnetic
resonance imaging, biotechnology, e.g. biotransformation, fermentation processing,
enzyme models, peptide and protein delivery, material science, e.g. wrapping mate-
rials and packaging, cosmeto-textiles, agrochemistry, and sensor applications.
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