IntechOpen

Cyclodextrin
A Versatile Ingredient

Edited by Poonam Arova and Neelima Dhingra

"~







CYCLODEXTRIN - A
VERSATILE INGREDIENT

Edited by Poonam Arora
and Neelima Dhingra



Cyclodextrin - A Versatile Ingredient
http://dx.doi.org/10.5772/intechopen.69187
Edited by Poonam Arora and Neelima Dhingra

Contributors

Laura Romero-Zerdn, Xingzhi Jiang, Hidetoshi Arima, Agustin G. Asuero, Julia Martin, Enrique Jacobo Diaz-Montafia,
Pinalysa Cosma, Paola Semeraro, José Antonio Gabaldon, José Antonio Pellicer, Paola Fini, Vito Rizzi, Estrella Nunez,
Charlotte Bonisiwe Seshabela, Mandla Brian Chabalala, Bhekie Mamba, Sabelo Mhlanga, Edward Nxumalo, Artur
Valente, Tania Firmino Cova, Sandra M. A. Cruz, Paulo Abreu, Jorge Marques, Alberto Pais, Bruno Medronho, Anabela
Romano, Sandra Gongalves, Raquel Rodriguez-Solana, Jesus Simal-Gandara, Jaruporn Rakmai, Benjamas Cheirsilp,
Antonio Cid, Ana Torrado-Agrasar, Juan C. Mejuto, Marcio Anténio Fiori, Francieli Dalcanton, Ana Paula Capelezzo,
Laura Cassol Mohr, Josiane Maria Muneron De Mello, Mohsen M. Zareh, Juan Eduardo Megias-Vericat, Maria José
Company-Albir, Ana Alejandra Garcia-Robles, Jose Luis Poveda, Aida Maria Gongalves Moreira Da Silva

© The Editor(s) and the Author(s) 2018

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without
INTECHOPEN LIMITED's written permission. Enquiries concerning the use of the book should be directed to
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen

eBook (PDF) Published by IntechOpen, 2019

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number:
11086078, The Shard, 25th floor, 32 London Bridge Street

London, SE195G - United Kingdom

Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Cyclodextrin - A Versatile Ingredient
Edited by Poonam Arora and Neelima Dhingra

p.cm.
Print ISBN 978-1-78923-068-0

Online ISBN 978-1-78923-069-7
eBook (PDF) ISBN 978-1-83881-379-6


http://dx.doi.org/10.5772/intechopen.69187

We are IntechOpen,
the first native scientific
publisher of Open Access books

3,400+ 109,000+ 115M+

Open access books available International authors and editors Downloads

Our authors are among the

151 Top1% 12.2%

Countries delivered to most cited scientists Contributors from top 500 universities

WTE ANg
& “’),
()

Y BOOK
CITATION
INDEX

NDEXE®

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editors

Dr. Poonam Arora is presently working as an Assistant
Professor at GHG Khalsa College of Pharmacy, Gu-
rusar Sadhar, Ludhiana, Punjab, India. She obtained her
Bachelor of Pharmacy and Master of Pharmacy (Phar-
maceutical Chemistry) degrees from Panjab University,
Chandigarh, India, and PhD (Pharmaceutical Chem-
istry) degree in 2011 from the same institute. She has
more than 10 years of teaching and research experience. Her major areas of
research are cyclodextrin complexation studies of pharmaceutical drugs,
polymorph/solvatomorph studies, and design and synthesis of cocrystals
and eutectic mixtures. Her research work has been credited with 2 national
patents and more than 30 research and review articles in peer-reviewed
national and international journals. Besides this, she has one book and two
book chapters to her credit.

Dr. Neelima Dhingra has been associated with the
University Institute of Pharmaceutical Sciences, Pan-

! jab University, Chandigarh, for the past 23 years. She
Y ,"é, P received her PhD (2007), master’s (2000), and bachelor’s
v (1998) degrees in Pharmaceutical Sciences, and she then
H joined the same institute as an Assistant Professor (2007)
in the Department of Pharmaceutical Chemistry. She is
an expert Medicinal Chemist and synthesizes new chemical entities after
relating molecular biology and pharmacology of hormone-dependent can-
cers (prostate/breast/lung). She has published over thirty scientific articles
in peer-reviewed journals, one book, and one book chapter and holds two
US and two European patents in new molecules as cytotoxic agents. She
has been conferred with a DST Young Scientist Award and a UGC Basic
Scientific Research Grant and eight national and one international awards
in the field of cancer research. Dr. Neelima Dhingra is a lifetime member
of various national scientific bodies like APTI, IPGA, PAS, PUPS, IABMS,
and SPER; is an active reviewer and an editorial board member of various
national/international journals.






Contents

Section 1

Chapter 1

Chapter 2

Section 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Preface XI
Cyclodextrins: An Overview 1

Cyclodextrins: Past and Present 3
Julia Martin, Enrique Jacobo Diaz-Montafia and Agustin G. Asuero

Aggregation of Cyclodextrins: Fundamental Issues and
Applications 45

Tania F.G.G. Cova, Sandra M.A. Cruz, Artur J.M. Valente, Paulo E.
Abreu, Jorge M.C. Marques and Alberto A.C.C. Pais

Applications of Cyclodextrins 67

Interactions between Bio-Based Compounds and
Cyclodextrins 69

Bruno Filipe Figueiras Medronho, Sandra Gongalves, Raquel
Rodriguez-Solana, Artur J.M. Valente and Anabela Romano

Use of 2-Hydroxypropyl-Beta-Cyclodextrin for Niemann-Pick
Type C Disease 95

Juan Eduardo Megias-Vericat, Maria José Company-Albir, Ana
Alejandra Garcia-Robles and José Luis Poveda

Room at the Top as well as at the Bottom: Structure of
Functional Food Inclusion Compounds 119
Aida Moreira da Silva

Cyclodextrin-Based Nanofibers and Membranes: Fabrication,
Properties and Applications 135

Mandla B. Chabalala, Bonisiwe C. Seshabela, Stijn W.H. Van Hulle,
Bhekie B. Mamba, Sabelo D. Mhlanga and Edward N. Nxumalo



X Contents

Chapter 7 B-Cyclodextrins as Encapsulating Agents of Essential Oils 169
Ana Paula Capelezzo, Laura Cassol Mohr, Francieli Dalcanton,
Josiane Maria Muneron de Mello and Marcio Antonio Fiori

Chapter 8 Advanced Polymer-Surfactant Systems via
Self-Assembling 201
Laura Romero-Zerdn and Xingzhi Jiang

Chapter9  Supramolecular Polymer-Surfactant System for Heavy Oil
Recovery 225
Laura Romero-Zerdn and Xingzhi Jiang

Chapter 10 Promising Use of Cyclodextrin-Based Non-Viral Vectors for
Gene and Oligonucleotide Drugs 239
Ahmed F.A. Mohammed, Keiichi Motoyama, Taishi Higashi and
Hidetoshi Arima

Chapter 11 Encapsulation of Essential Oils by Cyclodextrins:
Characterization and Evaluation 263
Jaruporn Rakmai, Benjamas Cheirsilp, Antonio Cid, Ana Torrado-
Agrasar, Juan Carlos Mejuto and Jesus Simal-Gandara

Chapter 12 B-Cyclodextrin as an lonophore for Membrane Electrode 291
Mohsen M. Zareh

Chapter 13 Removal of an Azo Textile Dye from Wastewater by
Cyclodextrin-Epichlorohydrin Polymers 303
Paola Semeraro, José Antonio Gabalddn, Paola Fini, Estrella Nuriez,
José Antonio Pellicer, Vito Rizzi and Pinalysa Cosma



Preface

The history of cyclodextrins (CDs) began in France in the late nineteenth century, and they
were obtained from the enzymatic degradation of one of the most essential polysaccharides,
starch. Their remarkable inclusion complexation properties led to a “host-guest”-type rela-
tionship, thus modifying or improving the physicochemical properties and/or bioavailabili-
ty characteristics of the guest molecules. Negligible cytotoxic effects enabled scientists and
researchers to explore their applications ranging from pharmaceutical to biotechnology in-
dustries. Further expansion of their application in the different field of cosmetics, food, agri-
culture, textile, separation process, analytical methods, catalysis, environment protection,
and diagnostics was made possible by the production of the three CDs known as “native,”
that is, a-CD, 3-CD, and y-CD.

The book Cyclodextrin - A Versatile Ingredient is the result of collective work that addresses, in
a clear and comprehensive way for readers, the fundamental aspects of CDs as well as their
applications. Twelve chapters have been placed under two heads. The first section deals
with the overview of the properties of cyclodextrins along with primary issues related to
aggregation, whereas specific applications in various fields are covered in the second sec-
tion, for further advancement in the physical sciences. Efforts have been made to provide an
invaluable resource and pedagogical support for academician in general and researchers in
specific as well as for industrial scientists with the introduction of the latest ongoing trends
in research with cyclodextrins.

The Editors are thankful to all the contributors of this book for their cooperation. My special
thanks go to Ms. Marina Dusevic, Publishing Process Manager, and InTechOpen Publishing
for bringing out the book in the present form.

Dr. Poonam Arora (MPharm, PhD)
GHG Khalsa Colleges

Gurusar Sadhar, Ludhiana

India

Dr. Neelima Dhingra (MPharm, PhD)
University Institute of Pharmaceutical Sciences
University Institute of Pharmaceutical Sciences

Panjab University, Chandigarh
India
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Chapter 1

Cyclodextrins: Past and Present

Julia Martin, Enrique Jacobo Diaz-Montafia and
Agustin G. Asuero

Additional information is available at the end of the chapter
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Abstract

Cyclodextrins (CDs) are cyclic oligosaccharides produced by enzymatic degradation of
starch. The most common CDs are the main natural ones, a, 3 and vy, which are consti-
tuted of 6, 7 and 8 glucopyranose units, respectively. The CD structure forms a torus or
doughnut ring and the molecule actually exists as a truncated cone. The outer side of the
toroid is hydrophilic in nature due to the hydroxyl groups of the glucopyranose units
while the internal cavity is relatively apolar. Thus, CDs have a high potential to entrap
entirely or partially a wide variety of compounds in a process known as complexation.
This gives them new physico-chemical properties and characteristics. The main appli-
cations of CDs in drug formulation rely on CD complexation and include the protec-
tion of easily oxidizable molecules or the improvement of aqueous solubility. The use of
CDs in analytical chemistry is based on his host-guest recognition property, known as
supramolecular complex formation. Currently, CDs are successfully used in molecular
recognition-based methods like chromatographic separations, spectroscopic and electro-
analyses. Quiral analytical separations are a CD area of special relevance. In this work,
attention is paid to more recent references, especially to selected reviews.

Keywords: cyclodextrins, applications, encapsulation, controlled release, nano, food,
cosmetic

1. Introduction

Cyclodextrins (CDs) at times referred as Schardinger sugars or cycloamylose dextrins, were
fortuitously discovered [1, 2] by Vielliers in 1891, who named these compounds as “cellulos-
ing.” Later on Schardinger, who is considered the founder of CD chemistry, gave a detailed
description about preparation and separation of CD and, more recently, Kurkov and Loftsson
[3] also made significant contributions to CD science.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



4 Cyclodextrin - A Versatile Ingredient

Franz Schardinger, studying microorganisms which play a role in the deterioration of
foods and by action of cyclodextrinase-Bacillus macerans amylase on the starch, obtained
two distinct crystalline substances with similar properties to the already known partial
degradation products of starch, the dextrins, so he named them a-, and B-dextrin. The
separation of the cycloalkyls may be carried out by selective precipitation by means of
organic compounds or by high temperature chromatography on a cellulose column.
French et al. demonstrated that CDs are cyclic oligosaccharides composed of several D-(+)-
glucopyranose units in the form of a saddle [4]. In the second half of the 1930s, Freudenberg
and his co-workers elucidated the cyclic structure of a-, and B-dextrin [5]. They consist
of (a-1,4)-linked glucose units. A Greek letter preceding the abbreviation CD—for cyclo-
dextrin—indicates the number of glucose units (a for 6, 3 for 7, and vy for 8) entering the
composition of the cycloamylose. CDs constituted of less than 6 glucopyranose units can-
not be formed due to steric hindrances [6]. Approximately, 1500 CD derivatives have been
reported [7] in the literature.

CDs have a truncated cone appearance [7-12], and a doughnut, toroidal- or cylinder-like
shape, due to the spatial arrangement characteristic of the various functional groups of the
glucose units. As a consequence of this conformation, all the secondary hydroxyl groups (cor-
responding to the C2 and C3 carbon atoms of the glucose units) are at one of the edges of the
cavity, whereas the primary hydroxyls are in the other end of the cavity. Rotation of these
—OH groups reduces the effective size of the cavity, making it have a more open conical trun-
cated aspect [13] toward the side of the secondary hydroxyls (Figures 1 and 2).

This spatial arrangement gives an apolar character to the interior of the cavity, whereas
the presence of the -OH groups at the edges of the cone trunk makes them very water
soluble. For instance, hydrophobic hosts will be housed inside the cavity because of the
hydrophobic van der Waals type interactions, whereas simultaneously polar interactions

Figure 1. Molecular structure of (a) a, (b) , and (c) y-CDs.
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Figure 2. Steric structures of molecules from (a) «, (b) 3, and (c) y-CDs.

can be established by the formation of hydrogen bridges between polar hosts and ~-OH of
the primary hydroxyls. An endless number of physical and chemical processes [10, 14] are
usually facilitated, that is, volatile substances may be stabilized by transforming in crystal-
line substances; oxygen-sensitive materials could find protection against oxidation; solubil-
ity and bioavailability of drugs could be improved [15-20] by participating in controlled
delivery processes.

CDs have been the subject of a large number of studies dealing with complexation and molec-
ular catalysis [21-25], as well as studies about hydrophobic effects and fine-tune models of
biological processes. In 1953, the first patent on CDs and complexes was registered, but until
1970, only small amounts of relatively pure CDs were produced for industrial use due to their
high production cost. Although in the beginning it was erroneously thought that CDs were
toxic, currently, it is difficult to imagine a world without CDs [3] due to their potential use
[26]. The number of possible applications seems to be unlimited, i.e., computer-aided drug
design, pharmaceutical, medical, biomedical and biotechnological, drug and gene delivery,
foods, foods additives and ingredients, food processing, cosmetic, textiles, industrial and ana-
lytical. Currently, patents on CDs are counted by thousands.

2. Inclusion complexes

An inherent interest surrounds these compounds due to their physical and chemicals proper-
ties [26-38]. The common feature of CDs is their ability to form inclusion complexes with a
variety of molecules and ions, both in the solid state (crystalline substances) and in solution.
As results of the structure of CDs, they can establish apolar-apolar interactions encapsulating
other apolar molecules which may undergo structural changes [33-38], acting as molecular
capsules [27-32]. However, the idea that one molecule could envelop another one to form a

5
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new compound (adduct, inclusion complex) was not accepted until X-ray diffraction showed
the formation of an inclusion complex between a-CD and iodine [37]. They constitute a sig-
nificant example of relatively simple organic compounds showing complex formation with
other organic molecules. They are excellent models of enzymes that lead to their use as cata-
lysts [21, 24, 39], both in enzymatic and non-enzymatic reactions. Additionally, they are natu-
ral products and readily available to most researchers.

It is accepted [18, 38, 40—-43] that the binding forces involved in complex formation are, in
general:

i. van der Waals type interactions (or hydrophobic interactions) between the hydrophobic
unit of the guest molecules and the CD cavity.

ii. Hydrogen bond between the polar functional groups of the guest molecules and the hy-
droxyl groups of the CD.

iii. Release of high energy water molecules from the cavity in the complex formation process.
iv. Release of strain energy into the ring structure system of the CD.
The role of the hydrogen bond is not universal since stable complexes are formed with hosts

such as benzene, which do not form hydrogen bonds.

2.1. Factors affecting stability

Regardless of which type of stabilizing force is involved, the most important factors in deter-
mining the stability of the inclusion complex are [36, 40-45]:

the geometric capability
polarity of the guest molecules
the medium

temperature

Geometric, rather than chemical factors, are critical in determining the type of “guest” mol-
ecules that can penetrate into the cavity. If the guest is too small, it passes easily through the
cavity and the bond will be weak or will not occur. The formation of complexes with mol-
ecules significantly larger than the cavity is also possible, but only some limited groups or
side chains penetrate into the CD cavity.

The stability of an inclusion complex also depends on the polarity of the “guest” molecule.
Only substrates that are less polar than water may form inclusion complexes with the CDs.
The stability of a complex is proportional to the hydrophobic character of the “guest” mol-
ecule. Highly hydrophilic molecules form complex CDs very weakly or do not complex at all.

On the other hand, stability depends heavily on the nature of the medium used for complex-
ation. In principle, the inclusion complexes may be formed either in solution [46-49] (generally
carried out in the presence of water) or in the crystalline [40, 50-52] state. Although the forma-
tion of inclusion complexes also takes place [53] in an organic solvent, the guest molecules
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are weakly complexed. Additionally, although a 1:1 stoichiometry between the substrate and
the CD molecule is typical [46, 54-56], with certain systems (Figure 3), 1:2 and 2:1 complex
formations are possible. Experimentally determined formation constant can be the function
(Figure 4) of the formation constants of the isomeric complexes [46]. In addition, substitu-
tion of one or more hydroxyls results in most cases in better water-soluble derivatives. For
example, CDs can be polymerized [32, 36, 40, 42, 44, 45, 57] by suitable bio- or polyfunctional
agents to oligomers, long-chain polymers or crosslinked or immobilized networks in vari-
ous supports. Low molecular weight oligomeric CDs are readily soluble in water. Polymers
(molecular mass over 10,000) are swollen gels which can be prepared in bead forms. The rigid
structure of CDs “host” translates into well-defined and differentiated inclusion complex
depending on the nature of the “guest” molecule.

Y Q%WD Y

Figure 3. Complexes of a-CDs and 1,4-disubstituted benzene [13].

X~ )Y

=1 yCoreding

f W\

o) AR

Figure 4. Isomeric complexes from substrate and free ligand [55].
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Finally, the stability of the inclusion complex, in general, decreases when temperature
increases [46]. Enthalpy and entropy changes can be obtained from the temperature depen-
dence of the equilibrium constant. An important issue, often overlooked in the CD field, is
that the magnitudes of the standard free energy and entropy changes are dependent on the
standard state chosen by the experimentalist.

3. Analytical and physicochemical applications

In the last years, CDs and their derivatives have been used in a variety of fields of analytical
chemistry, especially in analytical separations [45, 58-63]. Spectral properties of CD and guest
molecules can be altered due to the changes of the electrons distribution in the CD hole. CDs
are used as reagent in different analyses such as UV-visible spectrophotometry, fluorescence
[64, 65], phosphorescence [66, 67], and nuclear magnetic resonance methods [45, 68, 69].

The complexation of the analyte and/or the colored reagent can effectively change its prop-
erties. Among the most notable uses of this effect are: (i) enhancing the solubility of polar
or non-polar analyte; (ii) enhancing the stability in polar or non-polar solution of reagents
and colored complexes; (iii) increasing UV-visible absorption which improves the sensitiv-
ity of the colored reactions; and (iv) enhancing colored reactions selectivity. Luminescence
techniques, in terms of fluorimetry and phosphorimetry, have reached a rapid development
in routine analysis. However, many compounds luminesce very weakly in aqueous solution
and the addition of CDs protects the excited (singlet or triplet) states of the possible dampers
present in the solution since the rotation of the molecules is impeded due to the formation of
the complex of inclusion with the result of a decrease in vibrational relaxation processes. The
formation of inclusion complexes also increases the quantum fluorescence yield and hence
the fluorescence intensities of numerous compounds. Sensitivity to certain characteristic reac-
tions also increases.

CDs also increase the emission intensity of the chemiluminescent reactions. This improve-
ment can be attributed to a number of factors, including an increase in the reaction rate and
a greater efficiency in the process of excitation and protection of species that emit quench-
ing phenomena. One of the most relevant applications of CDs is to allow the observation of
phosphorescence at room temperature [67]. This is because they protect the excited triplet
state of the molecules of the shock absorbers present in the solution, and in the case of
molecular quenching phosphorescence. They are used as chiral reagents in NMR. In many
cases, the formation of inclusion compounds modifies the general characteristics and chemi-
cal shifts of two enantiomers. Differences in the chemical shifts of two diastereoisomers
can be used for the determination of the isomeric purity of the samples. The formation of
inclusion complexes can very significantly modify the redox characteristics [13, 70, 71] of
the included molecules. Voltammetric sensors capable of responding to anionic compounds
have been developed. The changes produced after the complexation (selective interac-
tion) allow the voltammetry to be used in the study of the complexation between CDs and
organic molecules.
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CDs increase the selectivity of chromatographic separations [72-74], because the separa-
tion process is more selective than that between the eluent and the stationary phase alone.
In HPLC, the application of the CDs has achieved a spectacular success. Their incorpora-
tion into the mobile phase allows improving the separations, since they are soluble in water
and provide reversible and selective complexation. In addition, they are stable and show no
absorption in the UV-visible region of the electromagnetic spectrum. These characteristics
mean that CDs are generally used in reverse phase separation processes, achieving the sepa-
ration of isomers, diastereoisomers, and enantiomers [75-78]. The high resolution obtained
is due to the differences in the stability constants of the complexes in the mobile phase and
the different adsorption of these complexes in the stationary phase. CDs may also be incor-
porated as support for the stationary phases. Capillary electrophoresis has also found use in
chiral analytical separations [79-82].

4. A primer on pharmaceutical, food and cosmetic cyclodextrin
studies

4.1. Bioavailability

CDs have mainly been used as complexing agents to improve the aqueous solubility of mol-
ecules. This allows the use of CDs to reduce or prevent gastrointestinal or ocular irritation
by lowering the local concentration of the free drug below the irritancy threshold. Also,
unpleasant odor or taste of drugs can be hidden by complexation of the functional groups
that produce them with CDs, occulting them from the sensory receptors [83-85], furthermore,
reducing their hydrophobicity using CDs. Finally, CDs can increase percutaneous or rectal
absorption of drugs and their derivatives can increase the guest molecule bioavailability [84].
Recently, CDs and their derivatives have been used in dispersed vehicle systems such as
emulsions, microcapsules, microspheres, nanospheres, nanocapsules, liposomes, and beads
[86]. Additionally, the host-guest property allows CDs to be used as building blocks in supra-
molecular chemistry [7]. Suvarna et al. [87] explain an insight in the use of CDs to increase
the bioavailability to resolve the problem of solubility and stability of phytochemicals. The
authors describe that some chemicals as quercetin, curcumin, arteminsinin, resveratrol or
naringenin increased their bioavailability due to the inclusion complexes with CDs. Authors
concluded that CDs need to be more explored to cover some molecules that have potential
biological activity but have not been approached.

4.2. Encapsulation

The encapsulation with CDs is gaining interest in different industries; this is reflected in the
large number of publication and products related with it, such as drug delivery systems
[7, 35]. This capacity of encapsulating compounds is used for a wide variety of things, among
them is to protect the compounds, or to transport them to a target. This ability is due to the
toroidal shape of CDs which makes possible to encapsulate hydrophobic molecules fully or
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partially in their cavity [14, 35]. This characteristic let the CDs being used for oral, sublin-
gual, ocular, nasal, rectal, pulmonary, dermal, and other drug delivery systems, especially
in systems of type 1/1 (one molecule per CD). The encapsulation with CDs enhanced the
bioavailability of lipophilic drugs, as they are 17B-estradiol, androstenediol, clomipramine,
and others. A limitation of CD in sublingual route is that the quantity used for a proper for-
mulation is too large to be considered. This increase in the bioavailability is also observed in
the oral route for drugs such as diltiazem, flufenamic acid, molsidomine, salbutamol, having
all of them a sustained release [88].

4.3. Controlled release

In order to optimize pharmacotherapy, drug release should be controlled in accordance with
the therapeutic purpose and the pharmacological properties of the active substances. In recent
years, the interest regarding the control of rate or time of delivery has significantly increased
[88]. The multifunctional characteristics of CDs allow them to be used in most drug deliv-
ery systems [84]. The design process of drug delivery systems is currently more focused on
the oral route, in which the release of the drug can be controlled by dissolution, diffusion,
osmosis, density or pH. Challa et al. [89] give several examples of different uses in oral deliv-
ery. The use of 3-CD increased the bioavailability of ketoprofen, terfenadine, and griseoful-
vin; but, the same CD, also demonstrated higher intensity or longer duration of therapeutic
activity in tolbutamide or terfenadine. Although there are different effects depending on the
modified CD used, for example, the solubility and dissolution rate can be increased using
HP-B-CD, for drugs as albendazole, ketoprofen, phenytoin, and gliclazide; or an improve-
ment of hydrolysis stability y-CD, for drugs as digoxin, camptothesin and paclitaxel. For oral
administration, all CDs can be used because they are not toxic.

4.4. Nano

The improvement of the efficacy and bioavailability of poorly soluble drugs can be achieved
by nanoparticles, which are stable systems that are used to create drug delivery systems
[83]. Nanoparticles are 100-10,000 times smaller than human cells and their uses revolu-
tionize diagnosis, treatment, therapeutic efficacy, and patient compliance [83, 90]. However,
nanoparticles are limited by their low drug loading and entrapment ability, which compro-
mises their safety and efficacy [84]. The use of CDs as a polymer increases the loading capacity
of nanoparticle systems [89]. Furthermore, the optimal drug bioavailability and biodistribu-
tion can be achieved with a proper manipulation of physico-chemical and biological mecha-
nisms, which can be provided by the hybrid functionalities of CD nanosystems [91]. A new
class of colloidal polymer is nanosponges, which consist of solid nanoparticles with colloidal
shape and nanocavities. Examples of nanosponges are those based on CDs. It should be noted
that the type, number, and position of the substituent on the CD affect the complexation abil-
ity of nanosponges. Thus, it is crucial to know which CD derivative to use. Tejashri et al. [92]
expose the use of CD to make nanosponge, and the use of it to load drugs and use as carriers.
The crosslinking of CDs with compounds, as carbonyl or dicarboxylate, creates the different
types of nanosponge, polyamide, carbonate, etc. Authors concluded that this novel class of
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CD-based nanosponge let drugs to be released in a controlled form at the target place, and its
spherical shape let nanosponge to be administered as parental, aerosol, topical, tablets, and
capsules forms.

4.5. Food

In last years the application of CDs in the food-industry have increased mainly due to the
use of them as a protective agent against oxygen, to protect flavor of volatile compounds,
to enriched food with vitamins and color components (such as anthocyanins) or to stabilize
them [93, 94]. Another advantage for the food industry is that CD are tasteless, odorless, and
non-caloric saccharides, and that they have an antidiabetic effect due to their low glycemic
index and their capability to decrease the glycemic index of the food, and also to improve the
cholesterol index. Human gastrointestinal enzymes cannot digest them, so it can be used as a
dietary fiber, which is fermented by microflora, what makes them a prebiotic compound. All
these properties make them nutraceuticals and bioactive food supplements [95, 96]. Lépez-
Nicolas et al. [97] analyzed the positive effects of CDs in the encapsulation of antioxidant, and
the repercussion on important factors as K, or pH values. They also reviewed the antioxidant
capacity of CDs, but they concluded that there is a necessity of more studies in this aspect.

4.6. Cosmetic

The cosmetic industry is looking for products with a good biological activity and adequate
delivery on the skin [98]. The applications of CDs in cosmetics are similar to the pharmaceuti-
cal ones, e.g., stabilizing substances or increasing their solubility [99-101]. Centini et al. [98]
associated ferulic acid, which is a photoprotector agent and an antioxidant compound, and
CD. However, ferulic acid is not too much used due to the instability of it in the presence of
air, UV-light, and heat; so, the aim of the work was to enhance the physico-chemical stabil-
ity. The authors concluded that the complex ferulic acid/CD have a better photostability and
do not generate degradation products. Buschmann and Schollmeyer [99] explained the use
of CD against the vaporization of slow release of the volatile compounds in perfumes; or
the opposite, they also explained the use of CD to eliminate undesired odors, such as mer-
capto derivate used in waving lotion. More applications will become possible when CDs price
decreases. CDs can also be used in the textile industry as depots of cosmetic molecules pro-
viding new cosmetic formulations.

4.7. Miscellaneous applications of cyclodextrins: tabular form

A more detailed picture of most recent selected applications in various areas, ranging from
general reviews to inclusion complexes, metal and organometallic complexes, food, phar-
maceutical, pharmacological, medical and biomedical, environmental chemistry, personal
care and toiletry, industrial, nanotechnological, industrial and analytical applications to
enzyme, biomimetic, bioactive assembles and recognition, as well as miscellaneous appli-
cations is compiled in Table 1, which gives an idea of the importance and relevance of the
CDs field. Figure 5 shows the number of publications cited per year, whereas in Figure 6,
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Content

Authors

Refs.

General reviews

Overview about the work carried out on CDs concerning with: the
general characteristics of CDs and derivatives, the preparation and
evaluation of inclusion complexes, the use of CDs in the preparation
of drug delivery systems, and their use for the preparation of
biomaterials and nanoparticles.

Comprehensive overview on the methods used for analysis of CDs
and CD-derivatives. The paper intends to act as a guide in looking
around the classical and modern instrumental analytical methods
suitable for identification, characterization and determination of CDs
themselves, CDs in finished products or even in biological samples.

Current review on various aspects of CDs with regard to

their chemical characteristics, properties, approaches used for
complexation, characterization techniques, uses along with and future
potential.

Pharmaceutical applications of CDs with an emphasis on their
solubilizing properties, their tendency to self-assemble to form
aggregates, CD ternary complexes, and their metabolism and
pharmacokinetics.

Overview about several aspects related to the physico-chemical
properties of CDs and their potential applications illustrated by recent
examples.

Inclusion complexation and CDs: physicochemical parameters of
the guest molecule and improvements in the molecule’s solubility,
stability, taste, safety, bioavailability, etc.

CDs and their use in industrial products, technologies and analytical
methods.

Overview about past, present, and future of CD research. Potential
uses of CDs in pharmaceuticals, foods, cosmetics, and chemical
products and technologies.

CDs: structure, complex formation, drug solubility and non-
conventional CD complexes.

Scientific and technological aspects of CDs: from computational
chemistry to industrial uses of CDs.

History (the three stages in the development of CD chemistry),
fundamentals of CD chemistry and future trends.

The properties and potential uses of CD derivatives: dimethyl- and
dimethyl-BCD (DIMEB and TRIMEB).

Catalyses by CDs leading to practical usages: covalent, non-covalent
and asymmetric catalyses by CDs.

Inclusion complexes

The inclusion complex of oxyresveratrol in modified CDs: a
thermodynamic, structural, physicochemical, fluorescent and
computational study.

Duchéne and Bochot (2016)

Szente et al. (2016)

Khan and Durakshan (2013)

Kurkov and Loftsson (2013)

Venturini et al. (2008)

Mosher and Thompson (2007)

Martin del Valle (2004)

Szejtli (2004)

Loftsson (2002)

D’souza and Lipkowitz (1998)

Szejtli (1998)

Szejtli (1992)

Bender and Komiyama (1978)

Matencio et al. (2017)

(14]

[2]

(71

(3

[102]

[103]

[93]

[26]

9]

[104]

[105]

[106]

[107]

[108]
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Content

Authors

Refs.

Summary of method for inclusion complex formation of CD with its
guests and its applications.

Literature review to characterize the formation of inclusion complexes

by different techniques in the solid and in the solution state
complexation.

Use of CDs as complexing agents to enhance the solubility of poorly
soluble drugs and hence to resolve the many issues associated with
developing and commercializing poorly water-soluble drugs.

Survey of crystal structures of pure CD hosts and CD inclusion
compounds carried out during the last six years. The entries range
from simple alkylated derivatives to elegant multi-substituted target
CD molecules, with and without included guests.

CD inclusion of four phenylurea herbicides: determination of complex

stoichiometries and stability constants using solution '"H NMR
spectroscopy.

Comparison of the inclusion complexation between host and guest in

CD chemistry with the coordination interaction between central ion
(M*) and ligands in coordination chemistry.

Threading CDs molecules onto polymer chains to form crystalline
inclusion complexes organized by non-covalent interactions.

Practical considerations in development of solid dosage forms that
contain CD.

CD inclusion complexes with a solvatochromic fluorescent probe:
an undergraduate physical chemistry lab experiment to establish

the solvatochromic nature of PRODAN and then use the changes

in the emission spectra upon inclusion in 3- or y-CD to determine
stoichiometry and formation constants for the complexes.

Some applications of CD/ substrate inclusion complexes.

Determination of thermodynamic parameters of the CD inclusion
processes: an undergraduate physical chemistry lab experiment.

Complexation thermodynamics of CDs.

Applications of CDs to pharmaceutical industry and chemical
catalysis. Analytical applications are also considered, since CDs
inclusion improves the sensitivity and selectivity of most analytical
methods.

-CD inclusion complexes with iodine: an advanced and inexpensive

undergraduate chemistry experiment.

Critical overview about past, present and future of CDs: properties,
studies on CD inclusion compounds and its applications.

Metal and organometallic complexes

Synthesis, reactivity and structural diversity of well-defined metal
complexes derived essentially from native CDs. Structural motifs for
metal complexes based on CDs: from monomeric species, dinuclear
systems, homo- and heterometallic sandwich-type complexes to
cylindrical, extended structures.

Cheirsilp and Rakmai (2016)

Maazaoui and Abderrahim
(2015)

Chaudhary and Patel (2013)

Caira (2011)

Smith et al. (2010)

Song et al. (2009)

Martinez and Gomez (2007)

Miller et al. (2007)

Baker et al. (2002)

Crini et al. (2001)

Valero et al. (1999)

Rekharsky and Inoue (1998)

Murioz-Botella et al. (1995)

Diaz et al. (1994)

Davies et al. (1983)

Prochowic et al. (2016)

(42]

[44]

[16]

[40]

[69]

(36]

[109]

[110]

[111]

[8]
[112]

[113]
[37]

[114]

[115]

[116]
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Content

Authors

Refs.

Overview of recent advances of CD catalyzed reactions, which is
organized in the order of the following reaction types: the modified
CD catalyzed organic reaction, CD catalyzed organic reaction of metal
ion present, CD catalyzed organic reaction without metal ion, and CD
catalyzed organic reactions in application of asymmetric synthesis and
photochemical reactions.

Research and application of CDs and their derivatives in asymmetric
and stereospecific syntheses, with their division into three main
groups: (1) CDs promoting asymmetric and stereospecific catalysis
in water; (2) CDs’ complexes with transition metals as asymmetric
and stereospecific catalysts; and (3) CDs’ non-metallic derivatives as
asymmetric and stereospecific catalysts.

Preparation and analysis of CD-based metal-organic frameworks:
laboratory experiments adaptable for high school students.

Selectively functionalized CDs and their metal complexes: recent
applications as chiral receptors and catalytic center in the mimicking
of metalloenzymes.

Metal complexing properties of native CDs (including deprotonation
in alkaline medium) and a report on some recent results on
composition and stability of metal-CD complexes.

CDs as supramolecular hosts for organometallic complexes.
Food applications

Complexation of poorly water-soluble phytochemicals (flavonoids,
phenolic derivatives, coumestans to triterpenes) with CDs to
improve their aqueous solubility, stability, rate of dissolution and
bioavailability.

CDs in food technology and human nutrition: benefits and limitations.
The recent applications of CDs for reducing unwanted components,
such as trans-fats, allergens, mycotoxins, acrylamides, bitter
compounds, as well as in smart active packaging of foods are also
overviewed.

History, chemistry, methods of complexation and application of
CDs into different areas, particularly in the pharmaceutical and food
industry.

Properties, enzymatic production, and food applications of a-CD, as
well as its differences with - and y-CDs.

Studies on the complexes formed between several important types of
antioxidant compounds and CDs.

Applications of CDs as food additives and in food processing:
transport of previously nontransportable foods and prevention of the
spread of microbial infections.

CDs as novel solutions for the food industry concerning with their role
as dietary fiber, in food and drink with health-promoting additives,
protect sensitive ingredients, improve taste and odor, or their
positively influence to the texture and consistency of food.

Factors controlling flavors binding constants to CDs and their
applications in foods.

Hong et al. (2015)

Macaev and Boldescu (2015)

Smith et al. (2015)

Bellia et al. (2009)

Norkus (2009)

Hapiot et al. (2006)

Suvarna et al. (2017)

Fenyvesi et al. (2016)

Maazaoui and Abderrahim
(2015)

Li et al. (2014)

Lépez-Nicolas et al. (2014)

Martina et al. (2013)

Zipp (2012)

Astray et al. (2010)

[117]

[118]

[49]

[119]

[120]

[121]

[87]

[95]

[44]

[122]

[97]

[123]

[96]

[124]
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Authors Refs.

CD encapsulation of essential oils and volatiles: methods for the
preparation of inclusion complexes, analytical techniques and
applications.

Practical aspects of the utilization of CDs and CD inclusion
compounds to food manufacture, focusing on the technical advantages
of their use in food processing and as food additives.

Use of CDs in the food industry: properties from a technological
point of view, such as solubility and their capability to form inclusion
complexes are described.

Isolation and identification of native and branched-type (glucosylated
and maltosylated) CDs in different enzyme- and heat-processed
starch-containing food products.

Practical aspects of the utilization of CDs and CD complexes in the
food industry: molecular encapsulation of lipophilic food ingredients,
long-term storage stability and technological advantages and food
processing technologies.

CDs: application to food processing.
Pharmaceutical applications
Reviews

CDs: history, chemical structure, synthesis, physicochemical
properties, uses, complexation phenomenon, approaches for making
inclusion complexes, and its characterisation, advantages of inclusion
complexes, mechanism of drug release, regulatory status and its
applications.

Basic science information and data on the development of drugs in
CD-containing formulations.

Critical review about experimental methods for determination of the
binding constant between CD and a guest molecule.

Historical development of CDs with emphasis on their use in
pharmaceutical formulations.

CD-based pharmaceutics: past, present and future applications.

CDs: structure, complex formation and drug solubility and non-
conventional CD complexes.

Main impetus for the research into CD-drug combinations.
Delivery release

Application of CD nanosystems for oral drug delivery: strategies
for the synthesis of these nanosystems, and their potential for
the intelligent navigation of the gastrointestinal tract for optimal
bioavailability and biodistribution.

CD-mediated hierarchical self-assembly and its potential in drug
delivery applications.

Supramolecular nanostructures based on CD and poly(ethylene
oxide): syntheses, structural characterizations and applications for
drug delivery.

Cabral Marques (2010) [33]

Moreira da Silva (2009) [125]

Astray et al. (2009) [94]

Szente et al. (2006) [35]

Szente and Szejtli (2004) [126]

Yoshii (2004) [127]

Kanaka Durga Devi et al. (2010)  [83]

Loftsson and Brewster (2010) [128]
Funasaki et al. (2008) [10]
Loftsson and Duchéne (2007) [129]
Davis and Brewster (2004) [130]
Loftsson (2002) [9]
Fromming and Szejtli (1994) [131]
Adeoye et al. (2017) [91]
Antoniuk and Amiel (2016) [132]
Zheng and Wyman (2016) [133]

15
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Content Authors Refs.

Recent advances in drug delivery techniques utilizing CDs, and cyclic ~ Arima et al. (2015) [134]
oligosaccharides consisting of a-1,4-linked a-D-glucopyranose units.

Especially, drug delivery system consisting of combination systems of

CDs and functional materials such as dendrimer, liposome and PEG

are introduced.

Relationship between CDs structure and physicochemical Bonnet et al. (2015) [135]
characteristics: self assembly and drug delivery. Importance of the

nanoparticle technology preparation for the stability and application

of this nanodevice.

CD-based carriers for delivery of chemotherapeutic cytotoxic Gidwani and Vyas (2015) [90]
anticancer drugs.

CD-based delivery systems for arthritic diseases: from development to Nascimento et al. (2015) [136]
experimental therapeutics.

A vision for CD nanoparticles in drug delivery systems and Lakkakula and Krause (2014) [137]
pharmaceutical applications.

CD containing biodegradable particles: from preparation to drug Zafar et al. (2014) [138]
delivery applications.

State of the art and recent advances in the construction of CD-based Zhang and Ma (2013) [139]
assemblies and their applications for controlled drug delivery.

CD in drug delivery: complexing agents, bioavailability and industrial ~Chordiya Mayur and [86]
applications. Senthilkumaran (2012)

Recent developments of CDs in drug delivery using various routes of ~ Laza-Knoerr et al. (2010) [140]
administration.

Advantages of CD inclusion complexation, effects on important Tiwari et al. (2010) [84]

drug properties in formulation and applications in delivery systems
(oral drug, rectal dug, nasal drug, transdermal drug, ocular drug,
controlled and targeted drug, peptide and protein delivery, gene and
oligonucleotide delivery, dermal and transdermal delivery, brain drug
delivery or brain targetting).

CD-based supramolecular architectures: syntheses, structures, and Li and Loh (2008) [141]
applications for drug and gene delivery.

Applications of CDs and their derivatives in different areas of drug Rasheed et al. (2008) [88]
delivery: parenteral, oral, ophthalmic and nasal drug delivery. Other

routes including dermal, rectal, sublingual and pulmonary delivery

are also briefly addressed.

Applications and comparative benefits of use of CDs and their Vyas et al. (2008) [142]
derivatives in the design of novel delivery systems like liposomes,

microspheres, microcapsules, nanoparticles, CD grafted cellulosic

fabric, hydrogels, nano- sponges, beads, nanogels/nanoassemblies and

CD-containing polymers.

The utility of CDs for enhancing oral bioavailability. Carrier et al. (2007) [143]

CDs as cosmetic delivery systems: study of ferulic acid/ CD Centini et al. (2007) [98]
association complexes at the light of its possible use as sunscreen.

Effects of hydrophilic CDs on drug permeation through membranes Loftsson et al. (2007) [144]
and possible mechanism of action based on the current knowledge of

the structural characteristics of water and the unstirred water layer

juxtaposed to the membrane of interest.
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Authors

Refs.

Interesting findings and applications of CDs and their derivatives in
different areas of drug delivery, particularly in protein and peptide
drug delivery and gene delivery. Applications in the design of various
novel delivery systems like liposomes, microspheres, microcapsules,
and nanoparticles.

CDs in drug delivery. Pharmaceutical products worldwide containing
drug/CD complexes on the market.

Recent findings and applications of both unmodified and modified
CD:s for in vivo drug delivery. Use of CDs for parenteral, oral,
ophthalmic, and nasal drug delivery. Other routes including dermal,
rectal, and pulmonary delivery are also briefly addressed.

Carrier

Potential therapeutic application of dendrimer/CD conjugates with
targeting ligands as advanced carriers for gene and oligonucleotide
drugs.

Drug carrier systems based on CD supramolecular assemblies and
polymers: present and perspectives.

CD-based polymeric nanoparticles as efficient carriers for anticancer
drugs.

Potential use of chemically modified CDs as high-performance drug
carriers in drug delivery systems with emphasis on the more recent
developments.

CD drug carrier systems: characteristics, improvements of drug
properties by CD complexation and CD-based drug delivery systems.

Solubilization and permeation

CDs in pharmaceutical formulations: solubilization, binding constant,
and complexation efficiency.

Use of CDs as complexing agents to enhance the solubility of
poorly soluble drugs and issues associated with developing and
commercializing poorly water soluble drugs.

Pharmaceutical applications of CDs: effects on drug permeation
through biological membranes.

General background to the use of CD as solubilizers as well as
highlight kinetic and thermodynamic tools and parameters useful in
the study of drug solubilization by CDs.

CDs as solubilizers as well as highlight kinetic and thermodynamic
tools and parameters useful in the study of drug solubilization

Protein

Use of CDs and their derivatives as antiaggregant agents in a number
of proteins and some multimeric enzymes.

CD-based multivalent glycodisplays: covalent and supramolecular
conjugates to assess carbohydrate-protein interactions.

CD interactions with protein-like structures in order to describe their
possible applications in the formulation of pharmaceutical proteins.

Challa et al. (2005)

Loftsson et al. (2005)

Rajewski and Stella (1996)

Arima et al. (2017)

Gonzalez-Gaitano et al. (2017)

Duchéne et al. (2016)

Rasheed et al. (2008)

Uekama et al. (1998)

Jambhekar and Breen (2016)

Chaudhary and Patel (2014)

Loftsson and Brewster (2011)

Brewster and Loftsson (2007)

Loftsson and Brewster (1996)

Oliveri and Vecchio (2016)

Martinez et al. (2013)

Varca et al. (2010)

(89]

[145]

[54]

[146]

[147]

[148]

(88]

[149]

(18]

(16]

[150]

(15]

(19]

[151]

[152]

[153]
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Content Authors Refs.
Encapsulation
Encapsulation of CD/drug inclusion complex into conventional, Gharib et al. (2015) [154]

deformable and double loaded liposomes: characteristics of these
systems and advantages and disadvantages of each one.

Encapsulation of biocides by CDs: toward synergistic effects against Nardello-Rataj and Leclercq [34]
pathogens. (2014)
Use of CDs as encapsulating agents for bioactive plant molecules in Pinho et al. (2014) [35]

the pharmaceutical field.

Excipients
Background review for CDs used as excipients. EMA/CHMP/333892/ (2013) [155]
CDs as functional excipients: methods to enhance complexation Loftsson and Brewster (2012) [156]
efficiency.

Formulations

CDs in pharmaceutical formulations: structure and physicochemical Jambhekar and Breen (2016) [17]
properties, formation of complexes, and types of complex.

Evaluation of CDs drug complexes in pharmaceutical formulation: Akasha et al. (2014) [157]
preparation of sodium valproate phenytoin sodium/ 3-CD inclusion

complex in a trial to stabilize the drug against moisture absorption

and forming non-hygroscopic powders and preparation of phenytoin

sodium/B-CD inclusion complex in a trial to stabilize the drug against

moisture absorption and mask its bitter taste.

CDs in topical drug formulations: drug delivery from aqueous CD Loftsson and Masson, (2001) [158]
solutions by diffusion and membrane controlled.

Miscellaneous

Types of fluorophores which have been used for CD tagging: synthetic Benkovics et al. (2017) [159]

strategies used for the conjugation and pharmaceutical applications
of these ‘visualized” macrocycles including their use in photodynamic

therapy.

CDs’ legacy as complexing agents and future prospects of this class di Cagno and Pio (2017) [160]
of chemical entities in pharmaceutics as new active pharmaceutical

ingredients.

Use of CD in the different routes of drug administration. Shimpi et al. (2005) [161]
Recent findings on the safety profiles of three natural CDs and Irie and Hekama (1997) [162]

several chemically modified CDs: stability against non-enzymatic
and enzymatic degradations in various body fluids and tissue
homogenates and their pharmacokinetics via parenteral, oral,
transmucosal, and dermal routes of administration.

Pharmacology

Production, physiochemical properties, pharmacokinetics, toxicity and Saokham et al. (2017) [15]
applications of y-CD and its derivatives.

Interactions between CDs and cellular components: medical Leclercq (2016) [163]
applications.

Inclusion of terpenes in CDs: preparation, characterization and Lima et al. (2016) [164]

pharmacological approaches.
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Self-assembly of CDs and their complexes in aqueous solutions. Ryzhakov et al. (2016) [48]
Diagnostic utility of flow cytometry and improvement of rocuronium- Takazawa et al. (2016) [165]
induced anaphylaxis with the use of sugammadex.

Sugammadex for reversal of rocuronium-induced neuromuscular Won et al. (2016) [166]
blockade in pediatric patients: a systematic review and meta-analysis.

Improving the therapeutic response of analgesic drugs by CDs. De Oliveira et al. (2015) [167]
Types of CDs, and their efficacy, physicochemical properties and Lakkakula and Krause (2014) [137]
transformation into nanoparticles with interesting in vitro and in vivo

applications.

Potential therapeutic use of CDs and CD nanoparticles in Vecsernyés et al. (2014) [168]
neurodegenerative diseases, stroke, neuroinfections and brain tumors.

Basic and clinical pharmacology of sulfobutylether-3-CD. Loftsson and Brewster (2010) [128]
Basic and clinical pharmacology of sulfobutylether-{3-CD. Luke et al. (2010) [169]
CD introduction to anesthesia practice: form, function, and Welliver (2007) [170]
application.

Findings on the safety profiles of three natural CDs and several Irie and Uekama (1997) [162]
chemically modified.

Medical and biomedical

Key features of the CDs therapeutic discovery. Application of Abdolmaleki et al. (2017) [171]
computational chemistry approaches such as QSAR/QSPR, molecular

docking, and molecular/quantum mechanics for modeling of CD-drug

system.

Recent development of copolymeric delivery system for anticancer Feng et al. (2016) [172]
agents based on CD derivatives.

General features and applications of CDs and their interactions Leclercq (2016) [163]
with isolated biomolecules leading to the formation of inclusion or

exclusion complexes: potential medical applications.

Data on the general properties and complexing ability of CDs and Radu et al. (2016) [173]
assessment methods (phase solubility, DSC tests and X-ray diffraction,

FTIR spectra).

CD interactions with protein-like structures: possible applicationsin ~ Vecsernyés et al. (2014) [168]
the formulation of pharmaceutical proteins.

Amphiphilic CDs and their applications: preparation of nanoparticles  Parrot-Lopez et al. (2010) [174]
based on amphiphilic CDs for biomedical applications.

A supramolecular approach to medicinal chemistry: essential roles Smith (2005) [175]
played by intermolecular forces in mediating the interactions between

chemical molecules and biological systems.

Medicinal applications of CDs: improvement of drug properties, use  Szejtli (1994) [176]
of drug/CD complexes, CDs in tabletting and direct treatment with

CDs.

Environmental Chemistry and Applications

Nanosponge CD polyurethanes and their modification with Leudjo Taka et al. (2017) [177]

nanomaterials for the removal of pollutants from waste water.
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Authors
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Progress in the immobilization of 3-CD and their application in
adsorption of environmental pollutants.

Interactions of CDs and their derivatives with toxic organophosphorus
compounds.

CD inclusion of four phenylurea herbicides: determination of complex
stoichiometries and stability constants using solution 'H NMR
spectroscopy.

Fluorescence spectroscopy as a tool to study the properties of CD
host-guest complexes. Overview of recent studies concerned with
exploiting the properties of CDs and their inclusion complexes to
study energy transfer through the use of photochemical antennas and
the development of chemical and environmental sensors.

Synthesis and applications of adsorbents containing CDs in the field of
chromatographic separations and in waste water treatment.

Personal care and toiletry

CDs as cosmetic delivery system: study of ferulic acid/CD association
complexes.

Inclusion complex formation of CD with its guest and their
applications in foods and flavors, personal care and toiletry,
environment protection, pharmaceuticals among others.

Possible applications of CDs in cosmetic products and some examples
of their present uses.

Industrial applications

Enabling technologies and green processes in CD chemistry:
microwaves, ultrasound and ball mills have become irreplaceable tools
in the synthesis of CD derivatives. Examples of sonochemical selective
modification of native a-, 3- and y-CDs including heterogeneous
phase Pd- and Cu-catalysed hydrogenations and couplings.

Major fields of enzyme application and overview on previous protein
engineering studies wherein natural enzymes were modified to meet
the operational conditions required for industrial application.

Applications of CDs in medical textiles: general data properties and
complexing ability of CDs and assessment methods (phase solubility,
DSC tests and X-ray diffraction, FTIR spectra, analytical method).

Applications of CDs in various industrial products, technologies,
analytical and chemical processes and recent industrial advancements.

General features of 3-CD and their applications in the textile industry:
attachment technique of 3-CD to the textile’s surface.

CDs in pharmaceutics, cosmetics, and biomedicine: current and future
industrial applications.

Role of CDs in the textile chemical technology: remove the surfactants
from the material or to inactivate them in liquid phase, to intensify the
enzyme processes or as balancers in dyeing with reactive pigments.

Amphiphilic CDs and their applications. Preparation of nanoparticles
based on amphiphilic CDs for biomedical applications.

Han et al. (2016)

Letort et al. (2016)

Smith et al. (2010)

Fakayode et al. (2007)

Crini and Morcellet (2002)

Centini et al. (2007)

Cheirsilp and Rakmai (2016)

Buschmann and Schollmeyer
(2002)

Cravotto et al. (2016)

Jemli et al. (2016)

Radu et al. (2016)

Sharma and Baldi (2016)

Bhaskara-Amrit et al. (2011)

Bilensoy (2011)

Grigoriu and Popescu (2011)

Parrot-Lopez et al. (2010)

[178]

[179]

[69]

[27]

[180]

[98]

[42]

[99]

[181]

[24]

[173]

[182]

[183]

[184]

[185]

[174]
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Applications of CDs in pharmaceuticals with a major emphasis on Singh et al. (2002) [186]

drug delivery systems. Utility in a variety of foods, flavors cosmetics,

packaging and textiles.

Applications of CDs in pharmaceuticals, foods and flavours, Arenskotter et al. (2001) [187]

cosmetics, chemical industry, agricultural industry and adhesives,

coatings and other polymers.

Industrial applications of CDs. Production and analysis of complexes. Hedges (1998) [188]

Utilization of CDs in industrial products and processes: (i) textiles, Szejtli (1997) [189]

fibers and papers; (ii) foods and cosmetics; (iii) plastics and rubber;

(iv) photographic and recording materials; (v) biotechnology and (vi)

environmental protection.

Overview about industrial uses of CDs and their derivatives. Duchéne and Wouessidjewe [190]
(1992)

CD inclusion compounds in research and industry: production of Saenger (1980) [191]

pharmaceuticals, pesticides, foodstuffs, and toilet articles among

others.

Nano

General overview of CDs and pharmaceutical nanotechnology in oral ~ Adeoye and Cabral-Marques [91]

delivery systems. Strategies for the synthesis of these nanosystems, (2017)

and their potential for the intelligent navigation of the gastrointestinal

tract for optimal bioavailability and biodistribution.

Nanosponge CD polyurethanes and their modification with Leudjo et al. (2017) [177]

nanomaterials for the removal of pollutants from waste water.

CD-based supramolecular host-guest interactions for engineering Mejia-Ariza et al. (2017) [192]

supramolecular nanoparticles: biomedical applications.

CD-based polymeric nanoparticles as efficient carriers for anticancer ~ Duchene et al. (2016) [148]

drugs.

CD-based nanosponges: a versatile platform for cancer Swanimathan et al. (2016) [193]

nanotherapeutics development.

Supramolecular nanostructures based on CD and poly(ethylene Zheng and Wyman (2016) [133]

oxide): syntheses, structural characterizations and applications for

drug delivery.

Nano-sized CD-based molecularly imprinted polymer adsorbents for ~ Karoyo and Wilson (2015) [194]

perfluorinated compounds.

Opverall view of the diversity of designs of CD-based supramolecular ~ Simoes et al. (2015) [195]

nanosystems with a special focus on the advances materialized in the

last five years, including clinical trials.

Recent advances in the construction of nanoassemblies driven by Kang et al. (2014) [196]

CD-based inclusion complexation and their application in biomedical

and biomimetic fields.

A vision for CD nanoparticles in drug delivery systems and Lakkakula and Krause (2014) [137]

pharmaceutical applications.

Approaches tested to synthesize nano- to macro-size covalently cross-  Concheiro and Alvarez-Lorenzo  [197]

linked CD networks: (i) direct cross-linking through condensation
with di- or multifunctional reagents, (ii) copolymerization of CD
derivatives with acrylic/vinyl monomers, and (iii) grafting of CDs to
preformed medical devices.

(2013)
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Content

Authors

Refs.

Development of nanosponges as drug delivery systems, with special
reference to CD based nanosponges.

Preparation, characterization and advantages for pharmaceutical and
biomedical applications of CD-based nanogels.

Formation and applications of CD nanoaggregates induced by guest
molecules, the concerned thermodynamics behind the process and the
effect of concentration of the guest molecules on the morphology of
the aggregates.

Approaches employed in delivering drugs to the central nervous
system. Changes in blood-brain barrier function in several
neurological disorders.

Fabrication technologies of supramolecular systems including
nanoplatforms and hydrogels as well as their applications in
nanomedicine and pharmaceutical sciences.

Classification, physicochemical properties, efficacy and safety of
nanoparticles prepared from different amphiphilic CDs are discussed
in light of the current literature work with in vitro and in vivo findings.

Analytical and physicochemical applications
Reviews

Classical and modern instrumental analytical methods suitable for
identification, characterization and determination of CDs themselves,
CDs in finished products or even in biological samples.

CDs in in sample preparation, sensitivity and selectivity improvement,
enantio-separation, creating single-molecule sensors, and
automatizing DNA sequencing.

CDs: from molecular recognition to CDs as enzyme models.
Reactivity and chemistry, chromatography, X-ray, NMR plus other
physicochemical methods, as well as model calculations, rotaxane and
catenane structures, and applications in the pharmaceutical industry
are overviewed.

Use of CDs in major areas of analytical chemistry such as
chromatography, electrophoresis, spectroscopy, electrochemistry and
as analytical sensors.

Role of CDs in three of the major areas of modern instrumental
analysis: separations, spectroscopy and electrochemical analysis.

Chirality

CD-functionalized monolithic capillary columns: preparation and
chiral applications.

Recent developments in CD functionalized monolithic columns for the
enantioseparation of chiral drugs.

Advances on the use of CDs in the chiral analysis of drugs by capillary
electrophoresis.

Tejashri et al. (2013)

Moya-Ortega et al. (2012)

Purkayastha et al. (2012)

Martin-Banderas et al. (2011)

Zhang and Ma (2013)

Bilensoy and Hincal (2009)

Szente et al. (2016)

Szente and Szeman (2013)

Dodziuk (2006)

Mosinger et al. (2001)

Armstrong (1998)

Adly et al. (2016)

Guo et al. (2016)

Saz and Marina (2016)

[92]

[198]

[199]

[200]

[139]

[201]

(2]

[28]

[202]

[203]

[204]

[205]

[206]

(80]
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Content

Authors

Refs.

Recent contributions to the understanding of the binding

mechanism between chiral selectors and selectands in analytical
enantioseparations including polysaccharide derivatives, CDs,
cyclofructans, macrocyclic glycopeptides, proteins, brush-type
selectors, ion-exchangers, polymers, crown ethers, ligand-exchangers,
molecular micelles, ionic liquids, metal-organic frameworks and
nucleotide-derived selectors.

Development of cationic CDs for chiral separation. Update of the
research endeavors of synthetic and analytical chemists in evaluating
enantioselectivity of cationic CDs using different analytical methods
and the study of the chiral recognition mechanism.

Advances in enantiomeric resolution on monolithic chiral stationary
phases in liquid chromatography and electrochromatography.

Recent examples of mechanistic aspects of capillary enantioseparations
with regard to mathematical modeling of enantioseparations,
investigations of the analyte-complex structures as well as new chiral
selectors and applications of chiral analyses by CE and CEC.

Review of the latest advances in developing modified CDs as
chiral selectors for various chromatographic and electromigration
techniques.

Chiral analysis of amphetamines, methadone and metabolites in
biological samples by electrodriven methods.

The growth and applications of CDs as chiral discriminator.

CDs in capillary electrophoresis enantioseparations: recent
developments and applications.

Separation of enantiomeric barbiturates by capillary electrophoresis
using a CD containing run buffer: a laboratory experiments for degree
students.

Complexes characterization

Physicochemical characterization of CD-drug interactions in the solid
state and the effect of water on these interactions.

Analytical techniques for characterization of CD complexes in the
solid state.

Analytical tools which can be employed for the characterization of
drug-CD inclusion complexes in solution, with emphasis on their
respective potential merits, disadvantages and limits.

Surfactant-CD host-guest association: fundamentals, drawbacks
and advantages of techniques commonly used to obtain insights on
the structural and bulk solutions changes resulting from host-guest
association mechanism, and corresponding methods for binding
quantification.

CD inclusion complexes probed by NMR techniques.

A literature review of CD inclusion complexes characterization: X-ray
diffraction, infrared spectroscopy and nuclear magnetic resonance.

Scriba (2016)

Zhou and Scriba (2016)

Al-Othman et al. (2014)

Jac and Scriba (2013)

Tang et al. (2013)

Mandrioli et al. (2011)

Pathak and Pathak (2008)

Scriba (2008)

Contradi et al. (1997)

Ogawa and Takahashi (2015)

Mura (2015)

Mura (2014)

Valente and Soderman (2014)

Pessine et al. (2012)

Takahashi et al. (2012)

[77]

[75]

[207]

[208]

[76]

[209]

[210]

[90]

(82]

[52]

(51]

[47]

[30]

[45]
[211]
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Content

Authors

Refs.

A literature review of CD inclusion complexes characterization:
differential scanning calorimetry and thermogravimetry.

A bilogarithmic method for the spectrophotometric evaluation of
stability constants of 1:1 weak complexes from mole ratio data.

NMR studies of CDs and CD complexes. Comprehensive overview
about the most important approaches to structural problems with
CDs, mainly in solution.

The stability of CD complexes in solution: binding equilibria and
kinetics, strengths and structures of CD complexes, the sources of CD
complex stability and prediction of CD complex stability.

Separation Methods

State-of-the-art applications of CDs as functional monomers in
molecular imprinting techniques.

CDs in capillary electrophoresis: recent contributions, practical uses
(e.g. solute-CD binding constant estimation and further potentials),
developments and applications (mainly chiral and achiral analysis).

Recent developments and new trends.

Separation processes in the presence of CDs using molecular
imprinting technology and ionic liquid cooperating approach.

Role of CDs in chromatography. Influence of The formation the
physicochemical parameters of the guest molecule (adsorption
capacity, polarity, hydrophobicity, etc.).

Summary of the information concerning the synthesis of materials
containing CDs and general overview of the different possible
applications of CDs as sorbents in the field of separation techniques.

CDs as a versatile tool in separation science. The techniques
examined include gel electrophoresis, isotachophoresis, isoelectric
focusing, preparative scale electrophoretic techniques, thin-

layer chromatography, electrochemically modulated liquid
chromatography, use of monolithic media in liquid chromatography,
microdialysis, separation on hollow fibers, foam flotation
enrichment, solid- and liquid-phase extractions, countercurrent
chromatography, separation through liquid and composite
membranes, and CD applications in molecularly imprinted
polymers.

Utilization of CDs and their derivatives in gas-liquid and gas-solid-,
gel-, inclusion-, thin-layer-, affinity-, and high performance liquid
chromatography.

Applications of CDs in chromatographic separations and purification
methods.

Spectrofluorometric Methods

Spectrofluorometric analytical applications of CDs based on host-
inclusion complex.

Room temperature phosphorescence in CDs: analytical applications.

Takahashi et al. (2012)

Boccio et al. (2006)

Schneider et al. (1998)

Connors (1997)

Lay et al. (2016)

Escuder-Gilabert et al. (2014)

Zhang et al. (2011)

Cserhat and Forgaes (2003)

Crini and Morcellet (2002)

Schneiderman and Stalcup (2000)

Szejtli (1987)

Hinze (1981)

Elbashir et al. (2014)

Murioz de la Pefia et al. (2000)

(68]

[212]

[213]

[46]

[214]

[79]

(59]

(71]

[180]

[61]

[215]

(73]

[64]

(66]
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Content

Authors

Refs.

Electrochemical Methods

Advantages and detecting mechanism of electrochemical sensors
based on CDs functionalized materials, and recent advances for CDs-
based materials (including CDs/carbon nanotubes, CDs/graphene,
CDs/conducting polymers and other CDs-based nanomaterials) in
electrochemical sensing.

Substrate/analyte solubilization and stabilization to the development
of CD based sensors and detectors.

State of the art of the electrochemistry of a-, 8-, and y-CDs and CD
inclusion complexes and their polarographic and voltammetric assay.

Enzyme—Biomimetic-Bioactive assemblies recognition

General overview of three different categories of CD-based artificial
enzymes including metal free CD-based artificial enzymes, CD-based
artificial metalloenzymes and CD-based artificial enzymes with
computational design, focusing on their rate acceleration factor.

Major fields of enzyme application and overview on previous protein
engineering studies wherein natural enzymes were modified to meet
the operational conditions required for industrial application.

Macromolecules based on recognition between CD and guest
molecules: synthesis, properties and functions.

Representative contributions in the construction and the structural
characteristics of CD-based supramolecular assemblies and their
interactions with biologically important substrates.

New chemistry based on the principles used by Nature: biomimetic
chemistry.

Literature overview on reactions in which CDs bind substrates and
then either catalyze their reactions or mimic a step in an enzymatic
catalytic sequence.

Adjusting the lock and adjusting the key in CD chemistry. An
introduction in biomimetic chemistry.

Miscellaneous

Functioning via host-guest interactions: achievement of selective
molecular adhesion, self-healing, toughness, and actuation properties.
These functions have been achieved by reversible bond formation with
CDs.

Qualitative and quantitative analysis of research outputs on molecular
modeling in CDs.

Supramolecular polymer assembly in aqueous solution arising
from CD host-guest complexation. Effects of such complexation on
properties at the molecular and macroscopic levels.

Superstructures with CDs: chemistry and applications.

Zhu et al. (2016)

Szente and Szejtli (1998)

Bersier et al. (1991)

Aghahosseini and Ramazani
(2016)

Jemli et al. (2016)

Liu et al. (2015)

Chen and Liu (2010)

Breslow (2009)

Breslow and Dong (1998)

Breslow (1980)

Takachima and Harada (2017)

Zhao et al. (2017)

Wang et al. (2016)

Wenz and Monflier (2016)

[70]

[216]

(71]

[21]

[24]

[217]

[218]

[23]

[22]

[219]

[29]

[220]

[32]

[221]

25
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Content Authors

Refs.

Synthesis of CD half-channels derived by per-functionalization of the ~ Chui and Fyles (2014)
CD primary positions and their activity as channels assessed by the
bilayer clamp technique.

Construction of supramolecular structures of CDs with some Harada et al. (2009)
polymers (polyrotaxanes) and formation of supramolecular oligomers
and polymers formed by CD derivatives.

Systematic analysis of methods that are available for modification of =~ Khan et al. (1998)
CDs. The focus is on methods for transformation where the number

and the exact positions of modifications are ascertained and pure

compounds with unambiguous structures are obtained.

Applications of computational chemistry to the study of CDs: Lipkowitz (1998)
molecular modeling, structural features of CDs, dynamical aspects of
CD structure and computational studies of host-guest complexation.

CD-based catenanes and rotaxanes. Nepogodiev et al. (1998)

Organic reactions mediated by CDs: effect in solid CD complexes. Takahashi (1998)

[222]

[223]

[224]

[225]

[226, 227]

[228]

Table 1. Selected papers on food, pharmaceutical, pharmacology, cosmetic, industrial, and analytical applications of

cyclodextrins (CDs).

the number of papers cited by journal for the most cited journal (number of references >2)
appears. Emphasis is stressed on reviews and taking into account the high number of refer-
ences available, the authors apologize for those they may have overlooked or inadvertently

omitted.
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Figure 5. Number of publications cited per year.
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Chem. Rev. |

J- Pharm. Sci. |

Int. ]. Pharm.

Curr. Org. Chem. |

J. Chem, Educ,

Beilstein ). Org. Chem.

. Sep. Sci.

I Pharm. Biomed. Anal.
J: Inel. Phenom. Macrocyel. Chem.
Chem. Soc. Rev.
Carbohydr. Polym.

Adv. Drug Deliv. Rev.

J- Chromatogr. A

Expert Opin. Drug Deliv.
Drug Discov. Today

Curr. Pharm. Design
Trends Food 5ci. Technol.
Trends Anal. Chem.

Pure Appl. Chem.

J. Pharm, Pharmacol.

J. Control. Release

Int ]. Pharm. Sci. Rev. Res.
Crit. Rev. Food Sci. Nutr.
Coord. Chem. Rev.

Chin. J. Org. Chem.
Chem. Commun. (Camb)
Ars Pharm.

Anal. Chem,
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nnnnlun||||||””H

L] ] 10 12 14 16 18
Number of papers cited

-
=
-

Figure 6. Number of papers cited by journal.

5. Conclusion

Currently, there are a large number of drugs with poor solubility, bioavailability, permeability
issues, undesirable properties as taste and odor, and irritation potential, and CDs can become
an useful tool for optimizing drugs problematic [84]. Additionally, new uses of cyclodextrins
are being explored, in different fields as nanoparticles, liposome and microsphere. The ability
of making inclusion complexes with drugs makes CDs have a great future, as reflected by the
rising number of publications and patents having been filed. Some researchers also believe that
there will be more a still wider use for CDs as the knowledge about their properties increase [7].
The studies of CD-based nanosystems have recently increased, as they become platforms pro-
viding pharmacokinetic and formulation design efficiency without posing security problems
[91]. CDs are also generating interest for gene therapy and exploration of non-viral methods,

27
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probably for the difficulties in viral gene delivery [7]. A new area which is going to increase, is
the study of the effects of the environment in the reactivity between CD-guest molecules [115].
The creation of new types of CD is going to enhance due to the wide range of possibilities in the
treatments of atherosclerosis, cancer, and degenerative brain disease that are considered lethal
disease [160]. CDs will surprise us in the future with not predictable uses [184].
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Abstract

The aggregation of cyclodextrins (CD) in aqueous solution is an old, yet still vastly unex-
plored topic that has been studied at least since the 1980s. At that time, few authors
took into consideration the possibility of formation of aggregates for the interpretation
of thermodynamic and thermophysical properties of CDs in aqueous solution. The
aggregates appear at quite low CD concentrations and seem to encompass only a small
number of CD molecules. They also occur in water in the presence of hydrophobic or
amphiphilic moieties, including surfactants, assuming a preassembled state with the
hydrophobic chains threading through one or two CDs. After a long period in which
it has been neglected, CD aggregation is now a hot topic and one far from gathering
consensus. In this chapter, a timely and critical review on the phenomenon of CD aggre-
gation and the respective supramolecular properties, including some computational
rationales, will be presented. A comprehensive summary of CD aggregates studied to
date, indicating the formation conditions, characterization techniques, and applications,
is also provided.

Keywords: cyclodextrins, self-aggregation, molecular dynamics simulations

1. Introduction

The aggregation of amphiphilic molecules in solution, including cyclodextrins (CD),
can be considered as a microphase separation between polar and nonpolar phases. This
involves both the hydrophobic and hydrophilic moieties of such molecules and induces
the formation and growth of the so-called self-assembled structures. This is a spontaneous
process in which the system components form ordered aggregates, typically involving an
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enthalpy gain in solvation, due to hydrogen bond formation, and possibly a gain in the
entropy of bulk water (hydrophobic effect) [1-3]. The process is promoted by balanced
attractive and repulsive interactions between molecules, or specific moieties, occurring
from a less organized state (e.g., a solution or a disordered aggregate) to a final ordered
state (e.g., a crystal). These soft interactions are generally weak, comparable to thermal
energies, and noncovalent, with typical strengths varying from less than 5 k] mol™ for van
der Waals forces to ca. 120 k] mol™ for hydrogen bonds [4]. Other relevant factors, such as
the reversibility and flexibility, the interaction with the respective environment, and the
mobility of the system components, determine the success of the molecular self-assembly
process.

Despite a substantial amount of data is available on the thermodynamic aspects of assem-
bly processes, the information on the CD aggregation behavior and detailed mechanisms
of formation and dissociation is scarce. In particular, little is known about the cooperative
nature of individual contributions of components for the CD aggregation/assembly pro-
cess. This is clearly a topic requiring fundamental research, with direct implications for
improving the supramolecular assembly design and fostering new formulation opportuni-
ties in this type of systems.

Table 1 summarizes some relevant physical-chemical parameters of the three most com-
mon natural cyclodextrins (a-, 3-, and y-CDs). CDs are able to solubilize, protect, or
transport a large variety of compounds, e.g., inorganic nonassociated salts [5, 6], surfac-
tants [7-9], and nonpolar drugs, by forming inclusion and noninclusion complexes. These
CD-guest interactions are facilitated by the unique structure of CD, which combines a
hydrophilic outer surface with an internal lipophilic cavity. The extensive development
of CD-based formulations has resulted in a strongly increasing amount of studies, in
which the exceptional features of CDs have been described (see e.g., [10-16]). In the last
decades, CDs have also been used for functionalization of organic [17] and inorganic
[18, 19] materials and for the synthesis of nanosized and microsized aggregates [20-22]. This
process is, in general, driven by hydrophobic interactions and is affected by a number

Property a-CD p-CD v-CD
N° glucose unites 6 7 8
MW (g mol™) 972 1135 1297
Solubility in water (g L™) 145 18.5 232
Outer diameter cavity, wide end (A) 13.7 15.3 16.9
Inner diameter cavity, wide end (A) 5.7 7.8 9.5
Volume cavity (A**) 174 262 427
No. water molecules’ inside cavity 5.8 8.7 14.2

“Assuming a volume of a water molecule equal to 30 A%,

Table 1. Some physical properties of -, - and y-cyclodextrins [26, 33].
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of factors such as the concentration of reactants, temperature, nature of solvent, and the
addition of neutral or ionic co-solutes [23-25].

One of the most intriguing properties of CDs is the respective solubility. It should be noted
that the solubility in water does not follow a common trend, with 3-CD being much less
soluble than the other two [26]. Such behavior has attracted researchers for several years,
and different explanations have been proposed, based on the rigidity of the CD ring and
intramolecular H-bonding or CD self-aggregation [27, 28]. The formation of aggregates can
be enhanced upon formation of inclusion complexes, but in general, negligible amounts of
aggregates (of ca. 200-300 nm in size) are formed in pure CD solutions. The extent of aggrega-
tion may also increase with increasing CD concentration [29].

A wide range of experimental data generated on CD aggregation have been reviewed (see
e.g., Refs. [2, 3, 30]). However, the mechanisms of CD aggregation and CD complex aggrega-
tion have not yet been fully understood.

CD aggregation was originally recognized based on random observations and deviations from
theoretical expectations. Several analytical techniques are now being optimized to specifically
detect and characterize CD aggregates. In CD solutions, dynamic light scattering (DLS) [31, 32]
and transmission electron microscopy (TEM) [32] have provided reliable evidence of the
aggregation phenomenon. The latter has been recognized by several research groups that
identified aggregates of different shapes, including spherical and elongated particles, welded
fibers, and rods [1, 2, 19, 29].

A significant amount of microscopic data [1] and information from dynamic light scattering
(DLS), nuclear magnetic resonance spectroscopy (NMR), and dialysis membrane permeation
methods have been reported [1, 3]. However, the full characterization of the CD aggrega-
tion behavior by these techniques has been hampered by the poor stability of the aggregates,
which makes them sensitive to disruptive side effects [2, 32].

Computational methods, including molecular dynamics (MD) simulations, have been
increasingly recognized as a valuable tool for the interpretation of experimental data [34-39].
The simulation of host-guest systems involving CD molecules and aggregates is already
offering ways to explore a set of favorable events at different scales. The aggregation behav-
ior and the interaction patterns of CDs, modified with both hydrophobic and hydrophilic
groups, have been investigated by atomistic simulations in nonpolar solvents and in water
[34, 35]. Although most studies involving amphiphilic CDs have been conducted in aqueous
solutions, the use of nonpolar solvents is also important in preparative and characterization
procedures, as suggested in Ref. [34]. In the latter, dynamic light scattering observations
demonstrated that CDs can form well-defined aggregates in nonpolar solvents (e.g., dichlo-
romethane), displaying a hydrodynamic radius of ca. 80 nm and low polydispersity [34].
Electrostatic, dipolar, and dispersion forces have been recognized as playing a definite role in
the formation and stabilization of these aggregates. The formation of even larger structures
(such as micelles, vesicles, membranes, and nanoparticles) based on these smaller aggregates
and their potential uses in pharmaceutical formulations have also been suggested.
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2. General aspects

2.1. Controversial experimental evidence

The aggregation of single CDs and CD-guest complexes, in water, has been described in a
number of recent studies [2, 3, 13, 31, 37, 40, 41]. Despite the efforts for understanding the
factors that govern inclusion/binding with guest molecules, the precise manner in which CD
molecules aggregate and the cooperative effects underlying this phenomenon are much less
studied and still far from consensual.

The classical assumption states that inclusion complexes between CDs and guest molecules
are always formed in “ideal” solutions, with individual complexes, independent of each
other. However, the treatment of the interaction between system components is oversimpli-
fied, since CDs can form both inclusion and noninclusion complexes and water-soluble aggre-
gates. In some cases, the aggregation results in the opalescence of aqueous CD solutions.
However, the reduced diameter of the aggregates is smaller than the wavelength of visible
light, and more often, the formation of clear solutions is promoted.

The first reference to the occurrence of self-aggregation dates back to 1983, when Koichiro
and co-workers [42], based on viscosity and activity coefficient data of aqueous solutions of a-
and y-cyclodextrins, suggested the occurrence of dimers or larger aggregates. These authors
have also pointed out that such aggregates are acting as “structure making” [43] by tighten-
ing water-water hydrogen bonding. Ten years later, Hausler and Miiller-Goymann [44] have
observed that at concentrations above 50% (w/w), hydroxypropyl (HP)-$-CD self-aggregates,
leading to an increase in the solution viscosity. They also found that the addition of chaotropic
solutes (e.g., urea and NaCl) tends to decrease the viscosity of solutions as a consequence of
CD disaggregation. A similar observation was found for y-CD (10% m/v) solutions [45], at
physiological pH. In both works, the self-aggregation of CD monomers is justified by inter-
molecular H-bonding interactions promoted by the hydrophilic rims [44, 45].

Coleman et al. [46] extended their studies to (3-CD, the less soluble of all native CDs, and
found that the addition of water structure-breaking solutes or an increase of the solution pH
(at values higher than 12.5) in order to ionize the —OH groups leads to an increase in solubil-
ity. This evidence led them to hypothesize that the solubility of CDs is related with interac-
tions between CD aggregates and the water through the formation of two chains of hydrated
-CD molecules forming a rod-like aggregate. These authors also argue that the structure of
water has an important role on the aggregation/disaggregation of CDs.

The quantification of size and mass percentage of aggregates was only made possible, in a
systematic manner, during the last decade. It has been concluded, by using photon correlation
spectroscopy (PCS), that in a 12 mM CD aqueous solution, large polydisperse aggregates of
200-300 nm in size were formed [29]; however, the respective mass percentage is quite small
when compared to that of free CD. For example, the mass contribution of a-CD aggregates is ca.
0.8% (0.096 mM) assuming coils or 0.001% (0.12 uM) considering spheres [29]. For other CDs,
the mass contribution of aggregates is also residual, i.e., 0.0011% (0.13 uM) for 3-CD [47] and
0.02% (0.154 mM) for y-CD solutions [45]. He et al. [48] found a bimodal distribution in dynamic
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light scattering (DLS) data of o, B-, and y-CD aqueous solutions, with mean hydrodynamic
radii of less than 1 nm and higher than 60 nm for the fast and slow components (attributed to
monomer and aggregated CDs, respectively). This has been revisited by Puskas et al. [49] by
using the same technique. However, contrarily to previous work, only y-CD aggregates have
been confirmed. In other studies [50, 51], the formation of CD aggregates of globular shape, at
[-CD] =3 mM, with a minimum hydration radius of ca. 90 nm, was reported, based on data
from different techniques, including DLS, cryo-TEM, and electron spin resonance (ESR) probe
spectroscopy. However, at higher CD concentrations, these particles coexist with other struc-
tures as large as a few micrometers. These aggregates tend to increase with CD concentration,
suggesting cooperative aggregate-aggregate interactions. In addition, Rao and Geckeler [52]
have concluded that the formation of 3-CD supramolecules can also occur in aqueous solutions
at room temperature. By increasing the stirring time and the concentration from 4 to 10 mM,
it was possible to follow the formation of cage-like structures (with an average size of 7.5 nm),
after 5 h stirring, evolving to channeled structures (with 260 nm length) after 72 h stirring.

The thermodynamic parameters of 3-CD self-assembly have been studied, assuming that CDs
behave as colloids [36]. For that, the scattering intensity of a set of 3-CD solutions of different
concentrations has been measured; by plotting the scattering intensity as a function of 3-CD con-
centration, two different regimes were observed below and above the critical aggregation concen-
tration (cac = 1.6 mM): at c < cac, and only monomers (the occurrence of small aggregates cannot
be also neglected) exist in solution. However, at ¢ > cac, the scattering intensity increases linearly
with B-CD concentration, indicating the presence of two different set of aggregates of 60.0 nm
and 120 nm in size. Using the pseudo-phase model, the free energy of aggregation was calculated
to be —15.95 k] mol™ at 298.15 K. From the dependence of the cac value on the temperature, the
variation of the aggregation enthalpy and, consequently, the aggregation entropy (at 298.15 K)
were estimated to be —26.48 k] mol™* and -35.32 ] K™ mol”, respectively. These values for ther-
modynamic parameters suggest that (a) aggregation is enthalpy driven, and (b) aggregates are
formed by noncovalent interactions [53]. Following the same approach, the cac values of a-, 8-,
and y-CDs were also measured by using a permeability technique, based on dialysis membranes
with molecular weight cut off higher than 2 kDa [3, 54]. Inspecting the flux of CDs as a function
of concentration, two different regimes have been found which were attributed to the formation
of aggregates. The calculated values for the cac of a-, 5-, and y-CDs are 12.2, 6.1, and 7.2 mM,
respectively.

Recently, a thermodynamic study [55] using isodesmic and K2-K self-assembly models was
performed on CD derivatives (HP-p-CD, HP-y-CD, and sulfobutylether(SBE)-p-CD). The iso-
desmic model assumes that the Gibbs energy and equilibrium constant (K) are equal in each
addition of a monomer to an aggregate (for details see Ref. [55]). The K2-K model is a modi-
fied version of the former, in which the K value of the first step of the self-assembly is different
from those of the remaining steps. The respective cac values and aggregate sizes were also
determined, using DLS and '"H NMR and TEM, respectively. These CDs displayed similar
cac values of ca. 2% (m/v). Three different groups of particle sizes were also identified based
on correlation functions: (i) a group with ca. 1 nm corresponds to a single CD molecule, (i) a
group with size values ranging from ca. 30 nm to 60 nm for HP-y-CD and from ca. 10-70 nm
for SBE-3-CD and from ca. 100 nm to 200 nm for HP-$-CD, and (iii) a small group with larger
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aggregates attaining 1 um, for -CD derivatives, and from ca. 140 nm to 1 um for HP-y-CD. It
was shown that aggregation results from some cooperative contributions, with the first step
of the aggregation being less favorable than the subsequent ones. A thermodynamic analysis
indicated that the aggregation process was spontaneous, exothermic, and associated to an
entropy loss. The calculated standard free energies range from —7.1 k] mol™ for SBE-p-CD to
-10.6 for HP-y-CD, and the enthalpy values were -20.6, -27.5, and —46.3 k] mol™ for HP-3-CD,
SBE-B-CD, and HP-y-CD, respectively [55].

The dynamics of CDs in aqueous solution has been fully assessed using different NMR tech-
niques by Valente et al. [56, 57]. The analysis of 'H NMR self-diffusion of deuterium solutions
of CDs shows that, for all three natural CDs, diffusion coefficients depend linearly on the CD
volume fraction, suggesting that these molecules are behaving as nonaggregate hard spheres.
A similar conclusion was reached from the analysis of the dependence of mutual diffusion
coefficients on CDs concentration [58-60].

A more sensitive parameter, related to the volume of the diffusing particle, is the transverse
magnetization relaxation time T, or the spin-spin relaxation rate R, (=1/T,). In a perfectly
homogeneous magnetic field, the R, relaxation rate can be measured directly from the free
induction decay in the time domain or the full width at half height of the resonance in the
frequency domain. The dependence of R, as a function of CD volume showed that no aggre-
gation occurs. However, the presence of more transient aggregates cannot be excluded for
cases in which the lifetime of the aggregate is short compared to the respective tumbling time.
The presence of very large aggregates, not visible in the NMR spectra on account of their slow
rotational tumbling, cannot also be ruled out. A different but complementary aspect is related
to the mechanism of interaction. For further insight, the aggregation of a-, 3-, and y-CDs in
aqueous solutions was addressed by focusing on the CD-CD interactions using deuterium
relaxation rates (R,) for deuterium-labeled CDs. In this particular case, the dependence of
T, (=1/R)) on the CD concentration, for all CDs, was explained by the equilibrium between
monomeric and dimeric CDs and, again, no evidence in favor of large aggregates of CDs
involving a nonnegligible fraction was found [57].

The formation of aggregates in aqueous solutions containing CDs can be promoted by the
presence of guest compounds, which upon inclusion can also contribute to understand and
predict the CD aggregation behavior. The structure and nature of the guest molecule can thus
affect the CD aggregation process. CD-guest complexes are, most often, simply formed by
one guest molecule and one CD molecule. However, ternary complexes are also frequently
described [61], where water-soluble polymers [62, 63], metal ions, or organic salts [64] are
used to potentiate some CD effect.

The coexistence of inclusion and noninclusion complexes in aqueous solutions containing
CDs has been documented and associated with the formation of aggregates based on these
complexes. The first evidence for aggregation with complexes involving CDs and lipophilic
guests was reported by Mele and co-workers [65] in 1998. Later studies [32], with contradic-
tory or ambiguous results, fostered further investigation on this phenomenon.

The formation of CD-guest-based aggregates in the nanosize range has been confirmed
by DLS and TEM analyses and associated to a negative deviation from linearity. This
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type of aggregation occurred for a CD concentration of ca. 10% (wt/vol) [32]. The self-
association of CD complexes can explain the observed decrease in the activity coefficient
with increasing CD concentration and the dependence of the complex stoichiometry on
the method applied.

Several model compounds [32] have been recently used to investigate the effect of the physi-
cochemical properties of the guest molecules on the CD aggregation behavior. For instance,
the impact of a set of esters of para-hydroxybenzoic acid, differing in the side chain length,
on HP-B-CD aggregation was recently evaluated resorting to permeation experiments, DLS
and MS. The number and size of CD aggregates (<200 nm) increased in the presence of longer
guests. However, no clear relation was found between the extent of aggregate formation and
the CD concentration.

The premicellar association of inclusion complexes of cationic surfactants and 3-CD followed
by micellar association of the inclusion complexes has also been suggested based on NMR
studies. In addition, micelle-like assemblies with diameters exceeding 200 nm have been
observed in aqueous solutions containing trans-{3-carotene and (3-CD and y-CD [2].

The structure and size of these CD aggregates are clearly affected by water molecules and
hydration shells [2]. Although the ability of CDs to self-assemble to form aggregates is well
documented, it has also been shown that the aggregates are very unstable. Attempts to sta-
bilize nanosize self-assembled CD aggregates of the native CDs, and their hydrophilic and
monomeric derivatives have not been successful so far.

2.2. Common arrangements in CD aggregates

There are two typical crystal structures for native CDs: cages and channels (see Figure 1)
[22, 66]. The cage arrangement occurs when CDs are grouped crosswise, displaying a herringbone
pattern (Figure 1a), or are aligned in adjacent layers leading to a brick-like pattern (Figure 1b).
In both cases, the formation of inclusion complexes is prevented, as the CD cavities are
blocked on both portals by neighboring CDs.

2

(a) (b)

T)
|_FL;)

i

i

i)

Figure 1. Schematic representation of packing structures of (a) cage-type; (b) layer-type CD; and (c) head-to-tail channel-
type CD crystals. Adapted from Ref. [66].
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The channel-type assembly is observed if the CDs are stacked in columns so that cavities are
aligned to produce channels (Figure 1c). While the channel arrangement can be converted into a
cage structure by water sorption/desorption cycles, with an intermediated amorphous state, the
latter usually results from rapid recrystallization of CDs. After reaching sorption equilibrium,
CD molecules undergo a slow rearrangement to the cage structure with defined water content
[66]. Similar patterns are generally found in the crystal structures of CD inclusion complexes
[66]. When the entire guest molecule is small enough to be included inside a single CD cavity,
cage-type structures are formed. On the other hand, a channel-type structure is observed in
the presence of long-chain molecules as guests (e.g., polymers). Rusa and co-workers [2, 67]
have reported the encapsulation of poly(e-caprolactone) and poly(r-lactic acid) into a- and
vY-CDs. The inclusion of a polymeric structure inside the CD cavity induces the formation of
channel-like structures, being those with a-CD more stable due to the increase of hydrophobic
CD-polymer interactions. By using an appropriate experimental procedure, the authors were
able to produce a solid-state channel packing of CDs containing only water molecules inside the
cavities [68]. The same group has also observed the inclusion of poly(vinyl alcohol) (PVA) into
CD by taking advantage of the freezing—thawing process for PVA gelation [69]. In this process,
the gelation of PVA-containing composites occurs, taking into account two different types of
cross-linking: (i) the hydrogel-bonding naturally observed during the freezing-thawing process
and (ii) the CD-CD aggregation resulting from channel-type arrangements [69].

2.3. Applications of CD aggregates

As already mentioned in previous sections, a variety of CD-based aggregates can be formed
under different conditions (e.g., concentration, solvent medium, and temperature). These
include native and modified CDs, inclusion complexes and the respective aggregates and
also rotaxanes and polyrotaxanes, nanotubes, and other high-order structures, such as nano-
spheres and network aggregates [70]. The potential uses of these self-assembled nanomateri-
als have been explored for advanced applications, ranging from drug solubilization and drug
delivery [71], selective binding [72], and controlled adsorption [72]. In pharmaceutical and
biomedical fields, it is expected that such applications may include (i) the nanoencapsulation
of drugs in the hydrophobic interchain volumes and nanocavities of modified CDs, which
can be used as drug carriers or pharmaceutical excipients, (ii) anticancer phototherapy,
(iii) gene delivery, and (iv) protection of unstable active components through the formation of
inclusion complexes [70]. Several interesting examples of these potential applications have
been focused on amphiphilic CDs, which allow to easily modulate both hydrophobic/hydro-
philic and self-assembly properties, by grafting different substituents on the portals of native
CDs [70, 73]. For instance, supramolecular assemblies based on CD/porphyrin nanoassem-
blies have been studied in vitro [74] as potential nanotherapeutics in A375 human melanoma
cells. Other micellar structures and spherical vesicles based on CD-perylene conjugates have
been designed to be included in fluorescence sensory and photoresponsive materials, pho-
toinduced electron transfer systems, and organic electronic devices [75]. The self-aggrega-
tion of amphiphilic CDs has also been explored for drug delivery applications, as they are
able to capture selectively drug molecules, displaying enhanced solubilization capacity [71].
The affinity of amphiphilic CDs for incorporation in model and biological membranes has
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also been investigated and explored for preparation of functionalized lipid membranes and
improved biomimetic systems [73, 76]. A broader range of potential applications of CD aggre-
gates are compiled in recent publications such as Refs. [70, 73] and references therein.

3. Computational observations

Irrespective of the disparate observations, the self-aggregation capability must be affected
by the type of CD present in the aqueous solution. While the aggregates of a-CD and y-CD
can be completely removed by standard filtering procedures, the formation of B-CD aggre-
gates (at least as dimers or possibly larger aggregates) persists in solution, displaying fast
aggregation kinetics. This suggests that the hydrophilic CD portals play a definite role in the
aggregation process [29]. The disruption of hydrogen bond networks by ionization (or func-
tionalization) increases solubility and may suppress aggregation.

The presence of aggregates in solutions containing structure-breaking solutes, in which the
solubility of 3-CD is enhanced, has provided new insights into this unusual behavior. The
low solubility of B-CD (see Table 1) has been explained by the presence of aggregates and
the respective unfavorable interaction with the hydrogen bond network of bulk water [46].
Note that aspects pertaining to the binding energy in the solid state cannot be disregarded.
The relevance of understanding the mechanistic details of the CD aggregation phenomena
encompasses either controlling/preventing the formation of aggregates (that preclude the
development of specific formulations and the product development) or designing novel for-
mulation strategies.

Computer simulations have been used to rationalize the experimental findings concerning
recognition [77], inclusion [36, 77-79], and aggregation [34, 35, 37, 39, 80]. The cooperative
binding of at least two CD monomers to a guest molecule has been considered the driving
force responsible for self-assembly processes in the construction of CD-based nanoarchitec-
tures [78]. For aggregation processes without using guests, the assembly is usually driven by
the hydrophilic portals (in native CDs) and by interactions between substituent chains of CD
derivatives with the neighboring cavities of other CDs [78].

The orientational patterns of inter-glucopyranose hydrogen bonds at the secondary portal of
[-CD and the respective effect on the CD structure and dimer binding/stability in polar and
nonpolar solvents have been explored by van der Spoel et al. [77] in the presence of various
guest molecules. It was demonstrated, based on MD simulations and free energy calculations,
that polar solvents with stronger hydrogen bond accepting abilities can easily disrupt inter-
molecular hydrogen bonds, resulting in less stable dimers. Also, the guest models included
in the channel-type cavity increase the binding affinity between CD monomers, particularly
in polar solvents [77]. Using a similar computational approach, the authors have explored the
effect of three different dimerization modes of 3-CD molecules and the presence of isoflavone
drug analogues in the construction of CD-based nanostructured materials. It was demon-
strated that the cooperative binding of CD cavities to guest molecules favors the dimerization
process and, consequently, the overall stability and assembly of the CD nanostructures. It
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was also proved that the desolvation of CD dimers and entropy changes upon complexation
cooperatively contributes to the binding process [78].

Another study [37] focused on the spontaneous adsorption of native CDs and the respective
aggregates and the related dependence on temperature. It was found that the adsorption of
both individual CDs and small CD aggregates (ca. 20 molecules) to the solution/air interface
is negligible. The solute-solute interactions were significantly larger for 3-CD than for a-CD
at 298 K, and the dependence of these interactions on temperature was more relevant for the
smaller CD, which displayed a more favorable aggregation at 283 K than at 298 K. The dynamic
exchange of hydrogen bonds between the CD hydroxyl groups and the neighboring water
molecules indicated a much larger occupancy for individual intramolecular H-bonds in 3-CD.

In what follows, the CD-CD interactions [57], for deuterium labeled CDs, in aqueous solu-
tions are further explored by atomistic simulations. Two types of systems are defined, one in
which the (3-CD is free in water and three others in which two (3-CDs are present and may
form dimers. In what concerns the latter, these include initial arrangements with proximity of
one primary portal and one secondary portal (PS), two primary portals (PP), and two second-
ary portals (SS), as shown in Figure 2.

The molecular dynamics simulations were performed with Gromacs (version 4.6.5), using the
all-atom amber99sb [81] force field and the TIP3P water model. The initial coordinates of the
[-CD were extracted from the RCSB protein data bank (PDB code: 1IDMB), and partial charges
were generated using the R.E.D.D. Server [82].

In each system, the molecules were accommodated in a cubic box (7.5 nm edge-length) con-
taining approximately 13,000 explicit TIP3P water molecules. To obtain a starting configura-
tion, each system was firstly subjected to an energy minimization step. All the calculations
were carried out in NPT ensemble with periodic boundary conditions at a constant tempera-
ture of 300 K and a pressure coupling of 1.0 bar, respectively, to V-rescale and Berendsen
external baths. A standard time step of 2 fs was used for both equilibration and production
runs. A cut-off of 0.9 nm was used for calculating the Lennard-Jones interactions. Electrostatic
interactions were evaluated using the particle mesh Ewald method [83]. Constraints were
applied for bond lengths with the LINCS algorithm [84].

Equilibrium properties, structure, and dynamics of 3-CD systems were calculated for the
simulation runs of 50 ns after the systems were equilibrated for 2 ns. Geometric clustering
was performed to identify dominant CD-CD structures, sampled during the MD simulations.
The algorithm for cluster analysis is based on the hierarchical (top-down) approach [85] and

Ps PP 55

Figure 2. Schematic illustration of the pairwise initial arrangements of 3-CDs, with facing primary and secondary portals
(PS), two primary portals (PP), and two secondary portals (SS), with the colors used to distinguish -CD molecules.
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allows evaluating the conformational prevalence of each CD-CD structure, by determining
dominant clusters based on the root mean square deviation of the atom positions between all
pairs of structures. For each CD-CD arrangement, the number of neighboring structures is
calculated for RMSD values of 0.35 nm. Figure 3 presents the behavior of CD-CD structures
in different simulation runs, each corresponding to a different initial arrangement. For each
CD backbone, the center of mass (COM) of the oxygen atoms at the secondary portal (S) was
defined as the reference point for evaluating aggregated and nonaggregated structures and
the possible rotation or tilt of the CD molecules.

For PS and PP as initial arrangements, a significant evolution is observed in the relative posi-
tioning of the two molecules. The PS and PP initial arrangements display an almost complete
rotation or a tilt of one molecule with respect to the other, leading to most favorable SS and PS
arrangements, respectively. The “intermediate” PS arrangement increases the CD-CD interac-
tions through partial inclusion of some P groups in the hydrophobic cavity of the other CD
molecule. The initial SS arrangement prevails over the course of the simulation with a typical
COM distance of 0.46 nm. In addition to intramolecular hydrogen bonds, the two CD mole-
cules can form additional intermolecular hydrogen bonds, optimizing the CD-CD interaction.
PS is an intermediate arrangement between the most (SS) and the least stable (PP) arrange-
ments. The PP arrangement of the CD pair involves weaker interactions between P groups of
the two molecules, producing a low prevalence, relatively open aggregate (COM distance of
0.8 nm), suggesting a relatively poor clustering of this dimeric aggregate.

The rotational autocorrelation functions (ACF) corresponding to the motion of each CD, free
or mostly in dimer arrangement, were also inspected. Two alternatives were tested for the

PP - PS

d(CDcoaas) fnm

0 10000 20000 30000 40000 sném
Time (ps)

Figure 3. Distribution of distances between the centers of mass of 3-CD molecules, defined by the oxygen atoms of the
secondary portals. Right panels illustrate the final conformations for the imposed PS, PP, and SS initial arrangements of
B-CD molecules, in aqueous solution, sampled during the MD simulations at 300 K and identified by geometric cluster
analysis. The color codes for CD molecules are as in Figure 1, while the initial arrangements are represented in black,
green, and red, for PS, PP, and SS, respectively.
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definition of the molecule fixed rotating vector defined by the C2-D (see Figure 4) bond (vec-
tor) and resulting from the use of three atoms (triplet), those of the C2-D bond and the adja-
cent carbon C3, and defined as the cross product of vectors C3-C2 and C2-D.

The ACF curves are similar for these two cases and are represented in Figure 5. The curves
were fitted from 0 up to 500.0 ps to a one-parameter exponential and reflect the slower decay
for the dimer situation, T, = 1250 ps, much larger than for the free CD, T, =448 ps. These values
are of order of magnitude of those experimentally obtained.

The organization of CD molecules in aggregates when in the presence of guest-entities clearly
deserves further attention. As an example of the behavior found for more complex systems,
simulations were performed to study the inclusion complex of 3-CD and poly(vinyl alcohol)
(PVA) molecules in water. The importance of this polymer is related to the ability to form
hydrogels exhibiting a high degree of swelling in water that has demonstrated a great poten-
tial to act as a matrix for many applications, including drug delivery [86], wound dressing
[87], and sensors [88]. More recently, it has been found that such broad applications of PVA
result from its ability to behave as an amphiphilic polymer [89]. This latter feature is relevant
for studying the ability of CDs for forming host-guest or aggregate complexes. In this exam-
ple, three molecular dynamics simulations were performed in systems containing two 3-CD

Figure 4. Cyclodextrin structures (a-CD, n = 6; 3-CD, n=7; and y-CD, n =38).
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Figure 5. Average autocorrelation function of C2-D bond for CD molecules in the monomeric and dimeric states, in
water at 300 K (black and orange curves, respectively).
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(denoted as A and B) molecules with 1 PVA, 2 PVA (A and B), and 10 PVA (A to J) oligomers,
respectively. The main results are illustrated in Figure 6.

CDs are able to form aggregates at early stages of the simulations, and PVA seems to promote
the formation of CD dimers (Dm, ;). Indeed, PVA contains both hydrophilic and hydrophobic
groups that may interact either with the outside part of the CDs or form inclusion complexes;
the latter is shown by the snapshot in Figure 6(b), while the former appears for simulations of
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Figure 6. Summary of the MD simulations between (3-CD and PVA molecules. Left panels present the measured distances
between the center of mass of the groups formed by (i) each 3-CD in the dimer (Dm,), (ii) the secondary-secondary
portals (SS), the primary-primary portals (Dm,,/PP), the secondary-primary portals (PS), Dm,,-PVA, Dm,-PVB, CD,-
PVA, CD,-PVB, CD;-PVA, CD,-PVB, Dm, ;-PVA aggregate (Ag ), CD -Ag ,pysy CDy-Ag yp, and Ag, ., —6 separated
PVA molecules (Sg ) Right panels illustrate the 3 dominant conformations (accounting for more than 50%, panel a,
and 90%, panels b and ¢, of the occurrences) sampled during the equilibrated parts of the production runs, at 300 K, in
aqueous solution. The force field F-85 [90] was used for the CDs. The electrostatic charges of PVA were calculated using
the RE.D. server and the remaining terms generated by ACPYPE [91].
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2 CDs with 1 PVA (Figure 6(a)) and 2 CDs with 10 PVAs (Figure 6(c)). It is also noted that the
prevalence of the type of configurations in Figure 6(b) and Figure 6(c) across the simulation is
very high (above 95%), which is a strong indication that such complexes are stable; for 2 CDs
with 1 PVA, even though the prevalence of the typical configuration represented in Figure 6(a)
is above 50%, it is much less than the other two cases. Nonetheless, it is apparent from the dis-
tance versus time plot in Figure 6(b) that the PVA is able to exit the CD pocket in some instances
and, then, reform the inclusion complex. In turn, it is particularly interesting to notice from the
simulation of 2 CDs with 10 PVAs that the concomitant aggregation of the CDs with various
molecules of PVA appears to be relatively stable complex and likely to delay or even prevent the
formation of inclusion complexes (not observed during the course of the simulation).

4. Concluding remarks

CD aggregation is still a fertile ground for research, both from the experimental and compu-
tational points of view. It was seen that conflicting evidences are provided experimentally,
calling for a comprehensive explanation of the involved phenomena, and that detailed, inter-
action-based, mechanistic rationales from computation are still much needed. It is expected
that, in the next years, this subject will benefit from substantial efforts on both grounds.
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Abstract

Bio-based compounds, such as “green” surfactants and phytochemicals, are regarded as
future sustainable resources for a vast range of applications in a modern society increasingly
demanding economical, social, and environmental awareness. Natural compounds from
plants (phytochemicals) are very sought by the pharmaceutical, cosmetic, and food industries.
On the other hand, the growing interest in “green” surfactants (e.g., carbohydrate-based) is
due to, inter alia, their preparation from renewable raw materials, ready biodegradability, and
biocompeatibility, among other reasons of fundamental, practical, economical, and environ-
mental orders. Despite the wide range of potential applications of these bio-based com-
pounds, their practical use is still limited due to many reasons such as poor aqueous
solubility, volatility, reactivity, etc. Generally, when complexed with cyclodextrins, these bio-
based compounds enhance considerably their performance and potential applications. Thus,
this chapter aims at recalling some general fundamental aspects of phytochemicals and
“green” surfactants, such as structure, function, and applications. In addition, their interac-
tions with cyclodextrins are discussed from a physicochemical point of view with special
focus on the techniques, mathematic modeling, and thermodynamic parameters (e.g., inter-
actions, stoichiometries, association constants, etc.).

Keywords: sugar-based surfactants, phytochemicals, essential oils, polyphenols,
cyclodextrins, host-guest complex
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1. Cyclodextrins: general considerations

Due to its structure, cyclodextrins (CDs) readily form inclusion complexes through noncovalent
interactions with molecular guests. The lipophilic cavity of CDs provides a microenvironment
into which appropriately sized nonpolar moieties can enter. The hydrophobicity of the cavity
enables the accommodation of a broad range of hydrophobic guests such as the alkyl chains of
surfactants or different phytochemicals [1]. The hydrophilic exterior usually imparts CDs and
their complexes, considerable solubility in water. The charge and polarity of the guest molecule
play also an important role in the CD-substrate host-guest interaction [2]. However, this aspect is
obviously less important than the geometric fitting. In the case of the charge, the complexation of
neutral molecules is easier than the ionized counterpart. In general, molecules can be encapsu-
lated by CDs when they are less hydrophilic or less polar than the solvent and when the formed
complex is stable.

The main driving force for the formation of the complex is the release of enthalpy-rich water
molecules from the cavity; water molecules are displaced by more hydrophobic guest mole-
cules present in the solution to achieve the apolar-apolar interactions and decrease of CD ring
strain resulting in a favorable lower energy state. The beneficial modification of guest molecu-
lar properties after the formation of the inclusion complex leads to a large number of applica-
tions in areas as diverse as encapsulation of active substances (i.e., flavoring agents, metallic
cations, fragrances, and pesticides), enzymatic synthesis, catalysis, and energy transfer studies
[3, 4]. Additionally, CDs also find important uses in cosmetics, environment protection, bio-
conversion, packing, textiles, and food domain [1, 5].

Less than 10% of all produced CDs and CD derivatives are used by the pharmaceutical industry.
The largest CD users are the food and the cosmetic industry. CDs have a high level of biocom-
patibility, are absorbed in the gastrointestinal tract, and are completely metabolized by the colon
microflora [6]. Some of them are approved by the Food and Drug Administration or have been
accredited as being “generally recognized as safe” (GRAS) [7]. In the cosmetic area, CD perfor-
mance stands out in the following: solubilize and stabilize specific sensitive components, stabi-
lize emulsions, improve the absorption of active components onto the skin, reduce or eliminate
bad aromas from certain components, and reduce the loss of the active components through
volatilization, rapid oxidation, destruction by light, etc. [8].

2. Plant phytochemicals: brief introduction to polyphenols and essential
oils

Plants are a remarkable source of biologically active compounds with potential applications in
cosmetic, pharmaceutical, and food industries. Among the bioactive compounds synthesized
as secondary metabolites by plants, phenolic compounds are probably the most relevant ones.
Physiologically, they play a vital role in plant protection and contribute to plant odors, plant
pigmentation, and/or their flavors. Structurally, phenolic compounds have, at least, one aro-
matic ring, with one or more hydroxyl groups attached [9]. The great diversity of phenolic
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compounds present in nature (i.e., more than 8000 different structures have been identified up
to now) results from variations in the basic chemical skeleton (e.g., degree of oxidation,
hydroxylation, methylation, glycosylation, and conjugation with further molecules, particu-
larly lipids, proteins, other phenolics, and biomolecular metabolites) [9]. Phenolic compounds
are grouped by the number of phenol rings they contain and the structural elements that bind
these rings to another; flavonoids, phenolic acids, tannins, stilbenes, and lignans are examples
of important representatives of these groups [10].

On the other hand, plant essential oils (EOs) are mixtures of numerous highly complex volatile
compounds (hydrogenated and oxygenated monoterpenes, sesquiterpenes, phenols, simple
alcohols, ketones, coumarins, etc.) present in variable concentrations whose aroma depends
on the individual constituents present [11]. Due to their natural properties, EOs have been
used as therapeutic remedies and flavoring agents since ancient times. In the last decades,
many investigations showed that EOs have a wide range of valuable biological activities, such
as antimicrobial, herbicidal, insecticidal, antioxidant, etc.

Although many investigations demonstrated the broad range of biological activities of many
phytochemicals, they still have restricted applicability as pharmaceuticals or in food products
due to their poor water insolubility and bioavailability, high volatility, rapid oxidation, or
degradation when exposed to environmental factors. New approaches have been developed
to overcome these drawbacks, and among them, CDs have been suggested as excellent vehi-
cles for the protection of phytochemicals for food and drug delivery proposes [12-14].

2.1. Interaction between phytochemicals and cyclodextrins

According to a recent review by Suvarna et al., there are many phytochemicals whose solubil-
ity, bioavailability, or therapeutic activity is significantly improved by complexation with CDs
(e.g., quercetin, curcumin, artemisinin, resveratrol, naringenin, etc.) [12]. The methods used for
the formation of inclusion complexes between CDs and bioactive compounds are essentially
neutralization, slurry, solution, coprecipitation, kneading, and grinding [15].

The encapsulation of phytochemicals with CDs usually involves the formation of 1:1 inclu-
sion complexes with the most versatile CD, the -CDs, and its derivatives. These derivatives
can be classified according to their interaction with the water molecules in hydrophilic,
hydrophobic, and ionizable derivatives [13]. Examples of used hydrophilic f-CDs are the
methylated p-CDs—2,6-dimethyl-3-CD (DM-f-CD) and 2,3,6-trimethyl-p-CD (TM-$-CD)—
the hydroxyalkylated B-CDs such as 2-hydroxypropyl-g-CD (HP-3-CD), and the branched
-CDs, glycosyl-B-CD (G-3-CD). These molecules are suitable for the formation of host-guest
inclusion complexes with poor water-soluble compounds. On the other hand, the hydropho-
bic derivatives, such as the alkylated 3-CD 2,6-diethyl-3-CD (DE-f-CD), are used to decrease
and modulate the released rate of water-soluble molecules. Finally, the ionizable $-CD can
enhance the dissolution rate and the inclusion capacity and even decrease the side effects
of some molecules [16, 17]. Among the ionizable CDs, O-carboxymethyl-3-CD (CM-{3-CD),
O-carboxymethyl-O-ethyl-B-CD (CME-B-CD), and sulfate and sulfobutylether-p-CD (SBE-
[-CD) should be highlighted.
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Owing to their potential health promotion effects particularly the antioxidant, anti-inflammatory,
and antimicrobial properties, one of the actual promising applications of phenolic compounds is
their use in the food industry as additives, e.g., in the development of functional foods. Never-
theless, the efficacy of these natural compounds is dependent on the preservation or improve-
ment of their stability, bioactivity, and bioavailability [18]. Inclusion complexation with CDs
improves water solubility of phenolics and enhances their shelf life and biological activity [15].
Additionally, it has been shown that the inclusion of phenolic compounds (e.g.,
hydroxycinnamic and chlorogenic acids) with CD (8-CD) strongly limited their interactions with
proteins, which is important regarding the use of phenolics as food additives [19, 20]. Note that
the interactions of these compounds with proteins, frequently added to functional foods to
improve nutritional value and proper texture characteristics, often decrease the bioavailability
of both proteins and phenolics [21].

There are many examples showing that the complexation of (3-CD, or some of its derivatives,
increases the biological activity of phenolics. For instance, Shao et al. observed that the com-
plexation of chlorogenic acid (CGA) with CDs (3-CD and HP-3-CD) improved its antioxidant
activity [22]. Moreover, the addition of CGA-CD complexes to grape juice reduced the degra-
dation of anthocyanins due to copigmentation effect with the CGA/HP-3-CD complex show-
ing the superior activity and copigmentation effects. Gabaldon et al. also used HP-3-CD to
increase the aqueous solubility of kaempferol, quercetin, and myricetin and to improve their
antioxidant activity due to the protection toward free radical attack [23]. The complexation of
curcumin with an ionizable 3-CD (SBE-B-CD) enhanced its water solubility and, thus,
improved the in vitro cytotoxic (on HepG-2 cells) and antioxidant activity of these compounds
[24]. This B-CD derivative and the HP-B-CD are the most used derivatives on the pharmaceu-
tical industry due to their low toxicity and high solubility [16, 25, 26].

EOs can be regarded as mixtures of phytochemicals, and there are several studies reporting the
complexation of EOs or their components with CDs mainly to overcome problems related with
EO water insolubility, high volatility, rapid oxidation, heat damage, and degradation on
exposure to air [14]. Although many studies focus the complexation of EO components with
-CDs or its derivatives, e.g., eugenol/HP-3-CD [27] and linalool/HP-f3-CD [28], it has been
observed that sometimes y-CD is a better complexing agent. Ciobanu et al. showed that
menthol, menthone, and pulegone are capable to form stable 1:1 inclusion complexes with 3-
CD, but eucalyptol forms a more stable inclusion complex with y-CD due to the size of its
cavity [29]. Polymeric CDs, which can be synthesized using cross-linking agents such as
epichlorohydrin, also revealed promising results in some specific cases but are not matter of
discussion in this chapter [29].

The inclusion complexes of EOs (or their components) with CDs have been mainly tested for
food and pharmaceutical applications, but they could be an efficient tool to improve the use of
EOs in aromatherapy, cosmetic, and household cleaning products. An interesting application of
EOs is related to their incorporation in food packaging systems or edible films due to their
antimicrobial, antioxidant, and insect repellent capacity. However, this is often limited due to
flavoring and organoleptic considerations. CD inclusion complexes could overcome these limi-
tations allowing EOs to reach effective concentrations in the food matrices without exceeding
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organoleptically acceptable levels and even providing controlled release-rate kinetics. Recent
studies encourage the use of CD-EO (e.g., p-CD/Satureja montana EO; y-CD inclusion complex
encapsulated electrospun zein nanofibrous webs/thymol) complexes as part of active packaging
systems [30, 31] as well as promising candidates to be used as safe and effective antimicrobial
agents ((3-CD/eugenol) to control postharvest diseases in fruits [27].

There are scientific evidences that inclusion complexation with CDs improves the pharmaco-
logical effects of EOs or their components [28, 32, 33]. For instance, the complexation of Hyptis
pectinata L. EO with 3-CD improved its analgesic effect in a mice model [34]. Also Bomfim
et al. observed that 3-CD complexation increased in vivo tumor growth inhibition capacity of
Annona vepretorum EO [32]. Recently, Lima et al. reviewed the preclinical and clinical studies
published on complexes between CDs and terpenes [33]. These are the major components of
EOs that exhibit a wide range of biological activities on the human body. Their survey shows
that there is robust experimental evidence that CDs improve the oral absorption and pharma-
cological properties of terpenes. Nevertheless, more pharmacokinetic and clinical studies are
required before they can be effectively used in clinical targets.

3. Natural surfactants: brief introduction to sugar-based amphiphiles

Despite the production of surfactants based on fats, oils, and carbohydrates, being a known
area for several decades, on an industrial scale, this is a relatively new issue [35]. These
amphiphilic molecules that have one of the main building blocks from a natural source are
often called “natural surfactants” [36, 37]. For example, alkyl glycosides which are synthesized
from a “natural” sugar unit and a “nonnatural” fatty alcohol are often regarded as natural
surfactants. Considering their amphiphilic nature, it has been always a challenge to attach a
carbohydrate molecule, such as the hydrophilic group (due to the numerous hydroxyl groups)
to a fat and oil derivative, such as a fatty acid or a fatty alcohol. However, nowadays, several
successful synthesis routes are well established, and numerous types of natural surfactants are
known and available, even on a commercial scale [38]. Nowadays, carbohydrate-based surfac-
tants (CBS) are among the most important classes of amphiphilic compounds [39—41]. Their
structure results from the combination of sugar and lipids, naturally biosynthesized within
living cells or, alternatively, synthetically prepared by sequential reactions using carbohydrate
and fatty materials. The growing interest in such compounds is due to, inter alia, their prepa-
ration from renewable raw materials, biodegradability, mildness to the skin, and biocompati-
bility, among other reasons [42, 43]. In particular, CBS can be relatively easily prepared from
the most abundant renewable vegetable raw materials (e.g., cellulose, pectin, hemicellulose,
starch, etc.) in a wide range of structures and geometries by modular synthesis thanks to the
presence of numerous reactive hydroxyl groups. Such structural diversity makes CBS excellent
models to get insight on the surfactant mechanisms in modifying interfacial properties. This
knowledge is crucial for the control of the formation and stability of diverse colloidal systems
such as micelles, vesicles, foams, and emulsions [44]. An important structural feature of these
surfactants is the typical sugar headgroup, a voluminous and relatively rigid moiety that can
be functionalized by a myriad of reagents and synthetic schemes. Numerous properties and
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functionalities can be expected from such almost unlimited number of different compounds
that can find specific applications in different industrial areas [45, 46]. CBS also present great
advantages on the environmental side; their higher biodegradability and lower toxicity
profile are important reasons to consider CBS as valid alternatives to the more common
petrochemical-based surfactants.

3.1. Case study: alkyl polyglycosides

In recent years there has been a growing focus on three classes of surfactants with sugar or a
polyol derivative as polar headgroup: alkyl polyglycosides (APGs), alkyl glucamides, and
sugar esters. In this chapter, we will focus on APGs, which are regarded as “perfect amphi-
philic structures” with excellent surface activity as well as solubility. APGs have been synthe-
sized, for the first time, more than 100 years ago [47]. APGs are completely based on renewable
resources and combine very good performance, multifunctionality, and competitive price with
mildness. This explains why APGs are the most successful sugar-based surfactants nowadays.
It is important to mention that not pure alkyl monoglucosides but rather a complex mixture of
alkyl mono-, di-, tri-, and oligoglycosides is produced in the industrial processes. Because of
this, the industrial products are called alkyl polyglycosides. The surfactants are thus charac-
terized by the length of the alkyl chain and the average number of glucose units linked to it, the
degree of polymerization (DP). Alkyl glycosides are stable at high pH and sensitive to low pH
where they hydrolyze to sugar and fatty alcohol. The sugar unit is more water-soluble and less
soluble in hydrocarbons than the corresponding polyoxyethylene unit; hence, APGs and other
polyol-based surfactants are more lipophobic than their polyoxyethylene-based surfactant
counterparts [48]. This makes the physicochemical behavior of APG surfactants in oil/water
systems distinct from that of conventional nonionic surfactants. Moreover, APGs do not show
the pronounced inverse solubility vs. temperature relationship that normal nonionics do [49].
This makes an important difference in solution behavior between APGs and polyoxyethylene-
based surfactants. The critical micelle concentration (cmc) values of the pure alkyl
monoglycosides and the technical APG are comparable with those of typical nonionic surfac-
tants and decrease distinctly with increasing alkyl chain length. The alkyl chain length has a
far stronger influence on the cmc than the number of glycoside groups of the APG. The
influence of the DP of APGs on their phase behavior has been described by Fukuda et al. [50].
The region in which the liquid crystalline phases occur is only slightly dependent on the
concentration with a greater expansion in the case of APGs with a higher DP.

Regarding their applications, APGs are mainly used in personal care products such as cos-
metics, manual dishwashing, and detergents [51]. APGs have also been used in more
advanced applications such as the extraction and purification of membrane proteins, which
plays a major role in the determination of protein structures and functions [52]. This is because
APGs have reduced protein-denaturing properties in comparison to conventional surfactants.
Generally, the environmental fate of surfactants is inextricably linked with their biodegrada-
tion behavior. Thus, fast and complete biodegradability is the most important requirement for
an environmentally compatible surfactant. The general environmental impact of chemicals lies
mainly in their ecotoxicity, which is relatively high in the case of surfactants because of their
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surface activity and the resulting effects on biological membranes [47]. In the case of CBS
(APGs in particular), they present a quite favorable environmental profile: the rate of biodeg-
radation is usually high, and the aquatic toxicity is low. In addition, APGs exhibit favorable
dermatological properties, being very mild when exposed to the skin and eye [53]. The inter-
ested reader can find excellent overviews on APGs elsewhere [45-47, 51, 54].

3.2. Interaction between alkyl polyglycosides and cyclodextrins

Saenger and Mullerfahrnow [55] and Casu et al. [56] were pioneers in the study of the
interactions between APGs and CDs. By surface tension measurements, it was shown that the
addition of CDs leads to an increase of surfactant critical micelle concentration. Furthermore,
the interaction is most pronounced when the CD cavity and hydrophobic part of the surfactant
exhibit the tightest fit. Such a view was also supported by 'H and '>C NMR spectroscopy. By
the analysis of NMR chemical shifts of octyl- (CsG;) and dodecyl (C12G;) a- and (-p-
glucopyranoside and octadecyl $-p-glucopyranoside (C15G;), in the absence and presence of
a-CD, two main conclusions were taken: the presence of a-CD only affects the chemical shifts
of the surfactant alkyl chain, and the chemical shift of the protons H-3 and H-5, located inside
the CD cavity, increases by increasing the length of the alkyl chain [57]. Furthermore, it was
observed that no chemical shift is observed for y-CD/C;,G; mixed systems. These conclusions
corroborate previous and subsequent studies, showing that the CD cavity is protruded just by
the surfactant tail and the magnitude of the interaction is dependent on the relationship
between the volumes of the CD cavity and the surfactant hydrocarbon chain [56, 58]. A better
characterization of these complexes was accomplished by the quantification of the binding
process. The effect of the length of the alkyl chain and surfactant head group on the association
constant of APGs with different CDs was studied by 'H NMR spectroscopy, NMR self-
diffusion, and surface tension (Table 1) [58-60]. Although the comparison between association
constants computed on the basis of different physical parameters is a difficult task [5], the
analysis of the data allowed concluding that by increasing the alkyl chain length and decreas-
ing the CD cavity volume (from (- to a-CD), the association constant increases. Furthermore,
some authors stated that no interactions were observed when y-CD was used [59, 58]. It is also
worth noticing that for all mentioned systems, by subtracting the critical aggregation concen-
tration (cac) of the surfactants from the CD concentration, the critical micelle concentration

a-CD B-CD Obs.
B-CsGy 3.68 (+1.6) x 10° 0.99 (0.17) x 10° Self-diffusion NMR [58]
1.85 (£0.35) x 10° Surface tension [60]
B-CoGy 76 (+750) x 10° 275 (£5300) x 10° Self-diffusion NMR [58]
B-C10G1 340 + 30 [CD] =1 mM, '"H NMR [59]
B-C12Gy 440 £ 40 [CD] =2 mM, '"H NMR [59]
410 £ 40 [CD] =1 mM, '"H NMR [59]
B-Ci12G, 125+ 10 [CD] =1 mM, 'H NMR [59]

Table 1. Binding constants, Kj ; in dm® mol ™, for the inclusion complexes CD/APG.
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value is obtained. This clearly suggests a 1:1 APG/CD complexation [4], and actually it finds
support by the Job’s plot [61] reported by Bernat et al. [60]. Another important issue is to
understand the reliability of the binding constants reported in Table 1. Rymdén et al. found that
an increase of a methylene group for a series of alcohols decreases the standard free energy of the
alcohol: 3-CD binding for ca. 3.0 kJ/mol [62]. This variation is similar to that observed for K
values obtained by self-diffusion coefficients (Table 1). On the other hand, comparing K, ; values
for CgG; with those from other monoalkyl surfactants, one can conclude that the APG/CD
complex is more stable [63, 64]. This has been justified by the occurrence of hydrogen bonds
between the sugar structure and the hydroxyl groups located at the rim of the CD. However,
studying the effect of the number of sugar moieties in the surfactant head on the free energy of
binding, an algebraic increase in the Gibbs free energy is observed. Indeed, comparing the
binding constants for the interactions between (3-C1,G; and (3-C;,G, with B-CD, it is possible to
conclude that the addition of an extra sugar moiety in the surfactant head decreases the K values
for the supramolecular association. Thus, it can be hypothesized that no significant sugar-sugar
interactions are involved in the interaction with CD, as it was previously discussed. Another
hypothesis arises from the effect of carbohydrates on the water structure, for example, Ribeiro
et al. have found that the presence of carbohydrates leads to an increase of the entropy in water
[65], also called a structure “breaking effect” [66]. Consequently, an increase of the concentration
of the sugar molecules in solution may contributes for a decrease in the binding entropy change
and, consequently, to an increase in the binding Gibbs free energy.

Up to now, we have been discussing the binding process assuming a 1:1 APG/CD (a- and f3-)
binding stoichiometry. However, it should be stressed that from the study of the interactions
between C;,G4, and C13Gy, and CDs, there are strong evidences for the occurrence of other
species consistent with 1:2 complexes [56]. More recently, Haller and Kaatze, studying the
interaction between CgG; and a-CD by ultrasonic attenuation spectroscopy, concluded that
besides 1:1 (APG/CD) complexes, the formation of 1:2 and 2:1 complexes (although in very low
concentration) should not be ruled out [67].

4. On the methods to follow the interactions between cyclodextrins and
phytochemicals and sugar-based surfactants

As it must have already been understood from the previous subsections, an accurate choice of
the technique to follow the host-guest association is a key issue for a reliable thermodynamic
and kinetic characterization of the association process. In general, the experimental techniques
can be subdivided into two different categories, labeled as I and II [68]. Methods from group I
(e.g., surface tension) are measuring changes in physical properties that are proportional, in
some ways, to the extent of binding, while those from group II (e.g., "H NMR spectroscopy)
rely on direct measurements of the free and bound ligand in a solution containing a known
amount of the CD and guest molecule. Comments on such a division can be found in a couple
of reviews (see, e.g., [69]), and it is outside of the scope of this chapter. The same is valid for
computational techniques as relevant tools to infer on the structure of the supramolecular
compounds [70-72].
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In this section, the most relevant techniques used to study the interactions between CDs and
sugar-based surfactants (e.g., APGs) and phytochemicals (e.g., polyphenols, EOs, and their
components) will be highlighted (Table 2).

NMR spectrometry falls in the group II techniques, and it is used to determine association
constants through the chemical shift changes noticed either by the guest or by the CD [73-75].
Focusing on EOs, and as previously discussed, they may present undesired features, such as
volatility, poor aqueous solubility, and stability. Therefore, host-guest supramolecular com-
plexes are often obtained by using solid-state-based methods [14] such as freeze-drying [76,
77], coprecipitation [78], and the saturated approach [27], improving the solubility of the EO
and thus allowing the use of NMR techniques for the quantitative and qualitative assessment
of the complexation process [74]. For example, the complexation of eugenol with 3-CD was
obtained by using the saturation method, and the obtained complex, in the solid state, was
characterized by either 'H, '°C, or 2D NMR techniques, confirming the thread of CD’s cavity
by the aromatic ring of the eugenol [27]. Other techniques will be mentioned later since they
fall on the so-called group IL

DOSY "H NMR has been used to study inclusion complexes between CD and different sugar-
based substrates [79]. Kfoury et al. report a comprehensive study on the complexation between
two phenol isomers (thymol and carvacrol) and CDs by using different NMR techniques,
including DOSY [80]. The data allowed concluding that those isomers have a binding constant
of 1344 M " and 1336 M "', respectively.

The self-diffusion measurements are, in principle, applicable to any systems as long as the free
and complexed guests are soluble to an extent that allows for a good signal-to-noise ratio. It is
important to note that on account of the rapid exchange on the NMR time scale, average diffusion
coefficients for both the guest and for the CD are typically obtained. This method, as well as that
involving chemical shift changes analysis, is also limited to systems where no overlapping of well-
defined resonances is observed. The method relies on the fact that the self-diffusion coefficients of
the uncomplexed guest are higher than the self-diffusion of the host-guest complex, as defined by
the Stokes-Einstein equation. The change in the self-diffusion coefficient of the CD upon complex-
ation is often small since the complex is often of the same size as the CD molecule, and thus the
information from the CD self-diffusion is rather limited [58].

Ultrasonic relaxation technique falls into group II techniques and is based on the application of
ultrasound to a given solution, with a frequency ranging from 20 kHz to several GHz, and
subsequently measuring the molecular structural relaxation. The relaxation is sensitive to molec-
ular volume changes [81], and thus, it may convey information on the stability constants of the
host-guest complexes [82]. Furthermore, the use of a large frequency range allows to follow
processes with relaxation times in the range from 20 ps to 20 s [83], and thus the kinetics of
the CD-surfactant association can be investigated. Haller and Kaatze, by using ultrasonic atten-
uation spectroscopy, were able to quantify the dynamics of unimer-micelle exchange of a sugar-
based surfactant (i.e., octyl-3-p-glucopyranoside (CgGy)) in the presence of a-CD [67].

Also from group II, surface tension has also been used to follow the effect of CDs on the
aggregation and interfacial properties of surfactants in CD-surfactant-containing solutions
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Experimental methods System Obs.
NMR Nerolidol + 3-CD [74]
UV-vis Nerolidol + CDs! [74]
Phase solubility studies Cabreuva essential oil + HP-3-CD [74]
Phase solubility studies [-caryophyllene + HP-3-CD [76]
UV-vis Black pepper essential oil + HP-3-CD [76]
Phase solubility studies CDs' + PPs? [77]
Phase solubility studies, NMR, TGA, DSC [-CD + estragole [78]
NMR B-CD + eugenol [27]
NMR [-CD + rosmarinic acid [75]
NMR Cyclohexylacetic acid + 3-CD [79]
NMR Cholic acid + f-CD [79]
UV-vis, NMR Thymol and carvacrol + CDs! [80]
NMR n-Octyl-p-p-glucoside and n-nonyl [58]
-B-p-glucoside + a-CD and p-CD
UAS® Octyl-B-p-glucopyranoside + a-CD [67]
Surface tension, NMR APGs* + B-CD [59]
Surface tension Octyl-p-p-glucopyranoside + a-CD [60]
Phase solubility studies, ITC, NMR Nootkatone + 3-CD and HP-3-CD [71]
TGA Cinnamon essential oil + 3-CD [90]
NMR, FTIR, release kinetics Monochlorotriazinyl B-CD + EOs’ [91]
XRD, NMR, TGA Thymol +y-CD [30]
DSC, TGA, FTIR, XRD, GC/MS, NMR Isopulegol + a-CD and 3-CD [72]
Phase solubility studies, NMR, HPLC Polymethoxyflavones + HP-3-CD [93]

GG, total organic carbon, phase-solubility studies SBE-B-CD, SBE-y-CD and HP-B-CD + EOS® [94, 95]

!CDs: alpha-cyclodextrin  (a-CD), beta-cyclodextrin (3-CD), gamma-cyclodextrin (y-CD), 2-
hydroxypropyl-B-cyclodextrin (HP-B-CD), randomly methylated-beta-cyclodextrins (RAMEB), low
methylated beta-cyclodextrin (CRYSMEB), and sulfobutylether 3-cyclodextrin (SBE-3-CD)

?PPs: trans-anethole, estragole, eugenol, isoeugenol (phenylpropenes), caffeic acid, p-coumaric acid, and
ferulic acid (hydroxycinnamic acids)

UAS: ultrasonic attenuation spectroscopy

*APGs: glucopyranosides (octyl G8, decyl G10, dodecyl G12, tetradecyl G14) and two maltosides (decyl
M10, dodecyl M12)

®EQs: essential oils of cedarwood, clove, eucalyptus, and peppermint

®EQS: essential oils of Artemisia dracunculus, Citrus reticulata Blanco, Citrus aurantifolia, Melaleuca
alternifolia, Melaleuca quinquenervia, and Rosmarinus officinalis cineoliferum

Table 2. Compilation of the most relevant techniques used to study the interactions between CDs and bio-based
compounds.
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[59, 60]. Surface tension is a measure of cohesive forces between liquid molecules present at the
surface, and it represents the quantification of force per unit length of free energy per unit area
[84]. In general, the presence of CDs will increase the surface tension of an APG solution.
Knowing that natural CDs are not surface-active, they cannot replace APG at the air interface
[85]. Therefore, CD molecules contribute for the depletion of APG unimers from the interface
due to the great interaction between these unimers and CDs. There are several examples where
surface tension measurements have been used to assess the stoichiometry and stability con-
stants of host-guest complexes [60, 86].

Isothermal titration calorimetry (ITC) is a sensitive and powerful technique to study host-guest
interactions by measuring the enthalpy and the free energy of binding [86, 87]. There are also
some cases where the kinetic constants of the binding process can be obtained by ITC (see, e.g.,
[88]). For example, the heat produced by a stepwise addition of HP-f3- and 3-CD solution to a
nootkatone allowed to characterize the complexation process with a binding enthalpy and
binding constant of —6.99 kjmol ' and 4838 M, and —14.38 kJmol ', and 5801 M/, respec-
tively [71]. Unfortunately, the strict conditions required by this technique do not allow its
routine implementation on a large scale [89].

As has been pointed out before, some phytochemicals (EOs, in particular) are, in general,
poorly soluble in aqueous solutions; therefore, the formation of complexes with CD in solid
state is a strategy for further applications. Consequently, there are several available techniques
used to evaluate the complexation. Thermal techniques, such as thermal degradation analysis
and differential scanning calorimetry, are classical examples of methods used to assess com-
plexation. Moreover, thermal degradation also allows evaluating the thermal stability of the
EO upon complexation [90, 78].

Other spectroscopic techniques, such as FTIR and XRD, which can be included in group II,
have also been used, but the information is, in our opinion, rather qualitative [30, 72, 78, 91].
Another interesting approach to learn about the formation of host-guest complexes, in solid
state, is to study the release kinetics of the EO. These studies, although do not allow to quantify
the total amount of EO incorporated into the CDs, are of utmost importance to evaluate the
presence of the EO in the complex as well as to provide hints on the release mechanism; the
latter is quite relevant for EOs used as fragrances [91, 92].

For such poor soluble compounds, the complexation can also be evaluated by carrying out
phase-solubility studies. These can be performed by using complexes in solid state or by
checking the ability of increasing concentrations of CD to solubilize saturated solutions of EO.
This allows assessing how much the solubility of the EO is improved upon complexation as
well as the corresponding complex binding constant. The details on the quantitative determi-
nation of those parameters will be given in the next section. Different techniques can be
applied to obtain the phase-solubility profiles. For instance, the solubility of black pepper EO
in the presence of hydroxypropyl-beta-CD (HP-f-CD) was evaluated by UV-visible spectros-
copy [76]. On the other hand, phase-solubility profiles for the encapsulation of polymethoxy-
flavones, obtained from mandarin EO, into HP-B-CD were obtained by using HPLC [93].
Kfoury et al. have used gas chromatography to study the ability of sulfobutylether-B- and
sulfobutylether-y-CD to encapsulate EOs components, such as limonene, estragole, and a- and
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[-pinene; their solubility in water was improved more than one order of magnitude [94]. It is
worth noticing that, recently, a technique based on the total organic carbon determination has
been reported and validated to follow the solubility improvement of EOs when increasing the
concentration of CD [95].

5. Methods for computation of binding constants: the case of EO-CD
association

In this section a rather simple and straight overview of the most used model equations to
compute binding constants for host-guest association is provided. To do so, EO will be used as
the guest compound.

As discussed before, the phase-solubility plots are a widely applied method to get knowhow
on the improvement of the EO solubility driven by complexation and also for computation of
the EO-CD association constant. Assuming that the most common type of EO/CD complex has
a 1:1 stoichiometry, the corresponding reaction and equilibrium (binding) constant, K;, can be
written as

K
CD+G=CD-G )

Ki = [cD - 6]/ (D) [G};) @

where G represents the guest (here the EO) and [CD]; and [G]; are the concentrations of
uncomplexed (free) species in the system. Assuming that the change in the aqueous solubility
of the EO (AS) is only due to the formation of the complex, we can write

AS =St -5y =[CD—-(] (3)
where St is the measurable total solubility and Sy is the solubility of the EO in water in the
absence of CD (i.e., the intrinsic solubility). Thus, it follows that

Gl = So 4

[CDJ; = [CD]y — (St — So) )

where [CD]r is the total concentration of CD in the solution.
Substituting Eqs. (3)-(5) in Eq. (2) and after algebraic manipulation, we obtain

K; So

ST:SO—'_TIQE»()[C Ir

(6)

Fitting Eq. (6) to experimental data of St = f{[CD]t) allows the calculation of the intercept (So)
and the association constant, K;. As discussed by Loftsson et al., the determination of K is
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highly dependent on the intercept accuracy [96]. In order to overcome this drawback, the
authors have established the concept of “complexation efficiency” (CE) which can be obtained
independently of Sy, according to the following relation:

[CD—-G] _ (S —50)/[CD]y

=Dy "1 (51— S0)/ICD]; 7

where the term ((St — So)/[CD]r) represents the slope of the phase-solubility profile.
The application of Eq. (7) is useful but limited by the dependence on S, and to 1:1 complexes.

Let us now assume the following reaction:
Ky
nCD+G =2 CD, -G (8)

where 7 is a stoichiometry coefficient and K,, is the corresponding binding constant. Thus,
from the conservation of mass equations:

Gy = [G]r = [CDy = G O)

and

[CD); = [CDJy — n[CD - G (10)

the binding constant equation can be written as

€D, — G]
([CD}T —n[CD — GD”([S}T —[CD - GD

K, = (11)

By measuring a physical parameter, known as AA, directly related with the formation of the
complex (CD,, — G), and performing the experiment in such a way that [CD];> > [CD — G],
Eq. (11) takes the form of the so-called “Benesi-Hildebrand” equation [97]:

AA

K= oL (5], — 8a) (12

or its linear form

1 1 1
A TSl KISl (ICD],)” v

However, it should be pointed out that nowadays, with the available software, such as Origin®
and MatLab®, there is no need to linearize Eq. (12) once such methodology brings some restric-
tions to the computation of K and 7.

It should be stressed that a key point in all these procedures is the accurate previous knowl-
edge of the stoichiometry of complexation, but this is not always a simple task. The most
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common method for the determination of stoichiometry is the method of continuous variation
or the Job plot; the virtues and limitations of this method were recently reviewed [98], and thus
it is not our intention to further discuss it in the present chapter.

Going back to the determination of the binding constants, the most accurate way to compute K
is by using the first principles. Here, for the sake of simplicity, the 1:1 and 1:2 (G/CD) stoichio-
metric ratios will be focused. Additionally, these examples also correspond to the large major-
ity of complexes formed between CDs and EOs. For more complex stoichiometries, the
computational treatment of the resulting equations (not shown) is not straightforward as a
consequence of multicollinearity [99]. Multicollinearity causes larger standard errors in the
quantities calculated and lowers statistical significance of the results. In limiting cases, several
local minima may be obtained by iteration; these correspond to noticeably different combina-
tions of the quantities calculated and may be the reason why different K values are reported for
the same host-guest systems.

Assuming that a 1:1 complex (CD-S) is formed, the binding constant (Eq. (2)) can be rewritten as

) f
=T, —fien) (49

where fis defined as [CD — GJ/[G]r

Despite the binding process being followed by AA (e.g., for 'H NMR, AA will be equal to the
chemical shift of a given 'H resonance), the observed AA for a host molecule is expressed as

Aops = (1 = f)Acps +fAcp-c (15)

where Acp,r and Acp ¢ represent the measurable physical parameter related to CD in free and
complexed states, respectively.

The variation of the physical parameter in the presence and absence of a guest molecule,
AAps = AAgps — AAcp, can be expressed as

AAcp—¢

A140175 = [CD} T

[CD —G] (16)

which, after some algebraic manipulation and simplification, results in [100, 101]:

) 1/2
st (o2 )

AAobs =
17)

It should be stressed that the application of Eq. (17) shows some drawbacks when the total
concentrations of CD and guest are low and/or the binding constant is very weak, i.e., for the
simplest 1:1 case, when y is sufficiently small, x — \/x> —y = y/2x, and, consequently, Eq. (17)
reduces to
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~ AAcpc
AAobs - T+ (1/K1) [G}T (18)

where E= [CD]; + [S];. If T'is kept constant in the experiments, as is common practice when Job
plots are used to obtain stoichiometries, the observed displacement varies linearly with [S]or
[CD]y, but the fitting parameters are present in the form of a ratio that generates an infinite
number of acceptable solutions. Consequently, it is suggested that T should be chosen in such a
way that its value should be of the same order of magnitude than K; ' [102].

Another approach lays on the assumption of a 2:1 (CD/G) complexation, in a two-step mech-
anism. In these circumstances, the complexation process is defined by two binding constants
K; and K5, and the corresponding mass balances are defined as

[Gly = [G]r = [CD = G] = [CD, - C] (19)

and

[CD); = [CDJy — [CD — G| - 2[CD, — G (20)

From the equilibrium constants and Egs. (19) and (20), we can write

[CD}fACD + [CD — G}ACD—G + 2[CD2 — G]ACszG

Agps = [CD]f + [CD — G] + Z[CDZ - G] (21)

where Acp, Acp_¢, and Acpy_¢ are the contributions of the CD and 1:1 and 2:1 CD/G com-
plexes, with concentrations [CD], [CD — G], and [CD, — GJ, respectively, for the observed
(experimental) physical parameter A. Using a similar procedure to that used for a 1:1 complex-
ation, it is possible to write Eq. (21) as a function of [CD], that is

Acp + [CDIK1Acp-¢ + KiK2[CD)Acp,-c

Agps = 2 (22)
1+ K; [CD]f + K1K;[CD]
On the other hand, the free CD concentration is given by
1 1 [CD]; [S] [CD]
CD)® + <—— CD]; +2[S ) CD)* + <7——T+—T CD|——=L =0 (23
[ ] KZ/ 1 [ ]T [ }T [ ] K]/ 1K2/ 1 K2, 1 K2/ 1 [ } Kl/ 1 Kz/ 1 ( )

One method for estimation of the free CD concentration is through an analytical solution of the
real solution of a third-degree equation [103]:

flx) =2 +ax®> +bx +c (24)

using a Cardin-Tartaglia formulae
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where
1, 1
e 26
7=3b—50 (26)
and
111 1, 1. 1, 1 1
= (2ab — = — = + (/s b® — —abe + = + = ddc — ——a2b? 27
! \/6” 27" TV et T 18t @7)

6. Conclusions

Despite the huge potential of many bio-based compounds in several diverse areas, their use is
still limited due to different reasons such as poor aqueous solubility, volatility, reactivity, etc.
Therefore, advanced strategies have to be developed in order to minimize some of these weak-
nesses to make bio-based molecules usable on a larger scale. It became patent in this chapter that
CD interaction with bio-based compounds, such as different phytochemicals or sugar-based
surfactants, has generally a remarkable positive impact on their performance, improving their
aqueous solubility and availability and decreasing their degradation rate, etc. Moreover, it is
clear that this is not only interesting and beneficial from an application point of view but also
very stimulating from a fundamental perspective where thermodynamics, modeling, and differ-
ent experimental methodologies get together for a deep and challenging characterization of the
systems. Eventually, such knowledge will be crucial for the future development of improved
formulations and make use at full extent of the exciting properties of bio-based compounds.
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Abstract

Niemann-Pick disease type C (NPD-C) is a rare neurodegenerative disorder character-
ized by a lysosomal storage disorder. Treatment has been supportive and symptomatic.
In animal studies, 2-hydroxypropyl-B-cyclodextrin (HP-3-CD) showed a significant
decrease in cerebellar damage, neurological progression, and higher lifespan. Based on
these results, HP-3-CD has been tested in NPD-C patients for last 8 years. The first
compassionate uses of intravenous HP-f3-CD obtained a limited improvement in neu-
rological symptoms, probably associated to the non-permeation of the blood-brain
barrier. The change or combination with intrathecal administrations of HP-B-CD
achieved higher benefits, especially improvement or stabilization of NPD-C progres-
sion. Biomarkers of neurological cholesterol homeostasis are being investigated in order
to quantify the response of HP-3-CD treatment. The results of a clinical trial recently
published have reproduced the slowing of NPD-C progression in 14 patients treated
with a dose-escalation protocol of HP-3-CD intrathecal monthly infusions, with respect
to a historical comparison cohort. The safety profile of this therapy is acceptable, being
the loss of hearing as the most frequent adverse event. However, some severe toxicities
have been reported in relation with HP-B-CD, including chemical meningitis and fever.
The short experience with HP-B-CD suggested that it could be effective in the manage-
ment of NPD-C.

Keywords: Niemann-pick type C, 2-hydroxypropyl-f-cyclodextrin, cholesterol,
neurodegenerative diseases, blood-brain-barrier
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1. Introduction

1.1. Etiology

Niemann-Pick disease type C (NPD-C) is a rare autosomal recessive disorder characterized by
lysosomal lipid storage in which faulty intracellular lipid transport leads to accumulation of
unesterified cholesterol and glycosphingolipids in several neurovisceral tissues [1, 2].

NPD-C is caused by mutations in either the NPC1 or NPC2 genes. The NPC1 gene, located on
the long arm of chromosome 18 (18q11.2), encodes a large (142 kDa) membrane glycoprotein
placed in endosomes and lysosomes. This protein mediates intracellular cholesterol traffick-
ing via binding of cholesterol to its N-terminal domain. NPC2 gene, located on the long arm
of chromosome 14 (14q24.3), encodes a small (16 kDa) lysosomal protein that binds to cho-
lesterol. NPC1 and NPC2 proteins seem to act in the cooperative transportation of molecules
within cells. Recently, it has been shown, the N-terminal domain of NPC1 protein may interact
with NPC2 protein to facilitate cholesterol efflux from the late endosome and lysosomes [3, 4].

The majority of patients show mutations in the NPC1 gene (95%), whereas a much smaller
number suffer mutations in the NPC2 gene, but the resulting phenotypes are clinically indis-
tinguishable. Loss of function of either of these proteins results in an accumulation of cho-
lesterol and other lipids, including sphingomyelin, sphingosine, and gangliosides (GM2 and
GM3), within the endosomes and lysosome [3, 4].

1.2. Diagnosis

The diagnosis of NPD-C requires a combination of clinical, cellular, and molecular criteria.
NPD-C is suspected on the basis of the clinical features. Systemic manifestations such as hepa-
tosplenomegaly neonatal, cholestatic jaundice, or splenomegaly can lead to diagnosis, but,
due to the heterogeneous clinical phenotype, diagnosis is often delayed for many years or
missed altogether [4]. A Suspicion Index tool might be useful as a screen for NPD-C, a risk
prediction score >70 indicates a strong suspicion for NPD-C [5]. The diagnosis of NPD-C is
confirmed by biochemical testing that demonstrates impaired cholesterol esterification and
positive filipin staining in cultured fibroblasts obtained from a skin biopsy. Filipin staining
demonstrates intense punctate pattern of fluorescence concentrated around the nucleus, con-
sistent with unesterified cholesterol. Molecular genetic testing of NPC1 and NPC2 are com-
mercially available and they detect pathogenic variants in approximately 94% of individuals
with NPD-C [4].

The filipin assay is unable to provide a firm diagnosis in fibroblasts with “variant” pheno-
types that represent one-third of NPD-C cases. Moreover, the assay is invasive and the results
can delay for 3 months. Genetic analysis is an important diagnostic tool, though, due to
cost considerations, generally applied as a confirmatory rather than screening test. In recent
years have been identified promising NPD-C biomarkers. One of these markers, cholestane-
30,5a,63-triol, which is a cholesterol oxidation product, has emerged as a sensitive diagnostic
for NPD-C [6, 7].
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1.3. Clinical presentation and symptoms of Niemann-Pick disease

Systemic involvement of liver, spleen, or lung, is present in 285% of patients, and precedes the
development of neurologic symptoms. The age of onset and clinical presentation of NPD-C
is highly variable.

Neonatal and infantile presentations: Occasionally, ultrasound examination in late pregnancy
has detected fetal ascites; infants thus identified typically have a severe neonatal liver disease
with jaundice and persistent ascites. Infiltration of the lungs with foam cells can be present.
Many infants die at this stage. Of children who survive, many have hypotonia and psychomo-
tor retardation whereas others may have complete resolution of symptoms, only to present
with neurologic disease many years later [4].

Childhood presentations: These patients typically have cerebellar involvement characterized by
clumsiness and gait problems progressing to frank ataxia and slow cognitive deterioration
Vertical supranuclear ophthalmoplegia is another early manifestation. Progressive dystonia,
dysarthria, and dysphagia occur, eventually impairing oral feeding, and approximately one-
third of patients develop seizures [4].

Adolescent and adult presentations: The clinical presentation is similar to childhood onset with
ataxia, supranuclear vertical gaze palsy, cognitive impairment, except that progression is gen-
erally much slower. Other adults present with cognitive dysfunction or psychiatric distur-
bances as major depression, schizophrenia, or bipolar disorder [4].

1.4. Previous treatments employed

There is no curative treatment for NPD-C. The disease management is individualized and
it consists mainly of symptomatic treatment. Seizures, dystonia, and cataplexy can respond
to drugs. Other symptomatic measures like physiotherapy in spasticity, gastrostomy tube
placement to prevent aspiration and/or inadequate nutrition in patients with progressive dys-
phagia, and bronchoalveolar lavage to improve pulmonary function are useful in the disease
management. Combination of drug regimens have been shown to lower hepatic and plasma
cholesterol but there is no evidence that these results affect the progression of the disease in
humans or murine models. Behavioral and speech problems or schooling difficulties should
be referred to as psychiatric team and special schooling [8, 9].

To date, miglustat is the only disease-specific drug approved in Europe, Canada, and Japan.
The drug works by inhibiting the glucosylceramide synthase enzyme that is responsible for
the first step in the synthesis of most glycosphingolipids. Miglustat has shown to stabilize
key parameters of neurological disease progression in patients of all ages, but it has no effect
on the systemic manifestations or intracellular cholesterol accumulation associated with this
disorder [10].

There is a persistent search for new treatments to prevent or slow down the progression of
NPD-C. Investigational therapies in course are 2-hydroxypropyl-beta-cyclodextrin (HP-f3-CD)
or hematopoietic stem cell transplantation.
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VTS-270 (Kleptose® HPB, Roquette Pharma, France) and Trappsol® Cyclo™ (CTD Holdings,
Inc., Alachua, FL) are HP-B-CD products under investigation as novel treatments for NPD-
C. Differences between these two products have been studied based on ion distribution and
abundance profiles using mass spectrometry methodology as a means to assess key molecu-
lar distinctions between products. Trappsol® Cyclo™ was found to have a higher degree of
substitution compared with VTS-270, with a greater number of hydroxypropyl groups and
increased levels of dimeric ions. Additional differences in ion mobility profiles were found,
there is a much greater level of non-specific chemical “noise” associated with Trappsol®
Cyclo™.

These two products are not chemically equivalent and therefore may not be biochemically
equivalent or lead to comparable formulations from a clinical development perspective. The
data suggest that biological and potential therapeutic equivalence should not be assumed.
Further studies are needed to examine potential differences in biological and therapeutic
effects of Trappsol® Cyclo™ and VTS-270 [11].

2. Preclinical studies

2.1. In vitro experience

The efflux of cholesterol from cells in culture to cyclodextrin acceptors has been reported to be
substantially more rapid than efflux induced by other known acceptors of cholesterol. A com-
parison of the time course of cellular [3H]cholesterol efflux mediated by HDL3 or by various
concentrations of cyclodextrins showed the release of 50-90% of L cell [3H]cholesterol after
8 hours of incubation with HP-3-CD and methyl-f3-cyclodextrin (M--CD) at 10 mM. The
order of efficiency in accepting cholesterol was found to be M-3-CD > HP-B-CD > beta-cyclo-
dextrin. The kinetics of the cholesterol efflux time course studies suggested that incubation
of L cells with cyclodextrin resulted in the rapid equilibration of labeled cholesterol between
cells and medium. [12].

Several studies have shown that cholesterol released from late endosomes/lysosomes of NPC-
proteins deficient cells by HP-3-CD reaches the cytosolic compartment and is accessible to the
endoplasmic reticulum (ER). In cultured cerebellar neurons, astrocytes, and microglia from
NPC1-deficient mice, the sequestered cholesterol was mobilized to the ER by low concentra-
tions (0.1-1.0 mM) of HP-p-CD [13].

In murine models of NPC1, cell culture studies have shown that M-3-CD is more potent
in exchanging cholesterol than HP-3-CD. Efficacy comparison of M-f3-CD and HP-p-CD in
reducing cholesterol accumulation in late endosome/lysosome in human fibroblasts NPC1/
NPC2 deficient after treatment with 300 pM M-B-CD and HP-B-CD for 1 day have shown to
reduce the cholesterol accumulation detected by filipin labeling. After 2 and 3 days after treat-
ment, cholesterol accumulation started to increase, but there was still a significant reduction.
In concordance with animal studies, M-f3-CD produces effects equivalent to those of HP-3-CD
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at lower concentrations [14].There are several theories about the mechanism by which cyclo-
dextrins affect cholesterol homeostasis but none have been confirmed.

In vitro beta-cyclodextrins showed a high affinity for sterols as compared to other lipid and,
because of the relatively high specificity of this substance for cholesterol, it was suggested that
beta-cyclodextrins might be effective in modifying cholesterol metabolism in vivo.

2.2. Animal studies

The unexpected discovery of the utility of cyclodextrin in NPD-C was observed in a study in
Npcl-/-mice treated with a combination therapy of two drugs, one of them (allopregnanolone)
formulated in a cyclodextrin complex [15]. A later study showed the same cholesterol intraneu-
ronal storage reduction and longevity increase with the combination of allopregnanolone and
cyclodextrin than with the control arm, treated only with the cyclodextrin [16]. These results
led researchers to perform studies to address the role of cyclodextrin as a possible treatment.
The Npcl-/- mice receiving subcutaneous (SC) or intraperitoneal cyclodextrin every other
day for 2 weeks revealed a slight decrease of intraneuronal accumulation of either cholesterol
or gangliosides. Both routes showed similar outcome, but SC administration seemed to be a
slightly more efficacious [16]. In another study, Npcl-/- mice treated with a single SC injection
at 7 days of age of HP-{3-CD (4000 mg/kg body weight) prolonged the average life (108 days).

Treatment with cyclodextrin improved hepatic dysfunction and decreased neurodegenera-
tion, increasing the number of Purkinje cells surviving at 49 days of age nearly threefold
respect to untreated mice [16]. In previous studies, no significant toxicity was observed fol-
lowing the administration of HP-3-CD except for increased macrophage infiltration of the
lungs found at post mortem examination [16, 17]. Other studies in Npcl-/- mice showed that
1500 mg/kg HP-BC-D administered weekly caused a decrease in hepatic unesterified choles-
terol concentrations without substantial effect on neurological signs The slight effects of the
HP-B-CD on neurological symptoms at low doses may be partially due to their apparent non-
permeation of the blood-brain barrier (BBB) [18].

The efficacy of HP-3-CD was also tested in a feline model of NPD-C. Cats affected with
NPD-C were first administered the drug at 3 weeks of age, prior to the onset of clinical
signs of disease, and continued to receive the drug weekly. Cats were placed into one of five
groups: received no HP-B-CD; received a weekly dose of 1000 mg/kg; 4000 mg/kg; 8000 mg/
kg body weight HP-B-CD subcutaneously; or 4000 mg/kg brain weight (120 mg for a 30 g
brain weight) HP-$-CD intrathecally every 2 weeks. The preliminary data suggested a similar
requirement for doses equal to or greater than 4000 mg/kg to positively affect neurological
disease. Nevertheless, doses of 4000 mg/kg body weight resulted in an increase in hearing
threshold only after repeated dosing and doses of 8000 mg/kg body weight resulted in signifi-
cant increases in hearing threshold in both normal cats and cats with NPD-C following the
administration of a single dose [19].

Studies in mouse models have shown that systemic administration of HP-3-CD, starting in
early neonatal life, diminishes unesterified cholesterol accumulation in most organs, slows
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disease progression, and extends lifespan. Studies in adult Npcl-/- mice who received four
weekly subcutaneous 4000 mg/kg body weight HP-3-CD at 49 days of age showed reduced
whole-liver cholesterol content at 77 days. Comparable improvements were seen in other
organs, such as spleen, and lifespan was extended [20]. On the whole, preclinical studies in
animals showed that young animals respond more favorably, whereas the older ones may
benefit less.

Brain uptake of 2-hydroxypropyl-[14 C]-propyl-B-cyclodextrin was determined in Npc+/+
and Npcl—/— mice using two methods: in situ brain perfusion and multi-time-point regres-
sion analysis flowing intraperitoneal administration. None of the data collected indicated that
HP-B-CD enters the brain [21]. Other experiments examining cyclodextrins with regard to
permeability using an in vitro model of the BBB have indicated that a small percentage of
cyclodextrin may be transported across the barrier [22].

Intrathecal (IT) HP-B-CD (120 mg in 0.6 ml saline) every 2 weeks therapy of feline NPD-C
delayed the clinical manifestations of neurological disease, but had no effect on hepatic or
pulmonary disease. IT-treated cats showed amelioration of neuronal swelling and axonal
spheroid formation in many but not all brain regions, and preservation of Purkinje cell num-
bers [23]. Research in mouse models of NPD-C also has shown that direct administration
of HP-B-CD into the IT or intracerebroventricular (ICV) space at low concentrations has a
similar or superior effect on delaying the onset of neurological symptoms as that observed
following high systemic doses [24].

Recent researches in NPD-C cats showed that direct administration of HP-B-CD into the
cisterna magna prevented the onset of cerebellar dysfunction for greater than a year and
reduced in Purkinje cell loss and near normal concentrations of cholesterol and sphingolip-
ids. Cats receiving 1000 mg/kg SC HP-3-CD had a similar occurrence of neurological dys-
function and survival than untreated cats. Nevertheless, cats that received 4000 mg/kg SC
HP-B-CD showed modest amelioration of neurological disease and survived age than any
untreated cats. Pulmonary toxicity limited the continued dosing of cats in the 8000 mg/kg
group. Dose-dependent elevations in mean hearing threshold in cats receiving SC HP-3-CD
were observed. In cats receiving intracisternal HP-p-CD, a significant elevation in the audi-
tory threshold was also observed. [25].

3. Experience in humans: first experiences of compassionate use of
cyclodextrin

Based on the promising results of preclinical studies in animal models of NPD-C, in November
2008, Dr Hastings applied for individual investigator new drug exemptions (INDs) to the Food
and Drug Administration (FDA) for the use of with HP-f3-CD in humans. In January 2009, the
first NPD-C patient in the world, an Indian child, was treated with HP-B-CD by intrave-
nous (IV) route. Few months later, the first two INDs of HP-3-CD in USA were approved by
FDA for two identical twins aged 5-year-old [26]. The “Oakland protocol” of IV HP-3-CD
employed in USA was also used in two Brazilian sisters with NPD-C in January 2010 [27].
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The orphan designation of HP-3-CD was obtained in May 2010 by FDA [28] and 2 months
later by the European Medicines Agency (EMA) [29]. The orphan drug brand Trappsol®
Cyclo™ was approved specifically for treating NPD-C. New findings suggested that the pas-
sage of HP-p3-CD across the BBB was limited [21, 24, 25, 30], and physicians who treated the
first patients reported slight benefit with IV route [26]. The FDA approved the request for IT
delivery of HP-B-CD in September 2010 [31]. Another orphan drug of HP-B-CD was desig-
nated by FDA in February 2013, Kleptose™ (brand VTS-270). Both drugs were being evalu-
ated in clinical trials, moreover compassionate use outside clinical trials has been reported
worldwide [32].

Five different approaches have been employed in HP-f3-CD therapy:

¢ IV only.
¢ IT only.
e ICV only.

IV at the beginning, and later changed to IT or ICV.

¢ IV and IT simultaneously.

The IV administration was the first route tested for HP-3-CD in humans. When different
reports in animals demonstrated that HP--CD administered intravenously cross in very little
proportion the BBB [21, 24, 25, 30], this route was changed or combined with IT/ICV adminis-
tration of the same drug. Theoretically, IT and ICV routes deliver directly the drug in the cen-
tral nervous system (CNS), the area mainly affected in NPD-C, especially in the neurological
symptoms. There is still controversy over whether the IV route contributes in NPD-C therapy.
Preclinical reports showed effectiveness in the peripheral manifestations of the disease in
organs [20, 25], including the liver, the spleen, and, to a lesser extent, the lungs. However, the
influence of HP-B-CD in CNS after IV infusion remains in humans unknown.

4. Experience in humans: efficacy of the intravenous administration
of cyclodextrin

The first two patients who received IV HP-B-CD (Trappsol® Cyclo™) in USA were treated
since April 2009 with 2500 mg/kg weekly over 8 hours, and later modified to administrations
every 2 weeks for convenience. The twins were diagnosed at 3 years old with initial symp-
toms of hepatosplenomegaly, ataxia and seizure activity, and previously were treated with
miglustat, without significant benefits. After 18 months of therapy, any objective improve-
ment was reported, and the disease continued to progress as evidenced by positron emission
tomography (PET) imaging and neurological assessments [26]. Both patients were described
a transient appearance of slight scattered nodules in lungs during bronchoscopy, which were
identified as xanthomas, a deposition of yellowish cholesterol-rich material typical of NPD-C,
resolved without treatment changes in IV therapy [32].
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In October 2010, the FDA allowed the addition of HP-B-CD IT administration at doses of
350 mg every 2 weeks (initial dose 175 mg/2 weeks) [32, 33]. During the first months of con-
current IV/IT therapy, a significant improvement was observed in the validated NIH NPC
Clinical Severity Score (NNCSS), as well as in the brainstem auditory evoked response
(BAER) [33]. After 18 months, ICV route was authorized by FDA in the twins through an
Ommaya reservoir system. One of them tolerated perfectly the ICV and continues today with
the treatment, whereas in her sister, ICV was discarded by insertion bleeding and IT route
was recovered. Both patients have experienced improvements in alertness, swallow, head
control, and ataxia [32, 34].

The second reported use of IV HP-B-CD (Trappsol® Cyclo™) was in two Brazilian sisters at
age of 12 and 16 years old with concomitant miglustat treatment. Dr Vieira employed the
same IV protocol with a dose escalation from 1200 to 2500 mg/kg/week. Both patients showed,
after 1 year of treatment, objective benefits in PET and NNCSS, as well as improvements
in motor dysfunction, cataplexy, psychiatric symptoms, behavior, cognitive functions, and
memory [27]. Two later reports informed about the simultaneous treatment with IV weekly
and IT twice monthly at least 3 years, maintaining the good results previously reported with
IV infusions [35, 36]. No adverse events (AEs) were reported, although the published data
were limited and only congress abstracts were reported [27, 35, 36].

Two reported cases of Japanese NPD-C patients diagnosed at 2 months and 13 years were
initially treated at 4 and 14 years old with the IV “Oakland protocol”, with doses from 80 mg
to 2500 mg/kg/three or two times a week, respectively [37, 38]. These were the first published
cases of VTS-270 use in NPD-C. The younger patient reported with IV administration, a mild
decrease in hepatosplenomegaly and temporary improvements in EEG and stabilization of
disability scores the first 6 months. However, rest of the 2 years with only IV infusions a
rapid progression of neurological dysfunction and worsening of swallow, speech, rigidity,
and seizures were reported [37]. Furthermore, repeated fever with transient diffuse pulmo-
nary cloudiness episodes were observed, an AE probably related to HP-3-CD IV infusion.
After 2 years of IV therapy, IT first and later ICV administrations were combined with IV
infusions [38]. The combined therapy obtained objective benefits in EEG, PET and magnetic
resonance spectroscopy (MRS), and CSF T-tau level reduction. Furthermore, improvements
in eye movement, language, and speech were reported, as well as and stabilization of clinical
progression for 2 years. No AEs were detected over the 2 years of IV/ICV combined therapy.

The other patient, a girl of 14 years old at the time of HP-3-CD therapy onset, was only treated
with IV infusions for 3 years. At the beginning of the treatment the patient showed benefits in
EEG, MRS and visual evoked potential (VEP), but after 3 months disappeared. A decrease in
hepatosplenomegaly was observed in abdominal ultrasound and body computed tomography
(CT). The general condition, neurological tests, and seizure control were stabilized with ther-
apy, reporting only an improvement in alertness. Tolerance of IV therapy was excellent [37].

Drs Hrynkow and Hastings recently reported in a Congress the clinical experience with
11 patients initially treated with IV HP-f3-CD more than 6 years [39]. Two of these patients
were only treated with IV infusions, whereas in nine patients IT therapy was added later.
In the two patients with only IV therapy, one showed a progression in NNCSS similar
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AEs associated with administration AEs recognized as features of Other AEs of interest
NPD-C

Rash Seizures Port-a-Cath infection

Generalized rash (trunk, elbow) Pneumonia Removal of Ommaya

Tremor/chills/vomiting/fever Thrombocytopenia Reservoir

Headache Viral illnesses Post-operative delayed

Nausea Viral syndrome Parenchymal hemorrhage

Stomach pain Meningitis

Table 1. Adverse events related to IV with/without IT HP-3-CD administrations.

than previous scores before initiation, whereas the other patient reported a stabilization of
NNCSS after IV therapy. In two patients with IV/IT therapy significant decrease in NNCSS
were observed comparing pre and post-therapy scores. In the other seven patients was
only available post-therapy information, showing in most of the cases an initial de decrease
in NNCSS followed with a progressive increase. Other significant improvements were
reported, as reduction in hepatomegaly, restoration of language skills, resolution of inter-
stitial lung disease and improvements in fine motor control. The tolerability was favorable,
although some AEs were reported during 6 years of therapy (Table 1).

Despite the positive results observed in the compassionate use of IV HP-$3-CD [26, 27, 32-39],
there is no clear evidence to date that IV route has a clinical benefit in CNS symptoms of
NPD-C in humans. Most of the reports with neurological improvements combined the use of
IV and IT/ICV administrations, making it impossible to demonstrate that these benefits were
exclusively associated to IV and not IT/ICV. In addition, doses 1000 times larger than the IT
dose should be required to achieve the same concentrations in the CSF reached by IT admin-
istration with IV infusions of HP-3-CD. This dosage would probably be unsafe in humans.

5. Experience in humans: efficacy of the intrathecal administration of
cyclodextrin

The IT route was proposed when the efficacy of IV infusions of HP-p3-CD was questioned. The
first cases of IT administrations were combined with IV, as we previously explained [33-37,
39]. At this point, IT route was proposed as the main route for NPD-C therapy. The first
published case report of IT HP-p-CD (Trappsol® Cyclo™) administration was a Spanish girl
diagnosed and treated at 2 years old. The dosage varied from 200 to 450 mg every 2 weeks. At
38 months an IT Ommaya reservoir (IT-OR) was implanted in order to increase patient conve-
nience and reduce number of punctures, modifying the dosage to 400 mg every 2 weeks. The
patient showed improvements in BAER test, whereas neurological symptoms and NNCSS
were stabilized. The patient suffered two episodes of seizures with a fever with IT therapy,
resolved without any change in treatment and which could be related to HP-3-CD, the pro-
cedure or the disease [40].
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Dr. Berry-Kravis reported the clinical outcomes of the use of IT HP-p-CD (Trappsol® Cyclo™)
in three patients with NPD-C in several congresses [41-43]. Two of them were a couple
siblings of 14 and 15 years old who were unable to be enrolled in the Phase 1 clinical trial
(NCTO01747135) and were treated as a compassionate use. The younger sibling with doses
from 200 to 500 mg every 2 weeks obtained improvements in NNCSS, instrumented timed
up and go (gait test) and Mullen Scales of Early Learning (cognitive scale), as well as ben-
efits in cognitive functions, seizures, swallow, language and speech [40-43]. The other sibling
received doses from 200 to 600 mg every 2 weeks but the benefit was poor, with stabiliza-
tion of NNCSS, CFS reduction of lysozyme and improvement in cognitive functions [40—-43].
After the first three IT infusions were reported post lumbar puncture headache and vomiting
in both siblings, but it was not related to the drug and disappeared after a switch to use of
Whitacre spinal needles. The clinical information regarding the third patient was insufficient
to evaluate the efficacy, although an improvement in balance and gait was reported after
1 year treated with doses from 200 to 400 mg every 2 weeks [43].

The use of IT HP-B-CD with a fixed dose of 200 mg every 2 weeks was reported by Maarup
et al. in a single case report. After 18 months of the therapy, the boy showed an improve-
ment in vertical gaze (eye movement) and the consequent decrease in the NNCSS. This study
also reported an increase in 24-OH cholesterol, a biomarker of cholesterol redistribution in
CNS. On the other hand, an AE was associated to HP-p-CD administration, the well-known
hearing loss to high frequency [44].

The use of IT-OR HP-B-CD in two Spanish boys diagnosed of NPD-C at 6 and 10 years old
was briefly reported in congresses [45, 46]. The first patient was treated at 11 years with doses
from 125 to 525 mg (Trappsol® Cyclo™) every 2 weeks for at least 37 months. Benefits in
muscle tone and a decrease in seizures frequency were observed with IT-OR therapy. Initially
was reported an improvement in BAER test, although it was alternated with auditory dete-
riorations [32, 45]. In the other case report, a 16 years patient received IT-OR fixed-doses
of 350 mg every 2 weeks for 20 months. The objectives results included BAER tests and
NNCSS. Furthermore, improvements in language and speech, ataxia and quality of life were
obtained. The most relevant toxicities were intermittent fever and a suspicion of chemical
meningitis [32, 46].

A recently published article described the IT therapy of a young NPD-C girl of 22 months
[47]. The dosage of HP-B-CD was 175-325 mg every 2 weeks for 20 months. The treatment
only achieved improvements in visual contact and motor function with the first doses, as well
as slight retardation of disease progression and in the NPD-C disability scale during the first
year. After the first year, MRI showed a progression of cerebral atrophy, which was consis-
tent with a clinical disease progression (epilepsy, dysphagia, and worsening motor function).
Despite the initial response and the absence of AEs, the IT HP-3-CD was discontinued after
20 months by lack of efficacy.

The employment of HP-B-CD in adult-onset NPD-C has been described with variable results
in two publications [48, 49]. Sakiyama et al. reported the IT treatment (VTS-270) of two adult
patients of 37 and 28 years with doses from 100 to 400 mg every month. The older patient
showed better eye movement and neurological stabilization, whereas the younger patient
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reported improvement in NPD-C scales, balance and gait, language and speech, and swallow.
In addition, reductions in oxysterol serum concentrations were observed in both patients, a
sterol storage biomarker. No AEs were reported in these patients [32, 48]. The worse out-
comes observed in two cases reported by Garcia-Robles et al. could be related to the age (49
and 39 years old) and advanced disease at the HP-3-CD onset. The dosages of IT HP-3-CD
(Trappsol® Cyclo™) ranged from 175 to 700 mg and 50 to 875 mg every 2 weeks, also using
IT-OR route in the second patient. Any objective or subjective improvements were reported
in both patients. The older patient received only four doses with optimal tolerance, but
HP-B-CD therapy was discontinued when neuropsychiatric symptoms progressed. The other
patient suffered two episodes of toxic meningitis as well as worsening respiratory symptoms
and swallow. After second chemical meningitis and neurologic progression of the disease,
HP-(3-CD treatment was discontinued [49].

6. Experience in humans: ongoing clinical trials

Four clinical trials using cyclodextrin for the treatment of NPD-C have been found. One of
them has been completed and their results have been published [50] and three are currently
ongoing and no preliminary results have been yet published.

¢ Intrathecal 2-hydroxypropyl-B-cyclodextrin (VTS-270) for Niemann-Pick type C1 (NPC-1)
disease. A non-randomized, open-label, Phase 1-2 trial. See ClinicalTrials.gov Identifier:
NCT01747135 [50].

Phase 1-2, non-randomized, open-label, study, to assess the tolerability, safety, feasibility,
and PK of HP-B-CD administered IT monthly via lumbar injection to drug naive cohorts of
NPC-1 patients at doses of 50 mg escalated to a maximum of 1200 mg. The objective is to deter-
mine an active dose of HP-f-CD as measured by changes in plasma 24-(S)-hydroxycholesterol
(24(S)-HC) concentration and to evaluate the use of biomarkers and potential clinical out-
comes of NPC-1. NNCSS is used to assess clinical efficacy. The decision to dose-escalate
is based on safety and biochemical data. Safety is assessed by the appearance of AEs with
performance of clinical laboratory tests, physical examinations, and with special attention to
audiological evaluation. Biochemical efficacy is measured by change from baseline in plasma
24(5)-HC. The PK analysis is assessed for plasma HP-B-CD concentrations. This is the only
clinical trials of HP-B-CD with published results.

Eligible patients were aged 2-25 years and had NPC-1 with neurological manifestations.
Fourteen patients were enrolled from National Institutes of Health (NIH-cohort). Cohort size
was three participants for initial IT doses of 50, 200, 300, 400, and 900 mg (only two patients)
administrated IT every month. Three participants were initially dosed with 50 mg ICV via
an Ommaya reservoir approximately 6 months prior to initiation of the IT trial. Use of the
Ommaya reservoirs was discontinued due to P. acnes infection/colonization in two subjects.
Due to this problem, initial protocol was amended and ICV route was changed by IT. After
initial dosing at the specified cohort dose, participants were dose-escalated based on tolerance
and safety data.
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As comparison control, a cohort of NPD-C subjects from Natural History study with longitu-
dinal assessments was employed. These patients were not on HP-B-CD treatment. To explore
a scheme every 2 weeks, three additional subjects were recruited with the same criteria men-
tioned above in Rush University Medical Center (RUMC-cohort).

The primary outcome was changed in 24[S]-HC area under the curve (AUC_ ) response to
drug administration compared with the response after saline administration. The AUC, ,, of
plasma 24(5)-HC concentrations were established after its determinations at pre-dose, 8, 24,
30, 48, and 72 hours post-dose after either HP-p-CD of saline infusion.

As a secondary objective, NNCSS was used to assess clinical efficacy. Audiological assess-
ments were obtained monthly before each infusion. Also the concentrations of fatty acid bind-
ing protein 3 (FABP3) and calbindin D in cerebrospinal fluid (CSF) were assayed.

Finally, 14 NIH-patients and 3 RUMC-patients were enrolled. Twenty-one patients with simi-
lar characteristics were identified from the historical database for comparing. For primary
outcome (change in 24(S)-HC AUC, ), 121 of 155 post-drug plasma value were greater than
post-saline values. Despite the variability, the data suggest a dose-response relationship. All
the patients of the study had either FABP3 or calbindin D, a significant negative linear regres-
sion slope (only one patient had a significant increase in calbindin D slope).

Regarding clinical efficacy, the total NNCSS for NIH-cohort increased at a slower rate than
comparison cohort. These data show a significant reduction in disease progression in the
cohort of HP-B-CD treated patients. In a secondary responder analysis, cohorts of treated
and comparison subjects were classified as responders when their NNCSS minus hearing
was stable or improved. Seven of 14 NIH-cohort subjects were classified as responders, 3 of 3
RUMC-cohort subjects were classified as responders, and none of 21 patients of comparison
cohort were classified as responders. Safety will be discussed in Section 7.

The added value of this study was to provide a neurological disease progression comparison
among a cohort of NPD-C subjects treated with IT HP-f-CD and a control cohort of NPD-C
subjects from Natural History study, indicating a decrease rate of neurological disease pro-
gression in the treated cohort. Moreover, this study provides information on the safety of IT
administered HP-B-CD and the measurement of biomarkers provided additional support for
decreased neuronal damage and improved neuronal cholesterol homeostasis.

* A Phase 2b/3 prospective, randomized, double-blind, sham-controlled trial of VTS-270 (HP-
[-CD) in subjects with neurologic manifestations of Niemann-Pick type C1 (NPC-1) disease.
(See ClinicalTrials.gov identifier: NCT02534844 and EudraCT Number: 2015-002548-15).

Multicenter, multinational, prospective, randomized, double-blind, sham-controlled, three-
part, efficacy and safety trial of HP-(3-CD, administered by the lumbar IT route every 2 weeks,
with a planned enrollment of approximately 51 subjects with NPC-1 disease. This study is
ongoing, but not recruiting participants (male or female subjects, aged 4-21 years of age at
time of screening with onset of neurological symptoms prior to 15 years of age).

This study has three parts with different objectives. The objective of Part A is to select the
dose of HP-B-CD to be used in Part B and Part C. Three different HP-3-CD lumbar IT doses
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(900, 1200, and 1800 mg) will be administered IT every 2 weeks for 8 weeks and 2 weeks for
observation in 9 subjects; 3 subjects will receive sham treatment. The criteria for dose selection
include safety and tolerability including a thorough audiological evaluation.

The objective of Part B is to evaluate, in a double-blind sham-controlled design, the progres-
sion of the neurologic manifestations of NPC-1 disease based on changes in the composite
efficacy outcome (consisting of four components of the NNCSS: ambulation, fine motor skills,
cognition, and swallowing), after 52 weeks of treatment in comparison to baseline. Part B will
evaluate the safety and efficacy of the dose selected from Part A compared to sham control in
51 subjects (randomized 2:1), including the 12 subjects from Part A.

The objective of Part C is to evaluate the long-term safety, tolerability, and efficacy of the dose
selected for Part B. This part is an open-label extension with IT treatment every 2 weeks to
subjects who either complete Part B or are subjects in Part B who have met rescue therapy
criteria. Additionally, subjects who are currently active in the NIH-sponsored Phase 1 pro-
tocol (NCT01747135, see above) will also be eligible to participate upon completion of their
participation in the Phase 1 study. In this part, subjects will receive treatment until licensed
product or end of the program.

The primary outcome measure of the study is NNCSS with a time Frame of 52 weeks. Data
for NPD-C score rating will be provided to a centralized independent blinded rater, who will
analyze all NPD-C information for all subjects and assign the NNCSS rate. As secondary out-
come measures are: clinician and caregiver clinical global impression of change, time to get
up and go test, 9-hole peg test, percentage of patients with clinical worsening, and European
Quality of Life-5 dimensions quality of life rating (EQ-5D QoL). Moreover, CSF and plasma
biomarkers will be measured.

The design enables a selection of best dose based on efficacy, safety, and tolerability accord-
ing to an evaluation by a Committee. The dose chosen will be evaluated using changes in
a composite efficacy outcome in order to assess the neurologic progression in participants.
Highlight is that, it is the first study that uses quality of life rating. Moreover, assessment
of biochemical markers of response and also due to a sufficient dosing duration will be per-
formed to assess the effectiveness of HP-B-CD in NPC-1. This is a global, multi-site study
with the largest planned number of participants, and this will allow a better knowledge about
NPD-C and efficacy treatment.

* A Phase I/II study to evaluate the safety and pharmacokinetics of intravenous Trappsol Cy-
clo (HP-B-CD) in patients with Niemann-Pick disease type C (NPC-1) and the pharmacody-
namic effects of treatment upon markers of cholesterol metabolism and clinical outcomes
(see ClinicalTrials.gov Identifier: NCT02912793 and EudraCT Number: 2015-005761-23).

Phase 1/2, double-blind, randomized, multicentre, parallel group study based on data avail-
able and information from the administration via compassionate/named patient use in
patients with NPC-1, and information of other cyclodextrin products in the literature. The
study has two stages: the primary objective of Stage 1 is to compare the plasma pharmacoki-
netics (PK) of three different doses of IV HP-p-CD in the prevention/delay of NPC-1 progres-
sion whereas Stage 2 is to evaluate their efficacy and tolerability in the management of clinical
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manifestations. Secondary objectives include investigation of the effect of three different doses
of HP-B-CD IV upon serum and lymphocytic markers of cholesterol metabolism (Stages 1 and
2) and evaluation of concentrations in the CSF following IV administration (Stage 1), evalu-
ation of the impact of treatment upon behavioral aspects and the impact of treatment upon
measures of neurological function including ataxia, aphasia, and saccadic eye movements of
NPC-1 (Stage 2). The outcome measures are: plasma and CSF concentrations of HP-f3-CD fol-
lowing IV administration, serum cholesterol markers, global impression of disease, quality of
life scores, change in NNCSS, and changes in hepatic and splenic morphology.

In order to achieve these objectives, the primary endpoint of Stage 1 is plasma concentrations
(at 0, 2, 4, 6, and 8 hours after the start of infusion and 30 minutes, 1, 2, 4, 8, and 12 hours
after the end of the infusion) of HP-3-CD during and following infusion to evaluate time to
maximum concentration (T max), maximum concentration (Cmax), volume of distribution
and elimination half-life (t,,). The primary endpoint of Stage 2 is the change from base-
line in global impression of disease severity at 48 weeks and the proportion of patients at
48 weeks with a reduction from baseline of at least one point in two or more domains of the
NNCSS.

Patients taking miglustat are not excluded of the study because this drug is an approved treat-
ment for NPC-1 in Europe and it would be unethical, but it is planned to balance randomiza-
tion across groups for its use.

This clinical trial is already recruiting patients in United Kingdom and it is planned to recruit
12 patients (3 children of 2-11 years, 3 of 12-17, and 6 adults 18-64 years). Patients will be ran-
domized 1:1:1 to one of the three dose levels (1500, 2000, or 2500 mg/kg; four patients per dose
level). Treatment will be administered over 8 hours by slow IV infusion at a concentration of
250 mg/mL every 2 weeks. Patients completing Stage 1 of the study will continue into Stage 2
and receive treatment for 48 weeks.

The design enables early assessment of biochemical markers of response and also due
to a sufficient dosing duration, to assess the effectiveness of HP-3-CD in NPC-1 and its
pharmacokinetics.

* A Phase I study to evaluate the single and multiple-dose pharmacokinetics of intravenous
Trappsol Cyclo (HP-Beta-CD) in patients with Niemann-Pick disease type C (NPC-1) and
the effects of dosing upon biomarkers of NPC disease. (See ClinicalTrials.gov Identifier:
NCT02939547).

Phase I, double-blind, randomized, single-center, parallel group study based on informa-
tion and data available from the administration of HP--CD via compassionate/named
patient use in patients with NPC-1, and data on other cyclodextrin products in the scientific
literature.

The study has a first phase of screening (up to 4 weeks), a treatment phase of 12 weeks and
a later phase of follow-up of 4 weeks. The primary objective is to compare the plasma phar-
macokinetics of single and multiple doses of two different levels of IV HP-f3-CD. Secondary
objectives include investigation of the effect of different doses of IV HP-3-CD upon serum and
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lymphocytic markers of cholesterol metabolism and evaluation of HP-B-CD concentrations in
the CSF following IV administration, evaluation of the impact of treatment upon measures of
neurological function including aphasia, ataxia, and saccadic eye movements, and the impact
of treatment upon behavioral aspects of NPC-1.

This study is currently recruiting participants. It is planned to recruit a total of 12 patients (all
adults) which will be randomized 1:1 to one of the two dose levels (1500 mg/kg or 2500 mg/kg;
6 patients per dose level). Treatment will be administered every 2 weeks by slow IV infusion
over 8 hours. Patients will receive treatment for a total of 12 weeks.

As primary outcome measures are pharmacokinetics parameters: Tmax, Cmax, volume of
distribution, and t,, of HP-B-CD in plasma from NPC-1 patients by measurement at pre-
infusion then 2, 4, 6,8, 8.5,9, 10, 11, 12, 16, and 20 hours after the start of the infusions at weeks
1and 12.

The design of the proposed study thus enables a better knowledge about pharmacokinet-
ics of IV HP-B-CD administration, an early assessment of potential biochemical markers of
response but allows for a sufficient dosing duration to enable the short-term effectiveness of
HP-B-CD in NPD-C to be assessed.

In conclusion, there is a published clinical trial results, using IT administration of HP-3-CD
and shows moderate response thought slowed disease progression with an acceptable safety
profile. Another IT HP-B-CD clinical trial and two IV HP-3-CD clinical trials are ongoing but
not results are been published yet. Regarding the route of administration, exist a debate, and
treatment with HP-3-CD has used four different paradigms: IV only, IV followed by the addi-
tion of IT sequential, IV and IT initiated concurrently, and IT only. The main reason for IT
route is that HP-B-CD does not cross the BBB, however, in animal models systemic HP-3-CD
positively affects CNS disease thus CNS penetration may not be essential for neurologic effi-
cacy. The ongoing clinical trials will lead to an improvement in knowledge of HP-B-CD for
NPD-C treatment, setting the best route, dose and posology for NPD-C patients.

7. Experience in humans: potential toxicities of the different
administration routes

There are three possible administration routes for HP-B-CD: IV, IT, or ICV via an Ommaya
reservoir. Some adverse events observed could be related to the administration route, the
disease progression, or the cyclodextrin itself.

The review performed by the EMA regarding the use of HP-3-CD as an excipient indicated
that the IV administrations had low toxicity, being the most prevalent issue of the renal
toxicity, especially with high doses [51]. However, any patients showed renal toxicity with
HP-B-CD therapy [32]. This was the first route employed, but later a change to IT route was
requested due to the discovery that HP-3-CD not cross the BBB and only a little quantity is
able to enter to the brain [21, 24, 25, 30].
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Based on animal models, ICV route was proposed as an alternative with potential benefits
and this route was chosen in the Phase I clinical trial (NCT01747135) using an Ommaya
reservoir to facilitate the administration. Unfortunately, complications due to colonization
by P. acnes led to change ICV route to IT [52]. Currently, IV route is being tested in two ongo-
ing clinical trials, whereas IT route is analyzed in another ongoing trial and in the recently
published trial [50].

Megias-Vericat et al. reviewed the initial published cases of HP-3-CD treatment [32]. Regarding
safety, 11 of 17 NPD-C patients included suffered AEs. Of the 17 AEs reported, 6 were related
to the route of administration, specifically with the IT and ICV routes and 10 of them could be
attributed by HP-3-CD. Six AEs associated to the route were: CNS bleed related to insertion of
the Ommaya reservoir system in a patient treated with ICV HP-$3-CD led to ICV administra-
tion suspended [34]; post lumbar puncture headache and vomiting resolved with switching a
Whitacre spinal needles [41-43]; post lumbar puncture pain, headache, nausea, and vomiting
resolved with symptomatic and postural treatment [44]; seizures with fever resolved with-
out changes in treatment [40] and aspiration pneumonia; febrile syndrome; and candidiasis
resolved with antibiotic and antifungal treatment [49].

Among AEs related to HP-B-CD itself, loss of hearing was reported in four reported cases of
IT infusions [41-45], although it proved reversible in two of them. These patients were admin-
istered with reduced doses of HP-3-CD after hearing recovery, two times in one of them. In
other two patients, despite delaying the next dose, hearing loss was not reversed. This AE was
also observed in animal studies with IT [18], ICV [53], and intracisternal [25] routes of admin-
istration. At the dosage employed, hearing loss is an expected AE, as well as a well-known
NPD-C symptom. At the clinical trial recently published, loss of hearing was reported in all
the participants [50].

Four patients suffered from fever two or more times after HP-3-CD administrations [37,
40, 46, 49]. In one case, fever was accompanied by seizures [40], whereas another patient
showed an infusion reaction with fever and transient diffuse pulmonary cloudiness [37]. In
one patient, after intermittent fever episodes, a diagnosis of chemical meningitis was made
after bacterial meningitis was discarded. The IT-OR was withdrawn, and HP-3-CD was rein-
troduced 2 months later because the patient’s condition worsened [46]. Other patient showed
two episodes of chemical meningitis (bacterial meningitis was discarded in both cases) after
IT and IT-OR HP-B-CD administrations, although both were resolved quickly and without
consequences [49]. This AE could be related to the method of administration or disease symp-
toms and not to HP-B-CD. However, the chemical meningitis observed seems to be associated
to the drug after analyzed with the Naranjo algorithm [49]. Some acute neurological effects
after the infusion of high doses that resolve after few days were described by some investiga-
tors in conferences (but unpublished yet).

Regarding the results of the first clinical trial published, no serious AEs were observed [50].
Marked expected AE included: ototoxicity (14 of 14 patients) and post lumbar puncture head-
ache (9 of 14 patients). Among unexpected AE included, post-administration unsteadiness
and fatigue occurs at doses above 600 mg. The degree of impairment varied between subjects
but usually was transient and occurred 24-72 hours after administration.
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Sensorineural hearing loss was present in all subjects of NIH-cohort (14 patients) and 2 of 3
RUMC-cohort, and according to the study results, it was associated with the administration
of HP-3-CD. Moreover, the data obtained suggest that there is greater HP-3-CD ototoxicity in
subjects who have not yet lost hearing due to NPD-C itself. Also, tinnitus was present in 6 of
14 patients in NIH-cohort and 1 of 3 in RUMC-cohort [50].

8. Conclusions

Until now, NPD-C treatment has been supportive and symptomatic with miglustat as the
only disease-specific drug approved in some countries. HP-3-CD is a new option under inves-
tigation with two different products, Kleptose® and Trappsol Cyclo®, which are not chemi-
cally equivalent and therefore may not be biochemically equivalent or lead to comparable
formulations from a clinical development perspective.

Based on preclinical animal studies, HP-B-CD has been tested in humans affected by
NPD-C during the last years. In compassionate use outside clinical trials, HP-3-CD has
been administrated with either IV, IT, or ICV. Despite the positive results observed with
IV HP-B-CD, there is no clear evidence to date that IV route has a clinical benefit in CNS
symptoms of NPD-C as most of the reports combined IV and IT/ICV administrations.
The reported cases of IT infusions obtained higher improvements reducing the disease
progression.

The results of a recently published clinical trial reproduced the findings observed with IT
route. The trial has shown slowing of NPD-C progression in 14 patients with a dose escala-
tion of IT HP-B-CD administrated monthly as well as in 3 patients with administration every
2 weeks regarding a historical comparison cohort.

Some adverse events observed could be related to the administration route, the disease pro-
gression, or the cyclodextrin itself. The safety profile of HP-p-CD seems acceptable, being the
loss of hearing (related to HP-B-CD) the most frequent adverse reported in the clinical trial
and published cases. However, some severe toxicities have been reported including chemical
meningitis and fever although not in published clinical trial.

Furthermore, there are currently two IV HP-3-CD and one IT HP-3-CD ongoing clinical trials
without published results. The findings of these trials will lead to an improvement in knowl-
edge of HP-f3-CD for NPD-C, setting the best route, dose, and posology. Currently, the short
experience with HP-3-CD suggested that it could be effective in the management of NPD-C
but the results of ongoing clinical trials will be definitive.
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Abstract

Cyclodextrins (CDs) have been hanging around research laboratories, since their dis-
covery by Villiers. When Schardinger identified the three naturally occurring forms—a,
alpha; 3, beta; and y, gamma—they were called “Schardinger sugars.” Then it was found
that CDs have the ability to bind with many different types of molecules in their cavities.
Cyclodextrins are oligosaccharides obtained by enzymatic means from starch-containing
raw materials such as corn. The characteristic feature of cyclodextrins is their ring-shaped,
three-dimensional structure, with a hydrophobic cavity in the center, which is capable of
receiving a lipophilic “guest” molecule. The hydrophilic outer surface ensures compat-
ibility with aqueous systems. The specific properties of CDs opened up a wide range of
application in food fields. Molecular encapsulation of food ingredients through cyclodex-
trins is intended to improve the stability of the ingredients, by extending the shelf life of
the products. The results of accelerated and long-term stability tests have demonstrated
that the stability of food ingredients encapsulated by cyclodextrins has outpaced those
of traditionally formulated ones. The technological advantages of using cyclodextrins in
food systems and food processing technologies are also manifested in the improvement
of sensory and nutritional properties. Examples of food products are presented to dem-
onstrate the importance of cyclodextrin-based molecular inclusion technology in the food
industry.

Keywords: cyclodextrins, Global Paradox, functional foods, novel food ingredients,
inclusion compounds, supramolecular chemistry
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1. Introduction

The Neolithic Revolution marked the end of nomadic peoples and the beginning of seden-
tarization of Homo sapiens, having originated 10,000 years of food inventions. Nowadays, it
produced sufficient food to feed each of the 7 billion human beings. However, malnutrition
and food waste related to production and consumption are big issues that pose major chal-
lenges for the future. The big question then arises: why exists malnutrition, if there is enough
food quantity and quality for all people around the world?

The Global Paradox of Malnutrition (Figure 1), i.e., the conditions of malnutrition and over-
weight/obesity, have causes and consequences strongly related with the existence of inad-
equate food systems. This Global Paradox of obesity versus undernutrition is portrayed
through the numbers: around 33% of the world population suffers from malnutrition. While
one part of the world population has no access to food in quantity and quality necessary for
a healthy life, another large group of people chooses to excessively high-calorie foods low in
nutrients and fiber. Metabolic disorders as obesity and related diseases can be prevented but
recently became pandemic. Even more serious is the fact that recently the number of children
suffering from these metabolic disorders (155 million) exceeded the number of children suf-
fering from malnutrition (148 million). If this process is not stopped, through appropriate
measures at the community level and at the individual level, it is expected that the economic
and social impact will be catastrophic.

One approach to reduce malnutrition is the development of functional foods or novel food
ingredients to reduce the risk of disease, providing longevity and a healthy lifestyle. In this
context, glucose cyclic oligosaccharides, the cyclodextrins, play an important role.

Cyclodextrins (CDs) are compounds derived from starch, modified industrially produced
enzymatically. These starch derivatives are nontoxic ingredients, are not absorbed at the level
of the upper gastrointestinal tract, and are completely metabolized by colonic microflora.

Figure 1. The Global Paradox: Obesity and Malnutrition. Obesity has doubled since 1980; In 2014 there were more than
1.9 billion adults overweight, of which 600 million people are obese; most people live in countries where overweight
causes more mortality than malnutrition (WHO Fact sheet n°311 2015).
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CDs can be used in food as supports for molecular encapsulation of flavors and other ingre-
dients, and there is a huge scope that goes beyond food applications.

2. Cyclodextrins discovery

Over 100 years have elapsed, since Villers first described the isolation of a crystalline substance
from a medium of Bacillus amylobacter starch culture, corresponding to what is now recognized
as cyclomalto-oligosaccharides or cyclodextrins. This crystalline substance was then called “cel-
lusine” because of its similarity with the cellulose. Over the next 60 years, progress in purification
products, elucidation of structures, and identification of unusual properties were remark-
able and surprised the pioneering researchers in the field. Contributions from Schardinger,
Pringshein, Freudenburg, and Cramer, in Germany, and from French in the United States of
America are presented in a review article that has become a true classic, published in Advances
in Carbohydrate Chemistry [1]. In this article, French anticipated that the cyclodextrins would
serve, teach, delight, and intrigue the scientific community. It was from this time that the scien-
tific community recognized one of the most characteristic properties of cyclodextrins: the ability
to form inclusion compounds with a wide variety of substrates or guest molecules.

However, the path taken by the pioneers in the area was not easy. Cramer felt strong opposition
when mentioned that cyclodextrins in solution could include other molecules. M.L. Bender
recognized the synthesis of inclusion compounds based on cyclodextrins and the ability to
discriminate enantiomers during the inclusion process and the catalytic capacity in reactions
on bound substrates for the very first time. The result of these discoveries fascinated a large
number of researchers: Bender and Breslow in the United States, Saenger in Germany, and
Tabushi, Komiyama, and Hirai in Japan. They felt captivated by scientific research involving
cyclodextrins [2].

During the decades of 60 and 70 of the last century, cyclodextrins have been widely studied
as simulants enzyme systems (cyclophanes) or very similar to the behavior of the various
enzymes The advent of high-pressure liquid chromatography techniques (HPLC), fast atom
bombardment mass spectrometry atoms (FAMS), and nuclear magnetic resonance spectros-
copy (NMR) has made possible the characterization of chemically modified cyclodextrins
(e.g., methylated cyclodextrins). A complete and unambiguous characterization of the struc-
tures was made by X-ray diffraction and neutron diffraction techniques.

On the other hand, the commercial interest in cyclodextrins has grown and is growing at a
phenomenal rate, particularly in Japan and Hungary, where Professor Joseph Szejtli’s contri-
bution was enormous. The pharmaceuticals, agrochemicals, food, and cosmetics industries
have been influenced by these outstanding molecules to a lesser or greater extent [2].

Scientific and technological impact of cyclodextrins are associated, on the one hand, the diver-
sity of situations in which they operate and on the other hand, the enormous challenge that
its use has caused in the design of new molecular systems reminiscent functions of biological,
chemical, or physical nature.
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3. Chemistry and structure and cyclodextrins

3.1. Biological synthesis of cyclodextrins

The CDs are produced by degradation of the prehydrolyzed starch and their subsequent cycli-
zation-mediated cyclodextrin glucosyltransferase enzyme (CGTase, EC 2.4.1.19) produced by
bacteria that belong to the genus Bacillus. Due to the helical structure of the starch molecules, the
primary cleavage product undergoes an intermolecular reaction forming cyclic products joined
by a-1,4 linkages, generally designated by cyclodextrins. To distinguish them, Greek letters are
used to specify the number of D-glucose units (in brackets): ot (6) 3 (7) v (8) 6 (9) € (10) & (12) ) (13).

The shapes a, 3, and y are the natural cyclodextrins and most commonly used (Figure 2 (c)).
Higher numbers of counterparts of glucose units also exist but are difficult to purify, with
weaker inclusion properties. Cyclodextrins with a number of glucose units less than 6 do not
exist, probably due to steric hindrance.

The preparation of cyclodextrins can be subdivided into the following main stages:

Culture of the producing microorganism CGTase enzyme
¢ Separation of the enzyme from the medium, their concentration, and purification
* Enzymatic conversion of prehydrolyzed starch a mixture of cyclic and noncyclic dextrins

* Separation of the CDs are from the conversion mixture, purification and crystallization

In industrial production of cyclodextrins, the most frequently used source of enzyme is Bacillus
macerans, renamed as Paenobacillus macerans. Other enzymatic sources used are Klebsiella pneumo-
nia and Alkalophilic bacterium 38-2. The forms «, 3, and y are dependent from the source of CTGase
enzyme. The Bacillus macerans and Klebsiella pneumonia CTGase mainly produce the o form.
Alkalophilic bacterium 38-2 mainly produces (3-cyclodextrin. However, the relationship between the
CD formed also depends on the incubation time of the enzyme in starch medium culture because
most CTGases initially produce the o form, while the synthesis of other forms is slower [3].

d)

Figure 2. Structure of a cyclic oligosaccharide, cyclodextrin, CD (a); The “donut” Molecular (b); Paragraph equal to six,
seven or eight rings of D-glucopyranose, joined by glycosidic linkages of the type a-1.4, representing a-CD, $-CD and
v-CD, respectively (c); white crystalline powder 3-CD (d).



Room at the Top as well as at the Bottom: Structure of Functional Food Inclusion Compounds
http://dx.doi.org/10.5772/intechopen.74162

3.2. The structure of cyclodextrins

The native cyclodextrin molecules (a-CD, (3-CD, and y-CD) have the shape of a short trun-
cated cone with a cavity inside, i.e., a toroidal shape. The length is determined by the height of
the glucose unit (7.9 A =0.79 nm), and the diameter of the cavity is determined by the number
of glucose units (Figure 2 (a) and (c)).

The glucose rings linked together by a-1.4 linkages as in amylose. They are oriented in the
same direction, and thus, the narrow end of the torus is formed by the primary hydroxyl
groups (O (6) H), while the wider edge of the truncated cone is occupied by the secondary
hydroxyl (O (2) H, O (3) H) groups. These peripheral hydroxyl groups confer hydrophilic
properties to the CD surface. Moreover, the internal cavity has mainly hydrophobic charac-
teristics due to the methine group (CH) and the oxygen atoms of the ether type (O (4) and (5)).

The CDs may crystallize in the form of hydrate or inclusion compound, and the crystal struc-
ture was mainly determined by the following factors:

1. The nature and size of the cavity included in the molecule;

2. Hydrogen bonding between the included molecules and between CD and CD drives.

The interstices between the CD units are occupied by water molecules incorporated in the
overall structure (see Figure 3) [3, 4].

The CDs cavity in the center, with predominantly hydrophobic character, is large enough to
hold, accommodate, or include other molecules. When this occurs, there is the formation of an
inclusion compound. These compounds, or complexes, may be described as a molecular-level
nanoencapsulation. Food ingredients formulated with cyclodextrins become stable to heat
and oxidation processes and are not affected by dispersion forces and are readily dispersed
for use in liquid products [5].

Figure 3. The crystalline hydrate of 3-CD. The blue are represented statistical locations of the interstices water molecules;
red are represented statistical locations of cavity water molecules [3, 4].
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The food industry uses the native cyclodextrins in different ways owing to the above-described
properties, being used in various applications due to their ability to form inclusion com-
pounds. The a-cyclodextrin acts even as prebiotic. Thus, formulations with CDs are used in
food and also in the designated functional food markets in order to circumvent the problems
of stability, taste, and flavors of special ingredients. In this context, natural functional foods are
food systems enriched, e.g., with bacterial cultures, omega 3 fatty acids, anthocyanins, dietary
fibers, etc., which can contribute to the maintenance of health and reduction of disease risk. [6]

4. a-CD as a novel food ingredient

a-cyclodextrin was approved in Europe as a novel food ingredient for use as a prebiotic in
2008 [6, 7]. The term prebiotic is used to describe nondigestible carbohydrates necessary to
maintain healthy intestinal flora [7, 8].

Currently, there is considerable interest in these food ingredients, since that the common
diet only consumes half the indigestible portion of carbohydrate necessary to maintain the
intestinal flora. The properties of the smaller native cyclodextrin make it particularly suitable
for this function, since it is soluble in water, does not affect the solution viscosity or change
its taste, and can be added to beverages. Thus, the daily intake of dietary fiber essential to
the health can be increased. Soluble fibers also have a beneficial effect on the levels of fat and
sugar in blood. Apart from adding the liquor, the a-cyclodextrin may also be added to pasta
to baking or other finished products, since it is stable even at high temperatures. The Maillard
reactions (a kind of browning reaction) are not supported, since the a-cyclodextrin is not a

Maillard Reaction® pH 4.5, 100°C (420nm) Maillard Reaction* pH 8.5, 100°C (420nm)

1.000

0100 E 0. 100
= = ——
an0io " 0.0%0
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— ¥ ———— W =

o o
30 &0 80 120 0 &0 90 120
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B Glucosa [l Resistant Maltodextnn DE 8-12 B Glucose [ Resistant Makodaextrin DE 8-12
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Figure 4. Speed of the Maillard reaction as measured by the formation of HMF ([HMF]/(mg/kg)); Amax = 420 nm,
pH=4.5 and 100°C. The a-cyclodextrin does not take part in Maillard reactions [10].
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Figure 5. Effect of addition of a-cyclodextrin white bread glycemic index (GI ratio between the area calculated in bread
curve (100 g) and the area calculated in bread curve (100 g) + a-CD (10% (m/m)) [10].

reducing oligosaccharide. The same is not true with glucose and maltodextrin that react with
glycine in the formation of undesirable pigments, in addition to nutritional loss (Figure 4) [9].

For bakery products remain fresh and crispy during the storage period, the ingredients should
not have hygroscopic characteristics. In this respect, and contrary to inulin, the a-cyclodextrin
has a low hygroscopicity.

Beyond the benefits of not participating in browning reactions and low hygroscopicity, this
soluble fiber also has beneficial effects on the levels of fat and sugar in the blood. Two months
clinic studies performed by researchers of the University of California, Davis, CA (UC Davis),
was used controlled placebo in 28 volunteers who were overweight (25 > Body Mass Index
>30) but not obese, there was the following: after ingesting 6-cyclodextrin daily for a period of
2 months, these people lost weight without changing diet or lifestyle. During the study, blood
parameters as total cholesterol and low density lipoprotein (LDL) decreased along with insu-
lin level. The positive effect of a-cyclodextrin on the glycemic index (GI) was also confirmed
by other studies [9].

Figure 5 shows the effect on glycemic index after adding a-cyclodextrin to the white bread.

5. Inclusion compounds based on cyclodextrins: applications in food
and food processing

The three-dimensional nature of native CDs makes these molecules very important, since
these starch derivatives are ingredients that do not have toxic characteristics; they are not
absorbed in the digestive tract and are completely metabolized by the intestinal microflora.
These CDs have the necessary requirements to be neutral in terms of aroma and flavor,
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although they are made from glucose units; the a-CD and 3-CD have no sweet taste, while
the yform only has a slight sweet taste. Since the CDs are occurring in the form of a colorless
powder, it makes them easier to process [4, 11].

The molecular inclusion phenomenon is one chemistry field also called supramolecular chem-
istry. Jean-Marie Lehn, Nobel Prize in 1997, is one of the creators of this area of chemistry that
deals with complex entities resulting from the association of two or more chemical species
held together by non-covalent intramolecular bonds. Lehn, paraphrasing Richard Feynman
(and his well-known speech on nanotechnology “There is plenty of room on the bottom”)
with the expression “There's even more room at the top”, has indicated that chemistry not
only has to look toward the extremely small but can also go beyond the molecular size, study-
ing the supramolecular complexity.

The main advantage of using CDs in food systems lies summarized in Table 1. The prolonga-
tion of the shelf-life of the compositions and standardization and ease in dosing and transport
of inclusion compounds are very important features of this inclusion nanotechnology.

Cyclodextrins can encapsulate biocides that can be applied to food packaging materials. By
changing humidity conditions, there is controlled release of the biocide thus preventing,
for example, the proliferation of microorganisms (bacteria, fungi, and yeasts). The CDs are
good carriers for flavors and fragrances. In bakery products, it can be reduced to one-third
the amount of aroma needed, if they are CD encapsulated. The CDs can also improve the
bread dough and the crispy effect of rice crackers. The aroma of fresh vegetables can also
be preserved by reduction of the degradation rate and preventing discoloration. Mixed

Benefit Food system

Stabilization effect

Protection against deterioration of sensitive substances ¢ Fats,

¢ Terpenos

e Flavors
Elimination or reduction
Unpleasant flavors/aromas * Removal of bitter taste in grapefruit juices
Microbial contamination; Hygroscopicity * Smell of Vitamin B1
Selective cholesterol removal e Cheese
¢ Butter
Improvement of the solubility of lipophilic ingredients ¢ Carotenes

e Curcumin

Improvement of emulsion stability ¢ Mayonnaise

¢ Dairy products

Improvement in the uniformity of content e Standard flavors

Table 1. Summary of some beneficial effects of the use of cyclodextrins in food systems.
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with spices, the CDs can help stabilize emulsions (mayonnaises and salad dressings).
Cyclodextrins may act as sweetener by aspartame encapsulation to make it more water
soluble (Table 2).

In beverages, the CDs allow the use of aromas, control the dissolution of aspartame prevent-
ing its breakage, maintain the color of fruit juices, and also allow the encapsulating of carbon
dioxide.

In Japan, CDs are considered a natural product, used to deodorize meats and fish, improving
the defrosting properties through water and red pigments retention and reduction of undesir-
able aromas.

Some of the foods that contain plant extracts have undesirable bitter flavors. The CD mol-
ecules are suitable to encapsulate these components. For example, grapefruit juice can be
treated during preparation CD are to remove the bitter taste caused by naringin and the limo-
nene (Figure 6). The other grapefruit aromas are encapsulated in a small extent, and the treat-
ment does not alter the contents acid or vitamin C [11].

The polymers of cyclodextrins are used to prevent the juice to precipitate. The polymer mol-
ecules are synthesized using a bifunctional crosslinking agent (e.g. glutaraldehyde). The CD
loaded polymer naringin, adding sodium hydroxide and subsequent washing regenerate
limonene.

Brand Type of food CD’S function
Natural® Cheese Cholesterol removal
Cyroma-line® Flavored sugar for baking Preserve the flavor after heating
Balade © Butter Cholesterol removal
Simply eggs? Eggs Cholesterol removal
FlavorAktiv Standard Kit © Patterns of beer aromas Preserve the flavor
Flavono ! Chewing gum Estabilize the flavor
Choco bar f Chocolate Emulsifier

Poder tea f Instant tea Preserve color
Gymet f Dietary fiber drink Mask flavor

Stick lemon f Instant tea Preserve the flavor
2France.

*Hungary.

‘Bélgium.

dUSA.

¢Great Britain.

Japan.

Table 2. Foods that include cyclodextrins in their formulation.
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Figure 6. Naringin (a) and Limonene (b) give a bitter taste to grapefruit juice.

The ability to form inclusion complexes is also used for the production of cholesterol-free
food due to the cholesterol molecule is retained in the cavity of seven glucose units from
-cyclodextrin (Figure 7).

The results of the preliminary study on the effect of 3-cyclodextrin in removing red wine
unpleasant smells have also been promising. This study was conducted triangle sensory anal-
ysis by 14 untrained panelists using a red wine enriched with 4-ethylphenol (5000 g/L) or a
mixture of 4-ethylphenol (750 g/L) + 4-ethylguaiacol (75 g/L) and different levels of 3-CD con-
centration. According to the sensory panel, the concentration of 11.52 g/l CD-{ (ratio 2:1) was
sufficient to reduce the perception of red wine unpleasant odors. Additionally, an increase of
colour intensity and the total polyphenol content of red wine treated with -CD was measure
and statistically significant [12].

p-cyclodextrin and y-cyclodextrin are the most commonly used forms, because its size is usu-
ally more favorable. The complex formation facilitates controlled release of the encapsulated
molecules, since the dissociation of the complex requires low humidity. For example, the flavors
may be stored and released in a chewing gum, when it is chewed. An additional advantage of

H  Cholesterol

Figure 7. Cholesterol free butter is obtained by treatment with cyclodextrin to sequester (encapsulate) the cholesterol
molecule.
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Figure 8. (a) Fatty acids w3 and w6 complexed with several cyclodextrin molecules; (b) The product contains OmegaDry®
Cranberry inclusion compounds with components obtained from cranberry essential oil [13].

the inclusion of these molecules is the protection against oxidation, sublimation, and evapora-
tion. The complexation may also be used to mask unpleasant flavors and odors. One of the
advantages of cyclodextrins nanoencapsulation is exploited in the case of omega 3 («®) and
omega 6 (w°) fatty acids because they have proven positive effects in reducing fat levels in the
blood plasma, with a consequent reduction in the risk of cardiovascular diseases. Although the
w?® and w* fatty acids are mostly derived from fish oils and algae extracts that in the native state
have an unpleasant taste and aroma. Therefore, the encapsulation via CD is necessary to obtain
a white odorless powder, which is easily processable, preventing also the oxidation reactions.

Currently, there is a product on the market, registered under the name OmegaDry® Cranberry,
which contains several cranberry oil components encapsulated in y-CD (Figure 8 (a)) [13].
There are also formulations with isomeric vitamin E with functional tocotrienols (Figure 8 (b))
and myricetin (3,5,7-trihydroxy-2- (3,4,5-trihidroxifenil) - 4-chromenona) and quercetin [14, 15].
Considerable interest in these formulations results of whether they are lipophilic substances
with antioxidant properties, enabling the cell protection from oxidative degradation of lipid
membrane structures of the molecules, preventing premature aging of the skin, caused by
damage from ultraviolet radiation. Thus, the complexes with tocopherol and tocotrienol can
be used in food systems and also in cosmetics.

6. Legal status and patents

From very early stages, cyclodextrins were used by the food industry. In Japan, cyclodextrins
were considered natural products, and its use occurred in the late 70s of last century after the
development of industrial manufacturing processes. In 1987, there were already 88 Japanese
patents, making Japan the first country to functionalize food with CDs. Since 2000, the three
native cyclodextrins can be used as food additives in the United States of America (USA). In
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Australia and New Zealand, the o and y forms were classified as new ingredient since 2003
and 2004, respectively.

However, there was no information on the legal situation of (3-cyclodextrin in this region of
the globe. In Europe, since 1998, 3-cyclodextrin was approved under the designation E-459 in
the list of food additives. More recently, a-cyclodextrin and y-cyclodextrin were approved as
new ingredient in 2008 and 2012, respectively. In Table 3, the information is gathered about
the legal status of native cyclodextrins worldwide [16-21].

In 2014, Deorsola et al. presented a research paper on patents involving cyclodextrins. These
authors used free databases: Espacenet, USPTO, PATENT SCOPE, INPI, and DERWENT. The

Cyclodextrin a-CD B-CD v-CD
WHO/FAO! ADI = Not specified ADI =5 mg kg/day ADI = Not specified
June 2001 to June 2004 4/1/1995 1999 e 2000
USA GRAS? 2004 GRAS? 2001 GRAS? 2000
CANADA Filed for
Novel food
July 2006
UE Novel food Carrier for food additives (<1g/  Novel food
Approved 2008 kg) Approved 2012
E-459
JAPAN Natural product Natural product Natural product
MEXICO Approval of FDA Follow FDA approvals with an Approval of FDA

import license

Import licence Import licence

MERCOSUR* Approved
FSANZ? Novel food Novel food
12/1/2004 2003
COREIA Approved for dietary Approved for dietary supplement Approved for dietary
supplement supplement
PHILLIPINES Approved Approved
THAILAND Approved for dietary
supplement
TAIWAN Approved for dietary
supplement

'WHO/FAO - World Health Organization /Food & Agriculture Organization of the United Nations.
?GRAS in a wide range of intended use in food.

*GRAS as flavor protectant.

‘State Mercosur — Argentina, Brazil, Paraguai, Uraguai & Venezuela.

SFSANZ - Food Standards Australia and New Zealand.

Table 3. Cyclodextrins approval status as food ingredients/additives 15-20].
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Figure 9. Number of cyclodextrin patents [22].

30-year evaluation period was from 1981 to 2011, having found 14,572 records. The increased
number of patents in three stages: (I) to 1990 followed by a slight decline; (II) a faster growth
2000-2005 and remained for 2 years; and (III) from 2008 to 2011 the number nearly doubled
patent (Figure 9).

Companies that recorded the highest number of cyclodextrin patents are Procter & Gamble
Co. (>300), Kao Corp. (99), Schering AG (92), the Ensuiko Sugar Refining Co. (83), and Ono
Pharm. Co. (79). The classification of patents allows an assessment of the topic of invention,
and this analysis shows that the most selected classification relates to medicinal and/or food
preparations [23].

7. Final notes

Cyclodextrins passed the benches of research and development laboratories (R&D) for indus-
trial-scale production, since they were discovered by Villers in 1891. This is due to the fact that
CDs had a very special feature: the ability to include different types of molecules in the cavity
of the molecular “donut.”

Currently, the global market for cyclodextrins is estimated above 10 tons per year, mainly
applied to food systems, or related to them (e.g., retardant product of fruit maturation,
SmartFresh® product from Agrofresh company).

131



132 Cyclodextrin - A Versatile Ingredient

Therefore, it is expected a huge increase in applications of CDs in this next century of research
dedicated to cyclodextrins in food systems. This observation is supported on the exponential
patent records, scientific publications, inclusion of the topic in school programs, and peda-
gogical manuals [21, 24], and also the growing organization of conferences devoted to the
subject is globally widespread.

In conclusion, there is “Room at the Top” as well as “Room at the Bottom” for the use of cyclo-
dextrins in food systems.

Acknowledgements

The author acknowledges financial support from the Portuguese Foundation for Science
and Technology: PTDC/QEQ-MED/1890/2014, within Project 3599 — to Promote Scientific
Production and Technological Development as well as the formation of thematic net-
works (3599-PPCDT) - jointly co-financed by the European Regional Development Fund
(FEDER), through the partnership agreement Portugal2020—Regional Operation Program
CENTRO2020, under the project CENTRO- 01-0145-FEDER-023631 SoSValor: Sustainable
Solutions for the Valorization of Plant Natural Products and Industrial Waste.

Author details

Aida Moreira da Silva'**
*Address all correspondence to: aidams@esac.pt

1 Molecular Physical-Chemistry, R&D Unit, Department of Chemistry, University of
Coimbra, Coimbra, Portugal

2 Coimbra College of Agriculture, Polytechnic Institute of Coimbra, Coimbra, Portugal

References

[1] French D, The Schardinger dextrins, Advances in Carbohydrate Chemistry, 1957,12:187;
in Moreira da Silva A. Behavior of $-cyclodextrin in hydration/dehydration processes,
Water Diffusion and aromas of molecules Inclusion, PhD Thesis, Instituto Superior
Técnico, Technical University of Lisbon; 1997

[2] Szejtli]. Past, present, and future research of cyclodextrin. Pure and Applied Chemistry.
2004;76(10):1825-1845

[3] Moreira da Silva, Aida MG. Behavior of 8-Cyclodextrin in Hydration Processes/
Dehydration, Diffusion of Water and aromas of molecules Inclusion, PhD Thesis, Insti-
tuto Superior Técnico, Technical University of Lisbon, 1997



5]

6]

%]

(10]

[11]

(12]

(13]

(14]

[15]

[16]

Room at the Top as well as at the Bottom: Structure of Functional Food Inclusion Compounds
http://dx.doi.org/10.5772/intechopen.74162

Steiner T, Moreira da Silva A, Tan-day ], Muller ], Saenger, W, Rapid water diffusion in
cage-type crystal lattice: Beta-cyclodextrin dodecahydrate. Angewandte Chemie Inter-
national Edition in English. 1995;34(13/14):1452-1453

Szejtli ], Osa T editors. Comprehensive supramolecular chemistry. Cyclodextrins. Vol.3.
Oxford: Elsevier; 1996

Moreira da Silva A. Food products que help to promote human health. Chapter 4, Food,
Diet and Health: Past, Present and Future Tendencies. New York: New Science Publi-
shers, Inc. 2010

Official Journal of the European Union (L146/12) (05.06.2008). Commission decision
on the placing on the market of alpha-cyclodextrin as a novel food ingredient under
Regulation (EC) No.° ? 258/97 of the European Parliament and of the Council, available
at http://eur-lex.europa.eu/legal- content / EN / TXT / uri = CELEX: 32008D0413

Roberfroid M. Prebiotics: The concept revisited. Journal of Nutrition. 2007;137:8305

Chemie W. Cavamax®Alpha Cyclodextrin: The new soluble dietary fiber. [Internet].
Available from http://www.wacker.com/cms/media/publications/downloads/6752_
EN.pdf. [Accessed: 18-05-2017]

Szente L, Szejtli J. Cyclodextrins the food ingredients. Trends in Food Science & Tech-
nology. 2004;15(13-4):137-142

Mourtzinos I, Kalogeropoulos N, Papadakis R, Konstantinou K, Karathanos VT.
Encapsulation of monoterpenes in nutraceutical and beta-cyclodextrin modified starch.
Journal of Food Science. 2008;73(1):589-594

Botelho G, Valiau C, Moreira da Silva A. Effect of cyclodextrins on off-odors removal of
red wine: an innovative approach. Ciéncia e Tecnologia Vitivinicola. 2011;26:63-68

Chemie W. Cavamax® OmegaDry® Cyclodextrins in Food and Nutraceutical Appli-
cations. [Internet]. Available from http://www.wacker.com/cms/media/publications/
downloads/6088_EN.pdf. [Accessed: 20-05-2017]

Lucas-Abellan C, Fortea I, Gabaldon ], Nunez A. Soft and encapsulation of cyclodextrins
in myricetin quercetin and at acidic pH. Journal of Agricultural and Food Chemistry.
2008;56(1):255-259

Pereira A B, Moreira da Silva A, Barroca MJ, Marques MPM, Braga SSM. Physicochemical
properties, antioxidant action and practical application in fresh cheese of the solid inclu-
sion compound vy-cyclodextrin-quercetin, in comparison with 3-cyclodextrin-quercetin.
Arabian Journal of Chemistry. 2017. in press. DOI: 10.1016/j.arabjc.2017.04.001

US Food and Drug Administration. GRAS notice for Alpha-Cyclodextrin. 2004 June 25.
GRAS Notice No. GRN 000155 [Internet]. Available from http://www.fda.gov/Food/
IngredientsPackagingLabeling/ GRAS/Noticelnventory/ucm154385.htm  [Accessed:
20-05-2017]

133



134  Cyclodextrin - A Versatile Ingredient

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

US Food and Drug Administration. GRAS notice for Gamma-Cyclodextrin. 2000
May 22. In the NRM 46. [Internet]. Available from http://www.fda.gov/downloads/
Food/IngredientsPackaginglLabeling/GRAS/NoticeInventory/UCM261675 [Accessed:
20-05-2017]

US Food and Drug Administration. GRAS notice for Beta-Cyclodextrin. 2001 Mar 23. In
GRN 74. [Internet]. Available from: http://www.fda.gov/downloads/Food/Ingredients
PackagingLabeling/GRAS/Noticelnventory/UCM261320 [Accessed: 29-07-2017]

Official Journal of the European Union (L144/41) (05.06.2012), the Commission Imple-
menting Decision authorizing the placing on gamma-cyclodextrin market as novel food
ingredient under Regulation (EC) No.° 258/97 of the European Parliament and of the
Council [Internet]. Available in http://eur-lex.europa.eu/legal- content/EN/TXT/PDF/uri
=CELEX: 32012D0288 & from = EN [Accessed: 20-05-2017]

Official Journal of the European Union (L160/4) (12.06.2013), Regulation (EU) No
536/2013 of the Commissiofithe June 11, 2013 [Internet]. [Consulted in May 2014].
Available at http://EUR-lex.europa.eu/legal-content/PT/TXT/PDF/?uri=CELEX:32013R0
536&from=EN [Accessed: 20-05-2017]

Official Journal of the European Union (L83 / 1) (22.3.2012), Regulation (EU) No
231/2012 of the Commissiofithe 9 mar¢O 2012 establishing specificationOes for food
additives listed in Annexes II and III of Regulation (EC) No 1333/2008 of the European
Parliament and of the Council [Internet]. [Consulted in May 2013]. Available in http://
eur-lex.europa.eu/legal- content/EN/TXT/PDF/uri=CELEX: 32012R0231 & from = EN
[Accessed: 23-07-2017]

Deorsola AC Mothe CG, de Oliviera LG, Deorsola AB; Technological monitoring of
cyclodextrin - World panorama. World Patent Information, 2014;39:41-49. [Accessed:
20-08-2017]

Astray G, C-Barreiro G, Mejuto JC, Rial-Otero R, Simal-Gandara J. A review on the use
of cyclodextrins in foods. Food Hydrocolloids. 2009;23(7):1631-1640

Belitz HD, Grosch W, Schieberle P. Food Chemistry. 4th revised and extended ed. Berlin:
Springer; 2009



Chapter 6

Cyclodextrin-Based Nanofibers and Membranes:
Fabrication, Properties and Applications

Mandla B. Chabalala, Bonisiwe C. Seshabela,
Stijn W.H. Van Hulle, Bhekie B. Mamba,
Sabelo D. Mhlanga and Edward N. Nxumalo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74737

Abstract

Cyclodextrin (CD)-based electrospun nanofibers have become critical role players in the
water treatment arena due to their high porosities, small diameters, high surface area-to-
volume ratio and other unique properties they exhibit. Investigations demonstrate that
nanofibers containing CD molecules can be facially blended with other polymeric species
and/or photocatalytic and magnetic nanoparticles to enhance their rates of adsorption,
inclusion complexation and selective photodegradation. These properties make them
excellent candidates for the removal of water pollutants. On the other hand, the elec-
trospinning process has become the method of choice in the fabrication of various types
of CD nanofibrous mats due to its versatility, cost-effectiveness and its potential for the
mass production of uniform nanofibers. CDs and CD-derivatives have also found appli-
cation in membrane technologies, particularly in mixed matrix and thin film composite
membranes. CD-blended membranes display improved performances in terms of selec-
tivity, rejection, permeation and flux with reduced fouling propensities and can be used
for drinking water purification and removal of emerging micropollutants. This chapter
critically reviews CD-based electrospun nanofibers looking at their production, charac-
terization methods and various applications. The use of CDs as membrane materials and
how they can be fully explored in water treatment are also investigated.

Keywords: cyclodextrins, electrospun nanofibers, membranes, adsorption, inclusion
complexation, water treatment
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1. Introduction

Common water pollutants such as toxic micro-organisms and inorganic and organic waste are
a serious threat to the health of humans, animals and the aquatic biota. Diverse methods and
materials are currently used to treat wastewater in order to overcome the high level of water
pollution. However, emerging micropollutants (EMPs) such as hormones, pharmaceuticals,
detergents, phenols, fragrances, illicit drugs, endocrine disruptors, steroids and personal care
products have proven to be persistent and difficult to remove from aqueous systems [1, 2]. In
particular, EMPs are continuously found in trace amounts in waste and treated water. In addi-
tion, trace organic pollutants find their way into wastewater after being excreted from human
bodies and when disposed to the sewage system [1-3]. Pharmaceutical waste and other trace
organic pollutants leave the wastewater treatment plant without being treated because they
are present in small amounts, biologically active or thermally and chemically stable [2]. EMPs
and their derivatives are of great concern since their fate and behavior is not well understood.
Moreover, current treatment methods are not effective in the removal of these EMPs. This has
therefore led to the development of diverse technologies including nanotechnology-based
technologies to remove EMPs in water systems.

Nanotechnology-based techniques frequently applied in water treatment make use of vari-
ous nanomaterials including, among others, nanofibers, nanowires, nanotubes, nanorods and
nanospheres. These distinct nanomaterials are endowed with several advantageous properties
that render them suitable in the removal of micropollutants from aqueous systems. These prop-
erties include high porosity, small diameters and high surface area per unit volume. In particu-
lar, nanofibers are easy to handle, reusable and recyclable making them ideal candidates for
use in water treatment applications [4, 5]. Workers have also applied photocatalytic nanomate-
rials such as TiO, and ZnO and found them to be excellent candidates for use in the photodeg-
radation of most micropollutants using their inherent quantum and surface properties [6]. TiO,
and ZnO nanomaterials have been applied in various areas, which include textile, wastewater
treatment, particulate separation, health care, desalination, energy, liquid filtration and sen-
sors [7, 8]. Hollow-structured nanomaterials such as nanotubes and nanofibers (Figure 1) can
encapsulate active additives such as photocatalysts, antioxidants and antibacterial agents and
then applied in water treatment, food packaging and biotechnology [8, 9]. Photocatalysts have
been incorporated with other materials such as the natural polymer cyclodextrins (CDs) for use
in water treatment applications [10]. CDs are gaining extensive popularity as adsorbents and as
membrane materials due to their toroidal structure and distinct characteristics.

CDs and their derivatives such as methyl-3CD (m-BCD) (Figure 2) are known to significantly
remove organic pollutants from water systems via adsorption and inclusion complexation.
They can also be polymerized to form supramolecular structures with high surface areas [12].
The geometry of CDs demonstrates a hydrophobic cavity capable of inclusion complexation
with a wide range of pollutants [7, 13]. The ability of CDs to capture and form inclusion com-
plexes with other molecules in solution and their ability to be electrospun with ease as well
as other physicochemical properties render them ideal candidates for water treatment appli-
cations [7, 12, 14]. The release of water molecules from the hydrophobic cavity, coupled with
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Figure 1. Microscopic view of hollow-structured nanofibers (a and b) the as-electrospun nanofibers. (c and d) The images
of nanotubes at low and high magnification. The inset shows the surface and cross profile of the nanotube. Reproduced
with permission from [11].
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Figure 2. Schematic illustration of (a) 3CD and (b) m-BCD.

hydrogen bonding, charge transfer interactions, hydrophobic interactions, van der Waals
interactions, release of conformational strain and electrostatic interactions are the driving
forces for inclusion complexation through apolar-apolar interaction of CDs and the guest
compounds [12, 15]. It is for this reason that CDs are used in water treatment to remove EMPs
and various other pollutants as well as in medicine for drug delivery applications. Besides
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their use in nanofiber production, CDs and their derivatives have become popular in mem-
brane technology.

Recently, workers prepared electrospun nanofibers using chitosan and incorporated silver
and iron nanoparticles for water disinfection processes. These nanofibers were later effec-
tively modified using CDs and cellulose to increase their thermal and chemical stability [16].
Somewhere else, thermally and mechanically stable 3CD/cellulose acetate nanofibers were
synthesized using an environmentally benign procedure and used for enhanced antimicro-
bial treatment of water [17]. In membrane technology, Adams et al. utilized CD molecules as
modifying agents for the preparation of polysulfone-polyurethane (PSF-PU) composite nano-
filtration membranes, which were used for the removal of undesirable salts [18].

In this chapter, electrospun CD-based materials are discussed in view of water treatment, their
properties and advantages toward improving current water treatment methods by removing
EMPs in waste and treated water. We also critically investigate CD-based membrane tech-
niques in terms of their production and characterization methods with focus placed on their
application in water treatment. Other applications of these CD-based nanocomposites such
as drug delivery, antimicrobial uses, biomedical uses, filtration, photocatalysis and environ-
mental protection are covered.

2. Fabrication methods of nanofibers

Various methods are used in the production of nanofibers today. These include, among oth-
ers, polymer blending, sea/island cross-section conjugation and electrospinning techniques
[19, 20]. These technologies have several disadvantages that include sizes in the microscale
instead of nanoscale and low tensile strength. They also form nonwoven sheets that need
further treatment using organic solvents [21]. However, several researchers have described
electrospinning as the best nanofiber fabrication method compared to the other methods. In
the next sections, we explore the various methods of nanofiber production.

2.1. Polymer blend method

The polymer blend method is a method that uses two or more polymers to produce materials
with superior properties [22]. This method is divided into three main categories, which are:
miscible, immiscible and compatible polymer blending. To produce fibers with nanoscale
diameters and uniform continuous length in large scale, this method is often coupled with
the electrospinning method. In this way, blended polymer solutions can be electrospun to
produce fibers with desired properties [23, 24].

Miscible polymer blends are characterized by a homogeneous morphology/mixture on the
segment level; however, the local chain dynamic may exhibit different dependences on tem-
perature and blend composition [25]. The presence of nanoheterogeneities has been observed
in miscible polymer blends where Lodge and McLeish have described this as “self-concentra-
tion” [26]. This illustrates that high glass transition temperature components often have seg-
mental dynamics much closer to the bulk blend, while the low glass transition temperature is
closer to the pure component [25]. However, miscible polymers often have one glass transition
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temperature that is dependent on the composition. Polymers can be miscible in melt state and
immiscible in solid state due to fast crystallization of one component compared to the other
[22]. When blended polymers do not crystalize at the same rate, it results in phase separation,
which will affect the final product and their envisaged properties [22]. However, due to the
miscibility of the components, they can each reside in the interlamellar and/or interspherulitic
regions of each other during crystallization, thus reducing separation rates [27].

Immiscible solutions are often referred to as emulsions where one component is dispersed
on top of the other as small-sized droplets depending on the quantity of each solution as
shown in Figure 3 [28]. Most polymer blends are immiscible because of the weak interfacial
interactions between components and different molecular weight of each component [22].
Immiscible polymer blends also have enhanced properties compared to their separate com-
ponents [29]. Immiscible polymer blends limit full access of each component properties and
application due to their incompatibility. Producing nanofibers through this method requires
the use of stabilizing agents such as fillers and metal organic frameworks. Produced fibers are
in microscale and requires subsequent polymer matrix extraction [30, 31].

Compatible polymer blends are immiscible polymer blends that have uniform macro-
scopically physical properties. Compatible polymer blends are often used to enhance the
properties of components such as elastic modulus, crystallinity and glass transition tem-
perature [32, 33]. Polymers often require the use of fillers/compatibilizer to induce com-
patibility between the components (Figure 4). To be effective enough, fillers must have a
particle radius of the same order of magnitude as the gyration radius of the polymers used.
Examples of fillers include ethylene-acrylic acid and ethylene-vinyl alcohol [33, 34].

2.2. Seal/island cross-section conjugation

Sea or island cross-section conjugation is a type of a conjugate spinning method used to fab-
ricate fibers with diameters of less than 1 um with a predetermined component arrangement
in its cross-section. Two polymer components of a conjugate type are elongated and extruded
together from a spinneret. These polymers then combine in the back of a spinning nozzle.
The produced conjugate fibers with two components are then split into filaments. This tech-
nique involves spinning a bicomponent filament consisting of polyester, polyethylene, nylon
or polypropylene used as an island component and a polymer like polystyrene is used as a sea
component. The fabric is then exposed to a solvent, thermal or mechanical treatment whereby
the immiscible components separate as the polystyrene sea component dissolves in a solvent,

Figure 3. Schematic representation of immiscible polymer solution with varied concentrations of each polymer.
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Figure 4. Illustration of the effects of compatibilizer or filler on compatible polymer blends.

which is a nonsolvent for the polyester island component after conventional processing into
fibers. This results in individual polyester island filaments. The ratio of the two components
in the ultrafine filament yarn, the shape and the number of the resulting individual segments
can be varied depending on the design of the spinneret [20, 21].

2.3. Electrospinning technique

The electrospinning technique is a versatile, flexible and cost-effective method for producing
nanofibers. It has become very attractive and common in the synthesis of nanofibers for vari-
ous applications. Electrospinning is often preferred over other methods since it readily pro-
duces nanofibers from a number of materials, which include polymers, ceramics, composites
and semiconductors [35, 36]. Electrospun nanofibers can be easily modified to improve cer-
tain properties. This can be achieved during electrospinning or by posttreatment methods
[36-38].

Electrospinning can produce nanofibers of long length, diversified composition, high sur-
face area-to-volume ratio, uniform diameter, flexible surface functionalities and superior
mechanical properties [39]. In electrospinning, nanofibers are formed as the polymer solution
is stretched between two surface charges and as the solvent evaporates due to electrostatic
repulsion forces [40]. During electrospinning, a polymer solution in a syringe is stretched to
the collector in a cone shape (Taylor cone) under high voltage. The collector screen used can
be either a stationery flat screen or a rotating drum collector. The type of collector can greatly
influence the morphology of the nanofibers [41]. The diameter, morphology and distribution
of electrospun nanofibers depend on the applied voltage, solution viscosity, tip to collector
distance, temperature and flow rate. Figure 5 shows a setup of an electrospinning instrument
with a flat stationary collector. The setup consists of a high-voltage supply, polymer solution
in a syringe and the collector screen [42].

When the electrospinning parameters and polymer solution properties are not properly opti-
mized, beaded fibers such as those depicted in Figure 6(a) can be obtained. On the other hand,
when all the properties and parameters are precisely optimized, bead-free nanofibers such
as those displayed in Figure 6(b) can be obtained [43]. In electrospinning, it is important to
optimize all parameters including the polymer solution properties such as the concentration
before spinning large quantities.
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Figure 5. Schematic illustration of electrospinning setup with flat stationery collector. Reproduced with permission from [42].

Figure 6. Microscopic representation of electrospun nanofibers without proper optimization (a) and with proper
optimization (b) of all parameters. Reproduced with permission from [43].

2.3.1. Mechanism for the formation of electrospun CD nanofibers and influencing factors

Electrospinning CDs into nanofibers is still a challenging task because of their small cyclic
structure. However, electrospinning these glucose derivatives would result in nanofibrous
mats with excellent properties such as high surface area-to-volume ratio and high possibilities
of specific surface functionalization [44, 45]. A number of factors can affect the electrospin-
ning mechanism of CDs. Besides the fact that these cyclic oligosaccharides cannot be easily
stretched into nanofibers, factors such as solvent type, concentration, copolymers and com-
patibility play a critical role in the successful electrospinning of CD nanofibers. Fortunately,
CDs are soluble in most organic solvents such as water, dimethylacetamide, dimethyl sulfoxide
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and dimethylformamide, with water and DMF being the most used solvents [46, 47]. Figure 7
demonstrates that indeed the type of solvent used to prepare the solution has a pivotal effect
on the formation and surface roughness of nanofibers. The most important factors to look at
when choosing a solvent include the conductivity, density, solubility with other solvents and
viscosity.

When electrospinning CDs, concentration also plays a critical role. At high concentrations,
cyclic molecules like CDs and phospholipids can form aggregates and have sufficient elec-
trostatic and intermolecular interactions [44, 48, 49]. The aggregation and molecular interac-
tion act as chain entanglements making the molecules overlap and entangle like polymers
in dilute solutions. Figure 8 clearly depicts the low- and high-concentration effects on elec-
trospun phospholipids and CDs. When using copolymers with CDs, the compatibility and
dissolution of the two should be checked since this will affect the intramolecular interactions
of the two polymers as well as the formation and morphology of the ultimate nanofibers
[36, 47, 50, 51].

2.3.2. Polymer-free cyclodextrin nanofibers

As highlighted earlier, electrospinning cyclic polymers such as CDs is very challenging.
However, CDs can form aggregates in their concentrated solution via intermolecular hydro-
gen bonding and interactions resulting in chain entanglements making it possible to electro-
spin CDs [44, 52].

§.1E0

Figure 7. (A) AFM image and (B) fiber axis cross-section profile of the MBCD nanofiber prepared in water. (C) AFM image
and (D) fiber axis cross-section profile of the MBCD nanofiber dissolved DMF. Reproduced with permission from [44].
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Figure 8. SEM micrographs revealing the concentration effect on electrospun phospholipids (a 35% and b 50%) and CD
nanofibers (c and d) at low and high concentrations. Reproduced with permission from [49].

Celebioglu and Uyar reported the first successful electrospinning of carrier polymer-free CD
nanofibers. In their report, highly concentrated solutions of methyl-fCD (140 and 160% w/v)
were prepared in water and DMF. Electrospinning these solutions yielded nanofibers with
diameter ranges of 20-100 and 100-1200 nm using water and DMF, respectively [44, 53]. At
concentrations lower than 140% w/v, beaded nanofibers were obtained. They also reported
another successful electrospinning of hydroxypropyl-pCD (HP-BCD) and HP-BCD inclusion
complex with triclosan. Bead-free HP-BCD and HP-BCD/triclosan were obtained at higher
concentrations of 160% w/v. Figure 9 shows the SEM images of polymer-free HP-BCD and
HP-yCD nanofibers dissolved in DMF and water [52]. Celebioglu used HP-fCD and HP-yCD
for the entrapment of volatile organic compounds (VOCs), aniline and benzene [45]. The
results indicated that CD nanofibers had better performances compared to powdered CDs,
while BCD nanofibers performed better than yCD nanofibers. The performance was depen-
dent on the type of CDs, solvent and VOC type. Therefore, electrospinning of CDs and CD
derivative nanofibers strongly depends on the type of CDs, solution concentration, solvent
used and intermolecular interactions [46]. In Table 1, we show electrospun CD nanofibers
prepared using different types of CD derivatives in different solvents without an additional
polymer being used and the effect on the fiber sizes thereof.

2.3.3. Copolymerized cyclodextrin nanofibers

In order to improve the propensity of electrospinning CDs into excellent nanofibrous mats and
take advantage of the CD properties, CDs can be blended with other polymers such as poly-
ethylene terephthalate (PET), polyvinyl alcohol (PVA), polycaprolactone (PCL), poly(methyl
methacrylate) (PMMA), polyvinylpyrrolidone (PVP), polylactic acid (PLA) and cellulose. This
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Figure 9. SEM images of (a-i) HP-3CD/powder, (a-ii) HP-3CD/water-nanofiber, (a-iii) HP-BCD/DMF-nanofiber, (b-i) HP-yCD/
powder, (b-ii) HP-yCD/water-nanofiber and (b-iii) HP-yCD/DMF-nanofiber. Reproduced with permission from [45].

CD-type Solvent Conc. (% Method Size (nm) Ref
w/v)
a and BCDs Water, DMF, DMAc and 120-160 Electrospinning 80-940 [53]
DMSO

HP-BCDs Water 50-70 Electrospinning 933-990 [54]
M-BCDs, HP-BCDs and Water, DMF and DMAc 100-160 Electrospinning 250-1860  [55]
HP-yCDs

HP-BCDs Water 100-160 Electrospinning 200-1600  [52]
M-BCDs Water and DMF 100-160 Electrospinning 20-1200 [44]

Table 1. Electrospun polymer-free CD nanofibers, conditions of preparation and size of nanofibers.

greatly improves the general properties of the nanofibers and expands their possible areas of
application [19, 20, 50, 51, 56]. For example, Figure 10 depicts electrospun CD-modified PS
nanofibrous mats. Nanofibrous mats or membranes with high permeability are excellent can-
didates as microporous support substrates for thin film composite membranes with high flux
and for application in microfiltration processes [57—-60]. Copolymerization of cross-linked or
modified CDs with other polymers reduces their solubility in water and makes them excellent
candidates for water treatment applications.

Uyar and coworkers electrospun poly(methyl methacrylate) functionalized with CDs
(PMMA/BCDs) for the treatment of organic vapors. It was found that PMMA/BCD nanofibers
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Figure 10. SEM micrographs for electrospun (a) PS and (b) PS-3CD nanofibers. Reproduced with permission from [46].

successfully encapsulated organic vapors such as aniline and styrene. The organics were
inclusion complexed by BCD cones in solution [46]. CD/polymer nanofibers have also been
used as reducing and stabilizing agents for other nanoparticles. Celebioglu et al. demon-
strated this when they used polyvinyl alcohol/HP-BCD (PVA/HP-BCD) nanofibers as reduc-
ing and stabilizing agents for Ag nanoparticles. In this case, PVA was used as a primary
agent, while HP-BCDs were used as secondary agents [56].

In water treatment, materials with high adsorption capacity are useful when it comes to the
removal of pollutants such as dyes. Teng et al. used mesoporous PVA/SiO,/BCD nanofibers
as adsorbents for the removal of indigo carmine dye in wastewater. The nanofibers were
found to have adsorption capacities of up to 495 mg/g and equilibrium was reached in less
than 40 min, due to the presence of CDs [61]. Zhang et al. prepared composite nanofibrous
membranes from PVA/BCDs using electrospinning for molecular entrapment of organ-
ics. It was found that these nanofibrous membranes could effectively and readily capture
organic molecules. This was attributed to the inclusion complexation of organic molecules
by the CDs. It was further suggested that these kinds of membranes can also be applied in
areas such as drug delivery, separation/purification and electrochemical sensors, among
others [62].

Research shows that copolymerized CD nanofibers and their derivatives find application in
various areas due to the properties and advantages induced by the incorporation of CDs.
Table 2 shows various copolymerized CD nanofibrous mats and their applications.

2.3.4. CD nanofibers incorporated with nanoparticles

Blending electrospun CD nanofibers with nanomaterials results in unique properties from
large surface area of nanofibers and excellent properties of the nanomaterials to specific
structural and functional properties [67]. Nanomaterials supported on other materials have
the disadvantage of low efficiency because of small interface surface available compared to
powder photocatalysts. However, powdered nanomaterials cause secondary contamination
with low recovery and require further treatment after usage. The high efficiency of powdered
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CD type Copolymer Solvent Method Size Application Ref.
(nm)

HP-pCDs  PVA Deionized water Electrospinning 290485 Reducing and stabilizing [56]
agent for Ag antibacterial
nanoparticles

BCDs PCL DMF and DCM  Electrospinning 336-389 Drug delivery of naproxen  [50]

BCDs PMMA DMF and Electrospinning 625-977 Organic vapor waste [51]

toluene treatment

BCDs pvC DMF and THF  Electrospinning 420450 Membrane modification [19]

BCDs Carbonaceous ~ Water Electrospinning 120-144 Membrane filtration of [63]

nanofiber phenolphthalein
membrane

BCDs Cellulose DMF Electrospinning 100-800 Antibacterial activity (E. coli [20]
and S. aureus)

BCDs pvp Water and Electrospinning 450 Stabilizing and reducing [47]

ethanol agent for Au nanoparticles

BCDs Chitosanand ~ Water and Electrospinning 84-285 Drug delivery [64]

PVA chloroacetic acid

a, and PET TFA and DMF Electrospinning 12.4-  Phenanthrene removal in [7]

vCDs 15.3 aqueous solutions

a, B and PS DMF Electrospinning 300~ Enhancement of durability ~ [65]

YCD- 4250 and stability of fragrances

menthol IC

a, pand PLA DMF, DMSO Coprecipitation and  140- Antibacterial growth (E. coli [66]

YCDs and chloroform  electrospinning 1580 and S. aureus)

o, B and Zein DMF Electrospinning 90-185 — [5]

YCDs

a, and PMMA DMF Electrospinning 625- Molecular filters and water  [9]

YCDs 1024 treatment

Table 2. Electrospun copolymerized CD nanofibers, solvent type, sizes and their applications.

nanomaterials is outweighed by the recovery, recyclability and reusability of supported
nanomaterials [68]. Figure 11 shows SEM and TEM images of electrospun HP-BCD contain-
ing Au nanoparticles which also shows the d-spacing of 0.235 nm between Au {111} planes
(Figure 11) [69].

CD nanofibers incorporated with nanoparticles have been prepared via electrospinning and self-
assembly. These two techniques produced hierarchical structures of nano- to macroscale cata-
lysts such as CD-TiO, and CD-ZnO [70, 71]. CD-TiO, nanofibers prepared by Yoon and Nichols
displayed a hierarchical structure of nanoparticles interconnected into a 3D network as demon-
strated in Figure 12. The 3D structure was found to have high surface area and large porosity
[72, 73]. CD-TiO, composites have been found to be stable over a wide range of pH. Somewhere
else, it was found that CDs guide the assembly of TiO, nanomaterials into nanowires hosted in a
CD nanotube structure. In this process, CD molecules coat TiO, nanomaterials and produce long
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Figure 11. (a) SEM and (b) TEM images of electrospun HP-BCD nanofibers incorporated with Au nanoparticles. Inset
HR-TEM image of a single Au-nanoparticle indicating the d-spacing between the planes [69].

Figure 12. SEM images illustrating the 3D nature of CD-directed TiO, nanoparticles forming nanofibers (a) A small
aggregate attached on the side of the nanofiber. (b) The aggregate smoothes and continues to grow into a new fiber.
Reproduced with permission from [73].

CD-TiO, nanotubes. These CD-TiO, nanofiber catalysts have shown enhanced photodegradation
of organic materials [74-76].

Using CDs, Zhao and Chen have also demonstrated the preparation of ZnO nanofibers and
multipetals (Figure 13). When analyzed, the ZnO nanomaterials were decorated with CD mol-
ecules [77]. In another study, CD-ZnO nanofibers were synthesized under mild conditions of
thermal decomposition [78, 79]. In their study, zinc acetate was coated with CD molecules and
ZnO synthesis took place within the CD molecules resulting in CD-ZnO nanofibers. Rakshit
and Vasudevan prepared CD-ZnO fibers with high degradation performance of Nile red [80].
In all these studies, CD-ZnO nanofibers were prepared using self-assembly processes.

CDs can also act as electron donors and molecular recognition agents when incorporated
with photocatalytic nanoparticles [76]. CD chemisorption onto photocatalytic nanomaterials
improve their stability against aggregation and enhance their charge transfer reactions.
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Figure 13. Micrographs showing multipetals of (a—c) ZnO nanomaterials prepared with BCD and (d) ZnO nanofibers
prepared without BCD. Reproduced with permission from [77].

3. Cyclodextrins in membrane technology

Membrane technology is one of the methods that have been used in water treatment for
decades. Its merits have made its use continuous throughout the decades; however, mem-
branes have several demerits, which cannot be ignored. Membranes suffer from fouling,
selectivity and low flux among other problems. This results in poor performance, which
implies high operational cost for poor water output. Modifying membranes with materials
such as nanomaterials and polymers via surface functionalization greatly improves the over-
all performance of membranes. Currently, polymeric membranes are the most used in water
treatment because of their advantages, which include higher flexibility, easy pore formation
mechanism, smaller footprint for installation and low cost compared to other membrane
types [81-83]. When it comes to energy efficiency and cost-effectiveness, it is required that
membranes should have high permeability, high rejection and good fouling properties [81].

The use of CDs and their derivatives has been found to enhance membrane performance
in terms of improved porosity, flux, rejection and efficiency, which makes the use of CDs
considerably effective. Porous CD-based membranes have interconnected pores with high
permeability and find application in various filtration processes [84, 85]. Even though the
use of CDs in membrane technology is not as advanced as the use of other polymers, several
researchers have dedicated their time into studying and exploring new properties and advan-
tages brought by CDs in various membrane types. The use of CDs in water treatment has been
motivated by the ability of CDs to allow water to pass through their cavities and their surface
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functionalities, which greatly improve the hydrophilicity and permeability of membranes
[86]. Mixed matrix membranes (MMMs) and thin film composite (TFC) membranes are two
types of membranes where CDs and their derivatives have been used as modifying agents to
improve their total performance.

3.1. Mixed matrix membranes

Mixed matrix membranes (MMMs) are known for their high flux and low pressure drops.
MMM high flux capacity and selectivity are often a result of functionalized modifying agents
[87]. MMMs are used mostly for the removal of heavy metals, natural organic matter (NOM),
EMPs and disinfection by products such as trihalomethanes, haloacetic acids, trihaloacetal-
dehydes, haloacetones and trihalonitromethanes in water [88]. Adams et al. prepared MMMs
using polysulfone/BCD-polyurethane (PSf/BCD/PU) for the selective removal of Cd* ions
and improved structural properties of PSf MMMs. Upon studying their characteristics, it was
found that BCD-polyurethane enhanced the water sorption and hydrophilicity and achieved
70% removal of Cd* ions [18]. Adams et al. used the same material (PSf/pCD/PU) in 2014 to
study the effect of BCD/PU on the rejection of NOM and fouling resistance of PSf MMMs. It
was concluded that BCD/PU improved the effective pore sizes and molecular-weight cut-off of
PSf membranes due to their conical structure and larger pore sizes, which allows water mol-
ecules to pass easily [89]. Other workers used ceramic membranes modified with cross-linked
silylated dendritic polymers and CDs for the removal of organic pollutants in water. The modi-
fied membranes removed pollutants such as monocyclic aromatic hydrocarbons (93%), pesti-
cide (43%), polycyclic aromatic hydrocarbons (99%) and trihalogen methanes (81%). The high
removal percentage was attributed to the dendritic polymers and CDs [90]. Figure 14 shows
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Figure 14. SEM images comparing morphologies for (a) PSf and (b) PSf/BCD outside surface and cross-section.
Reproduced with permission from [91].
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comparison between PSf and PSf/BCD membranes and it is shown that CDs improved the
surface and cross-sectional morphology in terms of pore size dimensions and size distribution.

3.2. Thin film composite membranes

Nanofiltration (NF) membranes are pressure-driven membranes and are mostly thin film
composite (TFC) membranes [86]. TFC membranes include reverse osmosis (RO) and ultra-
filtration (UF) membranes prepared by interfacial polymerization. The unique structure of
TFC membranes that consists of a UF support, a nonwoven support and a polymer mem-
brane brings advantages such as low operation pressure, high retention of multivalent ions or
salts, low maintenance cost and high permeation flux [86, 92, 93]. This type of membranes is
mostly used in water treatment for the production of drinking water from wastewater, seawa-
ter and brackish water [94]. Other areas of application include organic solvent nanofiltration
and pharmaceuticals and biochemical industries [86, 93]. The layers of TFC membranes can
be modified independently for maximum preferred properties such as water uptake, fouling
resistance, chemical resistance, thermal stability, hydrophilicity and mechanical strength [92].
The excellent properties of TFC membranes are due to modifying agents such as CDs and their
derivatives.

Wu et al. prepared NF TFC membranes using polyester/3CD as a polymer material [81]. The
addition of BCDs was found to improve the membrane performance as shown by double flux
and high rejection of Na,SO, compared to bare membranes. When sulfated-3CDs were used,
the membrane had improved negative charge density and salt rejection. Both membranes
werereported tohave enhanced antifouling properties [86]. On the subject of TFC membranes,
Mbuli et al. used amino-CDs and diethylamino-CDs to modify polyamide TFC membranes.
The addition of modified CDs enhanced the membrane’s permeability because of improved
hydrophilicity and additional water channels. In a separate study, modified TFC mem-
branes containing CDs also demonstrated high flux and good NaCl rejection [94]. Mao et al.
prepared CD-modified PEI membranes for organic solvent nanofiltration. In the study, they

Figure 15. SEM images of (a) unmodified and (b) amine f-CD m-phenyldiamine TFC membranes. Reproduced with
permission from [95].



Cyclodextrin-Based Nanofibers and Membranes: Fabrication, Properties and Applications
http://dx.doi.org/10.5772/intechopen.74737

Material Type Method Application Ref.
PSf-BCD-polyurethane MMM  Phase inversion Nanofiltration for removal of Cd* ions [18]
BCD-polyurethane MMM Phase inversion Rejection of NOM (humic acid) [89]
Azo dye-modified MMM Polymerization and Detection of chloroform, [88]
BCD-epichlorohydrin phase inversion 1,3-dichloropropane, 1,2-dichloroethane,

1,2-dichloropropane, 1,1,2-trichloroethane
and dichloromethane

Fe-Ni/f-CNT/ MMM Polymerization and Degradation of trichloroethylene [96]

BCD-polyurethane precipitation

PSf-BCD MMM Phase inversion Removal of endocrine disruptive chemicals [91]

CD-polymers — — Adsorption and separation of pesticides [97]

PES/m-phenyldiamine TEC Interfacial Rejection of NaCl and Na,SO, [95]

and PES/m- polymerization

phenyldiamine/

amine-f-CDs

PE/BCDs TFC Interfacial Rejection of Na,SO, and antifouling [86]
polymerization properties

PA/amino-BCDs TEC Interfacial Rejection of MgSO, and fouling-resistant [92]

PA/diethylamino-BCDs polymerization studies

PEI/a,  and yCDs TFC Interfacial Organic solvent nanofiltration [93]
polymerization

PA/amino-« and BCDs TEC Interfacial Rejection of NaCl [94]
polymerization

PA/diethylamino-a and
BCDs

Table 3. CDs and CD derivatives used as additives in traditional membranes.

prepared a membrane with dual pathway nanostructures from CDs (hydrophobic pathway)
and the fractional free volume of PEI (hydrophilic pathway). Toluene permeation was
improved from 0.13 to 2.25 L/mhbar when CD loadings were increased [93]. Figure 15
shows m-phenylenediamine (a) and amine (b) {-CD-modified PES membranes. The pres-
ence of uniform pores is observed on membranes (b) due to the addition of amine {-CDs,
while the addition of m-phenylenediamine produced membranes with layered structures
on top (a). The incorporation of amine f-CDs improved the general performance of the
membrane in terms of hydrophilicity, flux and salt rejection [95]. In Table 3, we show
recent works on the use of CDs and their derivatives in the production of MMMs and TFC
membranes.

4. Other applications of CD-based materials

The ability of CDs to form inclusion complexes with other materials and alter their properties
has enabled electrospun CD-based materials and membranes to be used in many applications
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such as drug delivery, filtration, templates, biomedical, catalysis, water treatment, reinforce-
ment, electronics, pharmaceuticals and optical devices [39, 98, 99]. Celebioglu and coworkers
formed inclusion complexation using the antibacterial agent, triclosan, with two types of
CD derivatives (HP-BCDs and HP-yCDs). The electrospun inclusion complexes were tested
against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria.
The antibacterial activity against the two bacteria strains was found to be higher for the inclu-
sion complexes compared to the bare triclosan. The interactions of triclosan with the CD
derivatives improved its antibacterial activity [100]. Li and coworkers used BCDs with maleic
anhydride (MAH) and 3-(4-vinylbenzyl)-5,5-dimethylhydantoin (VBDMH) for antibacterial
studies. The composite BCD-MAH-VBDMH was electrospun with cellulose acetate and the
antibacterial activity was tested against E. coli and S. aureus bacteria. The nanofibers achieved
99.7 and 80.3% activity against E. coli and S. aureus, respectively, within 10-30 min contact
time [20]. In another study, Dong and coworkers used ciprofloxacin hydrochloride (CipHCI)
as the antibacterial agent with electrospun citric acid cross-linked cellulose and CDs. The
CipHCl loaded on the electrospun nanofibers demonstrated high antibacterial activity against
E. coli and S. aureus [101].

In drug delivery systems, CDs and their derivatives have also been used for targeted deliv-
ery and control of release rate as well as solubility control. Bazhban and coworkers electro-
spun a drug delivery system from carboxymethyl-3CDs and chitosan blended with PVA in
the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide as the condensing agent
and N-hydroxysuccinimide as a hydrolyzing agent. The electrospun nanofibrous mats were
observed to have slower release rates of the entrapped salicylic acid compared to the nano-
fibrous mats without CDs [64]. Canbolat and coworkers complexed naproxen (NAP) with
BCDs and electrospun the inclusion complex with poly(e-caprolactone) (PCL/NAP-3CDs).
The electrospun PCL/NAP-CDs had high release rates of NAP compared to the electrospun
PCL/NAP [50]. Electrospun CD nanofibers have also been used in the syntheses of metal
nanoparticles as reducing agents and size-controlling agents. Celebioglu and coworkers syn-
thesized Ag nanoparticles in the presence of PVA/CD electrospun nanofibers. They obtained
Ag nanoparticles of 2 nm in size without aggregation compared to the 8 nm aggregated
nanoparticles obtained with the use of bare nanofibers [56]. Bai and coworkers used electros-
pun PVP/BCDs as stabilizing and reducing agents for the synthesis of Au nanoparticles. The
Au nanoparticles were found to be evenly distributed and well dispersed in the nanofibers
and induced antibacterial behavior on the nanofibers [47].

By forming inclusion complexes with other materials, CDs can improve their stability and
shelf life. Kayaci and coworkers enhanced the thermal stability of eugenol (EG) by means of
inclusion complexation with (3 and yCDs. The inclusion complex EG-CD was incorporated
and electrospun together with PVA. The complexed EG demonstrated thermal evaporation
at high temperature and slowed release at temperatures as high as 100°C compared to poor
thermal stability of pure EG [66]. Uyar and coworkers prepared inclusion complexes between
menthol with «,  and yCDs and electrospun the complexes with polystyrene in order to
enhance the thermal stability of menthol. The thermal stability of menthol was improved up
to 350°C by the electrospun nanofibers [65].
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This is an indication that electrospun CD nanofibrous mats have a wide range of applications.
Whenever CDs are used, they enhance certain properties of the materials incorporated with

to achieve excellent outcomes.

5. Mechanism for the interaction of CD nanofibers/membranes with

various species

As discussed earlier, CDs and their derivatives have the ability to form inclusion complexes
with a number of liquid, solid or gaseous compounds [12], which can alter the physicochemi-
cal properties of the guest molecule [102]. This happens by taking up a whole or part of a
guest molecule into the hydrophobic cavity, which is lined by skeletal carbons as well as the
ethereal oxygen of the glucose units. During the formation, no covalent bonds are made or
broken, and as a result the guest molecule is not permanently hosted, it is rather in a dynamic
equilibrium with the host [103-105]. Figure 16 shows an example of an inclusion complex
between a CD molecule and an organic compound. The hydrophobic cavity provides an envi-
ronment for appropriate guests to settle in and form a complexation with the CD molecule
[12]. In solid-state inclusion complexation, guest molecules can be enclosed within the cavity
or can aggregate outside the CD, while solution state inclusion complexation is controlled by
equilibrium between the complexed and noncomplexed molecules [102, 106]. For successful
inclusion complexation to occur the guest or part of the guest must have the size, polarity
and shape that are compatible with those of the host [107]. Physicochemical properties of
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Figure 16. Illustration of (a) interaction of BCD with an organic molecule forming a polymeric network, (b) N, adsorption
and desorption and (c) pore volume measurements of the polymeric structure. Reproduced with permission from [109].
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guests that can be altered during inclusion complexation include taste modification, solubility
enhancement, physical isolation and stabilization of labile guests [108]. As shown by Figure
16, CDs and their derivatives can interact with other molecules to form supramolecular poly-
meric structures [109]. The high surface area and pore volume and permanent porosity of the
porous CD polymer enable the rapid removal of the organic contaminants [109].

Marques et al. used CDs for the encapsulation of essential oils such as chamomile oil via
inclusion complexation. Inclusion complexation of essential oils is used for various reasons
such as avoiding degradation induced by oxygen, light or heat, improving water solubility
and stabilizing fragrances [110]. BCDs were also used by others to enhance the solubility of
Gliclazide by employing the coprecipitation and kneading methods. It was found that the
complex prepared by kneading method was more suitable for the improvement of Gliclazide
solubility compared to the one prepared by coprecipitation [111].

By inclusion complexation, the CD moiety does not only bind the guest molecules but also
brings them close to the functional groups for other reactions such as photocatalytic deg-
radation to take place [112]. CDs can also alter the physicochemical properties of the guest
molecules by making it easy to modify during that period. For example, it can promote
fast dissolution rates, efficient absorption and short drug release times. As a result, CDs
find application in cosmetics, food, drug delivery, bioconversion and environmental protec-
tion [103, 105]. It should be noted that complexation between the host and a guest depends
mostly on several properties of the host and guest, dosage, thermodynamics and equilib-
rium kinetics.

The index of the change in physicochemical properties of guest can be shown by the stabil-
ity, equilibrium constant (K ) and dissociation constant (K,) measurements. The formation of
inclusion complexation toward equilibrium is assisted by four energetically favorable inter-
actions, which are:

i. The displacement of water molecules from the hydrophobic cavity by nonpolar molecules.

ii. The increasing number of hydrogen bonds formed when the displaced water is driven
to the outer pool.

iii. Reduced repulsive interactions between the nonpolar guest and the aqueous environment.

iv. Increasing hydrophobic interactions as the guest inserts itself into the cavity [12].

Clearly, the common interaction of CDs with other species in aqueous solutions is inclu-
sion complexation. Kayaci and coworkers reported that the filtration efficiency of PET was
improved after surface modification with o, p and yCD. The filtration process was tested
against phenanthrene compounds and the improvement was credited to inclusion complex-
ation between the CDs and phenanthrene [7]. Uyar and coworkers reported the use of PMMA
nanofibers modified with BCD for molecular entrapment of organic vapors such as styrene,
aniline and toluene. The reported interaction between the vapors and nanofibers was inclu-
sion complexation (CD) and adsorption (PMMA and CDs). The interactions between the two
were analyzed by direct pyrolysis mass spectrometry and thermogravimetric analysis [51].
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Chen and coworkers prepared a molecular filtration membrane using carbonaceous nano-
fiber membranes (CNFs) modified with BCDs for the filtration of phenolphthalein in aque-
ous solutions. Again, the removal of this compound was credited to complexation with CDs
and absorption by both CDs and CNFs [63]. Workers reported the reduction of Ag and Fe
supported on BCD/cellulose acetate nanofiber membranes for antibacterial studies. The CD
molecules facilitated the charge transfer that occurred between ionized water molecules and
Ag* and Fe* since they were able to alter physicochemical properties of guest molecules (and
in this case metal nanoparticles) [17].

Several publications reported the use of CDs in various applications such as drug delivery,
catalysis, water and air treatment, sensors and energy storage devices. The outstanding per-
formance of all the materials is credited to inclusion complexation and absorption ability that
are caused by hydrophobic and intermolecular interactions between the compounds of inter-
est and CDs [16, 64, 113, 114].

6. Characterization tools for CD materials

There are several methods that can be used to study and understand the properties and
characteristics of CDs, CD-derivatives and CD-guest inclusion complexes. To study, under-
stand and confirm changes on CD physicochemical properties during applications, analysis
has to be conducted using a series of conventional techniques that can complement each
other and give conclusive data. Some of the techniques are discussed in the subsections
below.

6.1. X-ray diffraction

X-ray diffraction (XRD) is very useful for the analysis of CD materials in powder or micro-
crystalline states. This is simply because the XRD pattern of the parent CD will be different
from that of the derivative or the inclusion complex, which will confirm successful modi-
fication, functionalization and/or inclusion complexation [110, 111]. This technique can be
used on ground and homogenized samples even on unknown samples. The intensity of peaks
helps understand the interactions between CDs and other materials as well as their degree of
crystallinity [115].

6.2. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is mostly used to study inclusion complexation in solu-
tion and has been very useful in understanding the bonding configuration of functionalities
present. This is mostly because when a guest is hosted the interior hydrogens are shielded by
the guest resulting in a shift on the NMR spectroscopy [110]. NMR can also be used to deter-
mine the atoms that stabilize host-guest complexes using *C-NMR by monitoring the shifts
of the carbon atoms involved [110, 115]. Furthermore, NMR can also provide information on
the orientation of the guest within the host’s cavity [115, 116].
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6.3. Infrared spectroscopy

Infrared spectroscopic techniques such as the Fourier transform infrared (FTIR) spectros-
copy can be used to reveal CD functionalization and inclusion complexation. This can
be validated by the appearance of new peaks, shift in peak position or change in peak
intensity as a result of changes on pure CD molecules. Noticeable changes may include
disappearance of the —OH peak for functionalization with the appearance of new peaks
depending on the type of functional groups introduced. For inclusion complexation, —CO
stretching peaks may be observed [110]. Vibrational modes of the host and guest can be
studied using this technique to understand the process of complexation and/or function-
alization. Vibrational modes can be restricted to a certain level during complexation and
this can result in weak interatomic bonds due to the altered environment around the
bonds [116, 117].

6.4. Ultraviolet/Visible spectroscopy

The absorption properties of the host and guest molecules (such as dyes) can be easily altered
by functionalization or inclusion complexation. When that happens, ultraviolet-visible spec-
troscopy confirms the successful complexation or functionalization by monitoring the band
broadening or narrowing and/or bathochromic shift [110]. In fact, inclusion complexation can
result in hypsochromic or bathochromic shift and/or increase or decrease in the intensity of
the absorption maxima. However, this technique does not provide conclusive results on com-
plexation or functionalization [116, 118].

6.5. Fluorescence spectroscopy

The environment of molecules can greatly influence their fluorescence properties; hence, fluo-
rescence spectroscopy can be used to determine the geometry of complexation. Fluorescence
quantum yield is high in complex formation and the maxima emission is often shifted to
shorter wavelengths [110]. The enhancement of fluorescence in complexation is a result of
shielding caused by quenching and nonradioactive decay processes [116]. This technique can
only be used for fluorescent molecules.

6.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is an analytical technique based on thermal analysis
of compounds. For physical and energetic properties, DSC is one of the most used techniques
for CD complexation especially in CD-drug complexes. Endothermal dehydration peaks and
decomposition peak are the main characteristics of CDs and are found at 90-130° C and 300°C,
respectively. The appearance of a sharp enhanced endothermal peak indicates the formation
of a host-guest complex, which is a sum of the individual compound peaks. Since physico-
chemical properties of guests can be changed during complexation, DSC can show the loss of
guest crystallinity by broadening, size reduction and lower temperature shift of guest-melting
peaks [116, 119]. However, guest-melting peaks may also indicate the presence of free guest
molecules meaning that equilibrium has been reached [120]. In this case, chromatographic
techniques can be used to separate the complex and free molecules.
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6.7. Chromatography

Chromatographic analysis such as thin layer chromatography (TLC) can be very useful for
the verification of complexation and modification by monitoring the alterations of the retar-
dation factor R, values. The complex of modified CDs is found between the R, values of the
CDs and that of the functional group or guest [110, 121]. Another way to study CDs and their
complexes using chromatography is by monitoring their volatility using head-space chro-
matography. This chromatographic technique is specifically for volatile compounds. The
increase or decrease in volatility can be observed as influenced by the host-guest interaction
and the stability of the complex can be determined [110, 122].

6.8. Microscopic techniques

Microscopic techniques such as SEM and TEM are used as complementary techniques to
analyze the surface morphology, topography and composition of various samples including
nanofibers and membranes containing CD species. These two techniques give critical details
on the size, size distribution and alignment of fibers as well as the nature of the nanofiber or
membrane surfaces. These microscopic techniques are mostly used in the analytic investiga-
tion of nanofibers and membranes because of their capability of imaging at high resolutions
[11, 43, 49, 69, 73, 77].

6.9. Other characterization techniques

Other popular techniques often used to study CDs, their derivatives and nanocomposites
are thermogravimetric analysis to probe their thermal stability, circular dichroism spectros-
copy to study inclusion complexation of ideally sized molecules in the CD cavity, contact
angle analysis to understand the hydrophilicity of surfaces, nanosizer instruments for surface
charge and Brunauer-Emmett-Teller (BET) to measure the surface area and pore volume.

7. Toxicology and safety of CDs and their derivatives

Even though CDs have several advantages for applications in areas such as water treatment,
tissue engineering and drug delivery, their toxicity, biological fates and safety issues need to be
evaluated since they eventually find their way into animal and human bodies. The three most
common natural CDs and their hydrophilic derivatives are known to only permeate lipophilic
biological membranes, which include the gastrointestinal mucosa, skin and cornea of the eye
with certain difficulty. CDs have been reported to be nontoxic to a certain level due to low
absorption from the gastrointestinal track [12, 123, 124]. aCDs were found to bind with some
lipids resulting in eye irritation in rats when they were orally administered, whereby 60% of
the dose was excreted as CO,, 26-33% as metabolite incorporation and 7-14% as metabolites
in urine and feces [12, 125]. Oral administration in rats showed that CDs have less irritation
compared to aCDs; however, small amounts were absorbed in the upper intestinal track [12,
126]. Even though they are nontoxic when administered orally, BCDs cannot be administered
parenterally due to their low solubility in aqueous solutions and their nephrotoxicity [127].
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Oral administration of YCDs has insignificant irritation followed by rapid and complete degra-
dation to glucose by intestinal enzymes. They are therefore deemed the least toxic [12, 128].
and BCDs are also known for their renal toxicity [127]. BCD is not used in parenteral formula-
tions and the use of aCD is seriously limited due to toxicological consideration [123]. Parent
CDs (a and p) and lipophilic CD derivatives such as m-3CD are also not suitable for parenteral
formulation due to their rapid absorption by the gastrointestinal track; however, they are suit-
able for oral formulations [123, 127].

The newly discovered CD derivatives with better safety profiles have sparked a renewed interest
in the use of CDs, especially for those that will find way into human and animal bodies. For exam-
ple, HP-CDs and sulfobutylether-BCDs are used in parental formulations in very high concentra-
tions [123, 129]. The concentration, type of administration and time of exposure play a critical role
in determining the level of toxicity and safety of CDs and their derivatives. It is therefore generally
thought that CDs and their derivatives can be safely used in membrane technology and other
applications without toxicological problems in case they leach out and be ingested by humans or
animals, especially in areas such as wound dressing, water treatment and air purification.

8. Challenges and perspectives

One of the major challenges in the production of CD nanofibers is the inability to electrospin
CDs directly, i.e., without the need to blend them with other copolymers or modifying their
structure. The poor solubility of CDs in water and organic solvents makes it impossible to
electrospin CDs directly. Hence, the most feasible way is to blend the CDs with other flex-
ible polymers. Indeed, many studies have reported the fabrication of CD-based nanofibers
using copolymers. In membrane technology, the main challenge is their high water solubility,
which results in the loss of structure and functionality of membranes once the CDs are dis-
solved and washed away.

The application of these materials varies significantly. Workers are currently exploring the com-
mercial viability of CD-based fibers especially in areas of water treatment. Their use in various
applications is possible due to their ability to form inclusion complexes with various compounds.
The chemistry responsible for this complexation is now well understood. The performance of
CD-based materials can thus be ascertained or monitored using simple phase-solubility diagram.

Further, the high surface area-to-volume ratio of nanofibers and modification possibilities of
CD molecules have motivated the use of CD nanofibers in areas such as tissue engineering
and water treatment. The nanofiber morphology is preferred over other morphologies of the
CD polymers, which tend to possess lower surface areas. The electrospinning technique can
now produce large quantities of nanofiber membranes and makes it viable to use the materi-
als in large-scale quantities. However, the cost is yet to be ascertained.

9. Conclusion

In general, CDs are less toxic and environment-friendly materials due to their biodegrad-
able nature. CDs and their derivatives have unique properties such as high porosities,
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small diameters and high surface area-to-volume ratio rendering them practically usable
in a wide range of applications including water treatment. Indeed, electrospinning these
glycosidic sugars into nanofibrous mats improves their surface area-to-volume ratio further
and enhances their adsorption and inclusion complexing properties. Undesirable species
of specific sizes can be encapsulated via inclusion complexation and filtered by CD-based
nanofibers and membranes. Electrospun CD nanofiber mats and membranes find further
applications in various areas such as drug delivery, filtration, catalysis, water treatment, rein-
forcement, electronics, pharmaceuticals and optical devices. Considering that they are natu-
ral, nontoxic, cost-effective and readily available, their properties can be explored for further
applications. Scaling-up and subsequent commercialization of these superior nanofibers and
membranes can be explored once their cost has been determined.
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Abstract

Many scientific studies have made advances in the ability to encapsulate natural extracts
by cyclodextrins. These studies have addressed the physical and chemical conditions
of the encapsulation reactions, employed several types of essential oils and character-
ized the microcapsules as to their ability to release encapsulated active principles. The
essential oils studies with cyclodextrin encapsulation processes have been highly var-
ied. However, the most studied are the essential oils with antimicrobial and antioxidant
capacities. The essential antimicrobial and antioxidant oils are easily degraded. In the
presence of oxygen, they are oxidized, and at low temperatures, they are volatilized
and decomposed. Thus, cyclodextrins are coatings capable of protecting these essential
oils from environmental conditions and agents capable of promoting oil degradation,
in addition to controlling their release. In this chapter of the book, we review scientific
papers that examine the encapsulation of antimicrobial essential oils and antioxidant
essential oils with (3-cyclodextrins.

Keywords: 3-cyclodextrin, essential oil, microencapsulation techniques, inclusion
complex, protection

1. Introduction

Essential oils are complex and multicomponent mixtures produced from plant secondary
metabolites and it can be extracted from different parts of the plants. Its composition depends
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on factors such as harvest season, part of the plant where the oil was extracted, geographic
origin, and extraction method. They are used in the most diverse areas such as pharmaceuti-
cals, cosmetics, agriculture, food, and textiles, among others.

Essential oils” antimicrobial activity has been extensively studied, succeeding both against
Gram-positive bacteria and Gram-negative bacteria, as well against fungi. They also exhibit
antiparasitic, antiviral, and antioxidant properties. However, its use is conditioned to pro-
cesses and/or products that do not undergo thermal processing, as these essential oils are
largely volatile, oxidizable, and thermosensitive.

Thus, the encapsulation techniques present themselves as an effective alternative in the pro-
tection of essential oils, releasing them at the desired time and place. There are several encap-
sulation techniques, among which we can highlight spray drying, spray cooling, extrusion,
solvent evaporation, coacervation, and the use of supercritical fluids. What differs them from
each other are the equipment used and the process conditions, the encapsulation efficiency,
the particle size obtained, and the cost.

One of the key factors to be considered in the encapsulation process is the coating material.
This determines the particles stability, the efficiency, and the degree of the core protection.
Examples of coating materials are synthetic and biodegradable polymers, inorganic materials
such as clays and silicates, proteins such as gelatin and casein, polysaccharides, and sugars,
with emphasis on cyclodextrins. These are widely used in the industry due to properties such
as inertia and toxicity.

The encapsulation process can form macroparticles, microparticles, and nanoparticles, and
obtaining them is dependent on the choice of techniques and parameters involved in the pro-
cess. In general, the compound to be encapsulated is suspended in a solution, and then the
coating material is dissolved and precipitated by overlaying the core.

Therefore, encapsulating an essential oil ensures that it maintains its properties of interest
while being protected from external factors such as mechanical stress, temperature, and oxida-
tion. In the case of thermal protection, this is an extremely important advantage in which the
inclusion complex can be used in processes and/or products that make use of thermal sources.

2. Essential oils

The use of plants in daily life has been a constant throughout all stages of evolution. They
have been used as an unlimited source of food for humans and animals, fibers for clothing,
and as useful medicines. Among the compounds obtained from vegetal material, the essential
oils stand out and deserve particular attention due to their peculiar characteristics [1, 2].

2.1. Definitions

Essential oils are oily aromatic liquid compounds containing complex mixtures of volatile
compounds, which are the secondary metabolites of plants and play an important role in their
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defense. They are extracted from the vegetal material (flowers, shoots, seeds, leaves, branches,
peels, fruits, and roots) of a large number of plants, usually representing only a small fraction
of the plant composition (less than 5% of dry material) [2-5].

These bioactive compounds have promising potential to maintain and promote health and
to prevent microbial growth, and have been applied in diverse areas, such as in pharma-
ceuticals, food, textiles, biomedical applications, cosmetics, and agriculture industries. They
usually possess low solubility and absorption and are chemically unstable and susceptible to
oxidative deterioration and loss of volatile compounds, especially when exposed to oxygen,
light, moisture, and heat, resulting in decreased bioavailability and efficacy [6-8].

The essential oil constituents are a family of organic compounds with a low molecular weight,
and they can be divided into four groups according to their chemical structures: terpenes,
terpenoids, phenylpropenes, and “others.” Terpenes are hydrocarbons produced from the
combination of several isoprene units (C,H,), and they are synthesized in the cytoplasm of
vegetal cells. The main representatives of this group are the monoterpenes (C,;H,,) and ses-
quiterpenes (C,.H,,), but longer chains, such as diterpenes (C, H,)) and triterpenes (C, H, ),
are also part of this group. Limonene is a classic example of a terpene. Terpenoids are terpenes
that undergo biochemical modifications through enzymes that add oxygen molecules and
move or remove methyl groups. Terpenoids can be subdivided into alcohols, esters, alde-
hydes, ketones, ethers, phenols, and epoxides. Examples of terpenoids are thymol, carva-
crol, linalool, menthol, and geraniol [4, 9]. Phenylpropenes constitute a subfamily among the
various groups of organic compounds called phenylpropanoids that are synthesized in plants
from the amino acid precursor phenylalanine. Phenylpropenes constitute a relatively small
part of essential oils, and those that have been more carefully studied are eugenol, vanillin,
and cinnamaldehyde [4].

The proportion of these constituents is different in each essential oil and is a function of sev-
eral factors, including the species, the part of the plant from which the oil was extracted,
the harvesting season, geographical origin, and the method of extraction. All these factors
directly influence the oil composition and, consequently, the bioactive properties, conferring
different biological functionalities to them [10-18].

2.2. Antimicrobial activity and mechanism of action

Antimicrobial activity can be considered the most investigated activity of essential oils,
especially when associated with food preservation and the consequent increase in shelf life,
because these bioactive compounds have the capacity to slow down growth and even elimi-
nate contaminating pathogens from food products. Therefore, essential oils meet the current
requirements of more concerned and demanding consumers who prefer to consume food
without synthetic preservatives, expanding their application in this segment of the popula-
tion [19].

In addition, foodborne illness is a growing public health problem throughout the world; only
in the United States, 31 species of pathogens are estimated to cause 9.4 million cases of food-
borne illness per year [20]. This demands new strategies and more effective control and has
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motivated several studies with essential oils. Another characteristic of these compounds is
the safety of their use in food. Many essential oils are considered by the Food and Drug
Administration (FDA) as Generally Recognized as Safe (GRAS), meaning that they can be
used in food products without the need for approval via technical analysis [21].

Some investigations have confirmed the antimicrobial activity of several essential oils.
Teixeira et al. [22] studied the antimicrobial activity of 17 different essential oils against 7 dif-
ferent types of bacterial strains. All essential oils inhibited the growth of at least four of the
bacteria tested. Pesavento et al. [23] tested the antimicrobial activity of the essential oils of
oregano, rosemary, and thymol against Staphylococcus aureus and Listeria monocytogenes bac-
teria in meat, verifying that the insertion of essential oil decreased the microbial growth but
altered the flavor of the food. Piletti et al. [19] evaluated the antimicrobial activity of eugenol
against Staphylococcus aureus and Escherichia coli bacteria. The authors observed that eugenol
has greater inhibitory activity toward Staphylococcus aureus, because they are Gram-positive
bacteria and, therefore, are more susceptible to essential oils compared with Gram-negative
bacteria, such as Escherichia coli.

According to studies presented by Affonso et al. [24], clove oil presents pronounced antimi-
crobial activity when tested against S. aureus, E. coli, Campylobacter jejuni, Salmonella enteriti-
dis, and Listeria monocytogenes, significantly decreasing the growth rate, because it is effective
against Gram-negative and Gram-positive bacteria except for Pseudomonas aeruginosa.

Knezevic et al. [25] confirmed the antimicrobial activity of essential oils of Eucalyptus camal-
dulensis against Acinetobacter baumannii bacteria, demonstrating the possibility of using this
oil together with conventional antibiotics and confirming synergistic interactions between
the two compounds in order to develop new strategies for infection treatment and reduce the
dose of antibiotics used.

The antimicrobial activity of essential oils is related to their hydrophobicity, a characteristic
that favors interaction with the lipids of the cell membranes and with the mitochondria of the
microbial cells. These interactions generally alter the permeability of bacterial cells, causing
disturbances in the structures and resulting in coarse fractures that cause ion, molecule, and
cellular content leakage, leading to microorganism death or inhibition of their growth [3].

In general, essential oils act to inhibit bacterial cell growth and the production of toxic bacte-
rial metabolites. Most essential oils have a more pronounced effect on Gram-positive bacteria
than on Gram-negative species, and this effect is likely due to differences in the cell wall com-
position of these bacteria [9, 26, 27].

According to Mufioz-Bonilla and Fernandez-Garcia [28], Gram-positive bacteria have only
one outer layer, which facilitates penetration of external molecules, promoting interaction
with the cytoplasmic membrane and making them more fragile compared with Gram-
negative bacteria. Gram-negative bacteria have an additional membrane with a phospholipid
bilayer structure responsible for protection of the inner cytoplasmic membrane, which con-
fers greater resistance to this class of bacteria. The hydrophilic wall hinders the penetration of
hydrophobic compounds, for example, essential oils, into the cell [29, 30].
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Mechanisms that explain the action of essential oils on bacterial cells have been studied, but
it is still not possible to say with certainty how the essential oils act on a microbial cell. These
bioactive compounds have many components, and the antimicrobial action cannot be con-
firmed by the action of only a single component or by the activity on a single cell site [31].

The typical hydrophobic characteristic of essential oils is responsible for the breakdown of
bacterial structures, which leads to increased permeability due to the inability of separation
between the essential oils and the bacterial cell membrane. This fact alters cellular functions,
making it difficult to maintain the energetic state, altering solute transport, promoting cellu-
lar component leakage, and deregulating cellular metabolism [9]. Furthermore, because they
contain phenolic compounds, the essential oils can disturb the cell membrane and inhibit the
cell functional properties and are even capable of spilling cellular materials. The chemical
composition of essential oils and/or their volatile compounds has a major impact on their anti-
microbial mechanism, because phenolic compounds contain hydroxyl groups, which operate
effectively against foodborne pathogenic bacteria [31].

2.3. Miscellaneous properties

Essential oils or their components not only have antibacterial properties [22, 23, 25, 32, 33] but
also have antiparasitic [34, 35], antiviral [36, 37], antifungal [38—40], and antioxidant proper-
ties [32, 41, 42].

Alves-Silva et al. [43] determined the chemical composition and antimicrobial, antifungal, and
antioxidant activities through four different antioxidant tests of three aromatic herb essential
oils, coriander (Coriandrum sativum), celery (Apium graveolens), and bush-basil (Ocimum mini-
mum), widely used in Portugal. The results showed that the essential oils of coriander, bush-
basil, and celery obtained from plants grown in Portugal have significant antioxidant and
antimicrobial activity, and the high antimicrobial activity is due to the high percentage of the
main constituents or synergy between the different oil components that provide a biocidal
effect against bacteria.

Even with so many well-researched studies, the application of essential oils still has some
limitations. When used as a food preservative, the problem of essential oil constituents is that
they often cause negative organoleptic changes if added in amounts sufficient to provide an
antimicrobial effect, which generally requires high concentrations [44]. Additionally, in many
foods, the hydrophobicity of essential oil constituents is detrimental due to interactions with
fat-containing foods [4].

There is also another aggravating factor which makes impossible for these compounds to
be used in other products that wish to make use of its main characteristic. The compounds
that promote antimicrobial and antioxidant activity in the essential oils are highly volatile,
thermally unstable, and photodegradable, and in the presence of oxygen, they undergo
oxidation. Thus, when they are not protected by a barrier are not very stable and at high
temperatures they lose their biological activity and their applications can be compromised
[45-48].
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Chemical component groups of essential oils are readily converted by oxidation, isomeriza-
tion, cyclization, or dehydrogenation, which are reactions that can be enzymatically or chemi-
cally triggered, and these processes are usually associated with a loss of quality. For example,
terpenoids tend to be volatile and thermolabile and can be readily oxidized or hydrolyzed,
depending on their structure. Further, the maintenance of essential oil composition depends
strongly on the conditions under which it is processed and how it is handled and stored upon
production. Certain factors are crucial for maintaining the stability of essential oils, such as
temperature, light, and oxygen availability. Therefore, these factors need to be carefully con-
sidered [49].

In this way, it is possible to infer that the conditions in which these essential oils are kept are
fundamental to their characteristics. Rowshan et al. [50] studied the thermal stability of the
Thymus daenensis essential oil by storing it at room temperature, under refrigeration (4°C) and
frozen (—20°C). The authors verified that the oil composition was a function of temperature
and that when frozen, the oil composition underwent only minor changes, and the primary
quality was maintained, demonstrating the oil degradation effect under high temperature.
The ambient temperature crucially influences the essential oil stability in several respects, and
as a rule, chemical reactions are accelerated with increasing temperature because the reaction
rates are increased by heat [49].

Turek and Stintzing [51] evaluated the impact of different storage conditions on four essential
oils (lavender, pine, rosemary, and thyme) to verify the influence of light and temperature
on their composition. The authors obtained interesting results, stating that parameters such
as pH, conductivity, and the chemical profile of the essential oils are severely altered when
exposed to light and temperature, which modifies their quality. Their work also reinforced
that each essential oil responds differently to these external parameters.

One option for minimizing the exposure problems of essential oils is to make use of these
compounds in encapsulated form, by means of a protective shell, to limit the degradation/
loss of biological activity during processing and storage and to control compound release at
the time and site desired [52-54].

Microencapsulation presents a great potential for improvement and development of struc-
tures for the conservation of natural products. In the last decade, there has been great prog-
ress in the development of microencapsulated compounds in the food and pharmaceutical
industries, as they offer greater degradation resistance and compound stability [53, 55-59].

3. Encapsulation

3.1. Approaches

Encapsulation is the process of constructing a functional barrier between the core and the
coating material to avoid chemical and physical reactions and to maintain the biological, func-
tional, and physico-chemical properties of the core materials. The proper choice of encap-
sulation technique and the coating material depends on the end use of the product and the
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processing conditions involved. The coating material determines the stability of the particles,
the process efficiency, and the degree of core protection [8].

Since bioactive compounds has some limitations in their use, for example, induce negative
organoleptic change, are highly volatile, thermally unstable, photodegradable, and therefore,
they can be easily deteriorated, the use of a barrier that limits these exchanges is interest-
ing. When encapsulated, these compounds are protected against a number of factors, such
as temperature, moisture, light, oxidation, undesirable reactions with other compounds and
mechanical stress during handling, processing, and storage of the final product. This leads to
a prolonged shelf life and maintenance of metabolic activity for long periods of time during
storage, which maintains the biological and functional characteristics of essential oils [60-62].

3.2. Procedure

The encapsulation technique can be used for solid, liquid, or gaseous material packaging
using fine polymer coatings to form macrocapsules (>5000 um), microcapsules (0.2-5000 pum),
or nanocapsules (<0.2 um) [63, 64]. Nanoencapsulation is the coating of one or more sub-
stances within another material at the nanoscale. Microencapsulation is similar to nanoen-
capsulation, but it involves larger particles and is an already consolidated technique, with a
longer study time compared to the nanoencapsulation process. On the other hand, macroen-
capsulation involves a larger scale than microencapsulation [65].

In general, the compound to be encapsulated is suspended in a solution containing the encap-
sulating agent, and then, this agent is dissolved and precipitated by coating the suspended
material, or the compound to be encapsulated and the encapsulating agent are dissolved in a
single solvent and simultaneously precipitated (coprecipitation). In this situation, various par-
ticles of the compound are within the layer of the encapsulating agent, with the capsule forma-
tion, which may be microcapsules and/or microspheres, for example [66]. The encapsulating
agent protects the core by isolating it and allows release through a specific stimulus at the time
and place desired [64]. Figure 1 shows a schematic picture of microcapsules and microspheres.

Microcapsules are particles consisting of a substantial central inner core containing the active
substance covered by a layer of the encapsulating agent, constituting the capsule membrane,
while microspheres are matrix systems in which the nucleus is uniformly dispersed and/or
dissolved in a polymer network. The microspheres may be homogeneous or heterogeneous

Shell Shell

Core \ Core

(a) (b)

Figure 1. Types of microparticles: (a) microcapsules and (b) microspheres. Source: Adapted [67].
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depending on whether the core is in the molecular state (dissolved) or in particle form (sus-
pended), respectively [64, 68].

The encapsulating agent should not react with the core, and it should have the ability to
seal and hold the core within the capsule, protecting it from adverse conditions. Interactions
between the wall material and the core can affect the release rate as well as the core volatility
and particle size [63, 69].

The mechanisms involved in the core release are diffusion, where the active compound is
released slowly by permeating the wall of the coating without compromising its physical
integrity, or through a release trigger, which involves a change in pH, mechanical stress,
temperature, enzymatic activity, time, or osmotic force, among other triggers, that promotes
capsule breakdown and instantly releases the active compound [70].

3.3. Techniques

The selection of the encapsulation technique and the coating material depends on the final
application of the product, considering the physical and chemical stability, the concentration
of the compounds in the encapsulation process, the required particle size, the release mecha-
nism and the manufacturing costs [62, 64].

The encapsulation technique efficiency depends on several parameters. Retention of the active
agent within the membrane shell is regulated by factors related to the chemical nature of the
core, including its molecular weight, chemical functionality, polarity, and volatility, and by
the properties of the coating material and the chosen encapsulation technique [62].

The key steps in an encapsulation method are incorporation of the bioactive compounds;
droplet formation; removal of the solvent; collection of the capsules, and drying [71]. Different
encapsulation methods have been developed to meet different types of core and shell materi-
als, as well as to generate particles with various sizes, thickness, and shell permeability, thus
adjusting the active principle release rate [62]. Some of the main encapsulation methods are
spray drying, coacervation, solvent evaporation, extrusion, lyophilization, and encapsulation
using supercritical fluids [72]. These methods are described in the following sections.

3.3.1. Spray drying

Very simply, this process consists of (i) preparing, (ii) homogenizing, and (iii) atomizing the
suspension and (iv) drying the atomized particles [8]. The encapsulation efficiency using the
spray drying technique is dependent on the preparation of a stable emulsion/suspension of oil
in water and spraying it into small droplets on the drying bed [63]. Therefore, the bulk ratio
of hydrophilic and lipophilic phases, the oil droplet size distribution, the dry matter content,
and the emulsion viscosity need to be optimized prior to use in this technique. The emulsions
must have sufficient viscosity to be pumped and sprayed, and they should not be sticky and
hygroscopic after drying, which will ensure particle stability during storage [7].

This technique requires well-adjusted operating conditions as well as a suitable composition
of the solution containing the bioactive compounds. The first includes factors such as inlet
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air temperature, atomizing air flow, liquid flow rate, vacuum aspirator velocity, and solid
concentration, among others [73]. The success in obtaining particles using the spray drying
method depends on factors such as the choice of polymer and the size distribution of the oil
droplets in the emulsion [74, 75].

The main advantages of the spray drying technique are the combination of particle formation
and drying in a single step, the possibility of using a wide variety of encapsulating agents,
potentially large-scale production, simple equipment, low operating costs, high quality cap-
sules with good yield, quick solubility of the capsules, small size, high capsule stability, and
continuous operation [61, 64, 73, 76, 77]. The disadvantages are variations in the particle size
and shape distribution, high temperatures, and rapid drying rates that normally do not allow
encapsulation of thermosensitive compounds [61, 64, 73, 77].

Gallo et al. [76] studied the influence of the operation conditions of the spray drying method
on the physical properties of Rhamnus purshiana extract powder. Roccia et al. [73] evaluated
the influence of spray-drying operation conditions on the qualities of powdered sunflower
oil. Fernandes et al. [78], Gorii et al. [79], and Oliveira et al. [80] microencapsulated essential
oil of rosemary, eugenol, and passion fruit seed oil, respectively, using the dying spray tech-
nique. Gallardo et al. [81] microencapsulated linseed oil by spray-drying for application in
functional foods.

3.3.2. Coacervation

Coacervation is one of the oldest and most widely used encapsulation techniques, and it
involves electrostatic attraction between two oppositely charged polymers and the formation
of coacervates over a narrow pH range. This technique involves the addition of a coacervat-
ing agent to a homogeneous polymer solution. The coacervation agent desolvates the poly-
mer solution in a coacervate (polymer rich phase) and coacervation medium (poor polymer
phase). During the encapsulation process, the bioactive compound is encapsulated within the
polymer rich phase [7, 8].

The coacervation technique may be simple or complex. What differentiates them is the method
of phase separation. In simple coacervation, the polymer is salted by the action of electrolytes,
such as sodium sulfate, or desolvated by the addition of a water-miscible nonsolvent, such
as ethanol, or by increasing/decreasing the temperature. These conditions promote macro-
molecule-macromolecule interactions, allowing the production of microcapsules containing
hydrophobic substances, such as essential oils. Simple coacervation offers important advan-
tages over complex coacervation in terms of cost savings and flexible operations. To induce
phase separation, simple coacervation uses cheap inorganic salts, while complex coacervation
is more sensitive even at small pH changes. In addition, complex coacervation uses expensive
hydrocolloids [8, 82].

On the other hand, complex coacervation involves complexation between two oppositely
charged polymers (commonly a polysaccharide and a protein). Complex coacervation involves
three basic steps. The first step consists of the formation of an oil/water (o/w) emulsion, and the
second step consists of separation of the liquid phase rich in the insoluble polymer; this phase
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results from the electrostatic attraction between opposing charges of the polymers caused by
a reduction in the pH of the solution. The last step is coating stabilization (coating hardening,
using thermal, cross-linking or desolvation techniques, to form self-sustained microcapsules).
The formation of the coacervation coating is conducted by the difference in surface tension
between the coacervation phase, the water and the hydrophobic material [7, 8, 62].

The main advantage of complex coacervation is that it has a high level payload (up to 99%). In
addition, this method is simple, low cost, and solvent free. Therefore, complex coacervation
can be used to manufacture microcapsules at an industrial scale [83].

Several investigations have utilized the coacervation method to microencapsulate bioactive
compounds, such as propolis extract, sweet orange oil, essential oil of mustard seeds (Sinapis
alba) and pepper essential oil [52, 84-86].

3.3.3. Solvent evaporation

This technique is based on the evaporation of the internal phase of an emulsion by shaking.
Generally, the coating material is dissolved in a volatile organic solvent. The core material
is then dissolved or dispersed in the encapsulating agent solution to form a suspension, an
emulsion, or a solution. Thereafter, the organic phase is emulsified under agitation in a dis-
persion phase consisting of a nonsolvent of the encapsulant, which is immiscible with the
organic solvent and contains an appropriate emulsifying agent. Once the emulsion is sta-
bilized, the shaking is maintained, and the solvent evaporates after diffusing through the
continuous phase, resulting in solid microspheres. The microspheres are recovered by filtra-
tion or centrifugation, and washed and dried [87, 7]. Patil et al. [88] encapsulated clove oil in
methylcellulose microcapsules using the solvent evaporation method.

3.3.4. Extrusion technique

Oil encapsulation by extrusion consists basically of (i) injection and (ii) melt extrusion, followed
by (iii) centrifugal extrusion (coextrusion). The main advantages of the encapsulation of essential
oils by extrusion are stability against oxidation, prolonged shelf life, and lower rates of essential
oil evaporation. However, this is an expensive process, and the particles do not have a uniform
distribution [8]. Soliman et al. [89] microencapsulated essential oils of clove (Eugenia caryophyl-
lata), thyme (Thymus vulgaris), and cinnamon (Cinnamomum zeylanicum) using this technique.

3.3.5. Freeze drying

Freeze drying is a method that involves dehydration of the frozen material under a vacuum
sublimation process; the removal of water occurs without subjecting the sample to high tem-
peratures. This method provides products of excellent quality because it minimizes the changes
associated with high temperature. However, its high cost and long process time reduce its appli-
cability [64]. Examples of studies that used this technique include Calvo et al. [90] who micro-
encapsulated extra virgin olive oil in the presence of maltodextrin, carboxymethylcellulose, and
lecithin; Ezhilarasi et al. [91], who studied microencapsulation of garcinia fruit extract by spray
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drying and its effect on bread quality; Piletti et al. [19], who encapsulated eugenol essential oil
into -cyclodextrin molecules through lyophilization; and Hill et al. [21], who encapsulated
cinnamon bark extract, trans-cinnamaldehyde, clove extract, eugenol, and a 2:1 mixture (trans-
cinnamaldehyde: eugenol) with B-cyclodextrin using the lyophilization method.

3.3.6. Technology employing supercritical fluids

The encapsulation technology employing supercritical fluids has been developed to minimize
the disadvantages associated with traditional encapsulation methods, and it has a great rel-
evance for the pharmaceutical, cosmetic, and food industries. It has several inherent advan-
tages: non-toxicity and easy removal of the solvent without degradation of the product, and
the process uses a wide variety of materials that produce controlled particle sizes and mor-
phologies. Generally, it is preferred for essential oils that are sensitive to high temperatures,
oxygen, and chemicals. Technology using supercritical fluids is considered a green technol-
ogy because of the use of supercritical carbon dioxide in most cases. Supercritical carbon
dioxide (CO,) has properties that are ideal for bioactive compound encapsulation. The char-
acteristic properties of supercritical CO, are lower viscosity, higher diffusivity, lower surface
tension, faster process, and high solubility of the active compound [7, 8].

The supercritical apparatus consists of a high pressure stainless steel impregnation cell,
a magnetic stirrer plate, a temperature controlled water bath, a high pressure CO, pump,
and a pressure transducer. The impregnation cell contains two chambers separated by a
mesh. The lower chamber is filled with essential oil, and the upper chamber is filled with
microparticles or matrices in which the oil needs to be impregnated [7]. The essential oils
of lavandin, oregano, canola, and passion fruit seed oil have been encapsulated using this
method [80, 92-94].

For the encapsulation process, selection of the encapsulating material is a very important step.
This material should be chosen according to its bioactivity, non-toxicity, intended applica-
tion, and method of particle formation [71]. Biodegradable polymers, such as PLA, PLGA,
and PCL, have primarily been used as a coating in the medical field, especially in tissue engi-
neering and drug release. To a lesser extent, inorganic materials such as silicates, clays, and
polyphosphates can also be used. Further, proteins (gelatin, casein, and soy proteins), lipids
(waxes, paraffin, and oils), and synthetic polymers (acrylic polymers, polyvinylpyrrolidone)
may be used. However, the most widespread materials used as encapsulating agents are
polysaccharides and sugars (gums, starches, and celluloses), especially cyclodextrins, which
are widely used mainly in the food industry due to their interesting properties; specifically,
they are inert and non-toxic [7, 62].

4. Cyclodextrins

Cyclodextrin had its origin around 1981, when Villier discovered a new starch derivative
obtained from bacterial degradation, which presented properties similar to those of cellulose,
and distinguished two types of crystals of cellulosin: the cyclodextrins o and  [95]. Twelve
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years later, when studying the bacterial digestion of starch, Szejtli [95] identified two crystalline
products with the same characteristics as Villier’s cellulosins. Deepening his studies, he per-
fected the process of obtaining these crystals and isolated the bacterium that produced them,
deeming it Bacillus macerans. The crystalline products were called crystallized a-dextrin and
[-dextrin. Later, A-dextrin was also isolated, and several fractionation schemes for the produc-
tion of cyclodextrins were developed [96].

Cyclodextrins (CD’s) are cyclic oligosaccharides consisting of glucose units linked by a-(1,4)
glycosidic bonds derived from the enzymatic degradation of starch by certain bacteria, and
they are chemically and physically stable molecules [95, 97]. The most common natural CDs
have six, seven, and eight p-glucopyranose units and are named «, (3, and y cyclodextrin,
respectively, and they differ from each other by virtue of ring size and solubility [98]. While
the central cavity of CDs has a hydrophobic character, the surrounding walls are hydrophilic,
and this feature allows CDs to form capsules, acting as a host for lipophilic compounds in
their cavities and forming inclusion complexes [97, 99-101].

The binding of bioactive compounds within the host cyclodextrin is not fixed or permanent, but
rather a dynamic equilibrium. This way, the formation of inclusion complexes is result of an
equilibrium between the free and CD molecules and the bioactive compounds—CD complex
[99]. Therefore, some factors may affect inclusion complex formation, such as type of cyclodex-
trin, cavity size, pH and ionization state, temperature, and method of preparation [102].

CD molecules are cone-like in shape with a cavity 7.9 A deep. The upper and lower diameters
of the CD wells are 4.7 and 5.3 10\, 6.0 and 6.5 A, and 7.5 and 8.3 A for a-CD, B-CD, and y-CD,
respectively [45].

Among the CDs, 3-CD is the most used, because its apolar cavity can host molecules of molec-
ular masses between 100 and 400 g mol™, which is the molecular mass range of most mol-
ecules of interest. 3-CD is also easy to recover industrially through the crystallization process
[103], and it has the lowest solubility and an intermediate size (Table 1). In addition, 3-CD
production is the most economically viable, with an industrial cost per kilogram approxi-
mately 20 times lower than that of the other CD types [104].

These inclusion complexes are important because they improve the chemical and physical
stability and solubility of the compounds encapsulated in water. Due to the solubility of CDs
in water and because they have the ability to form reversible inclusion complexes with non-
polar molecules in aqueous solution, the water molecules inside the ring are easily replaced
by non-polar molecules or molecules with less polarity than water, forming structures that are
energetically more stable [105].

The encapsulation can reduce volatilization rates, and promote the gradual release of the encap-
sulated molecules, which improves their efficacy and bioavailability. Furthermore, they act as
protectors against oxidative damage, light degradation, and heat, and other adverse effects
linked to the medium in which they are inserted and maintain the initial characteristics of the
compound for a long period. These inclusion complexes are relatively more hydrophilic and
larger in size than the non-associated active compound, which helps to increase the retention of
the encapsulated substance. They are also very interesting because they can mask undesirable
flavors and odors that the encapsulated compounds may present [21, 56, 72, 101, 102, 106-110].
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a-CD p-CD v-CD
Glucose number 6 7 8
Molecular mass 972 1135 1297
Aqueous solution (g 100 mL™ 14.2 1.85 232
at 25°C)
Cavity diameter (A) 47-53 6.0-6.5 1.5-8.3
Cavity volume (A% 174 262 427
Crystal form Hexagonal blades Monoclinic parallelograms Quadratic prisms
Pk 12.332 12.202 12.081
Melting point (°C) 275 280 275
Surface tension (nM/m) 73 73 73
Rate of acid hydrolysis (h™) 0.11 0.13 0.23

Source: [95].

Table 1. Physical and chemical properties of a-CD, 3-CD, and y-CD.

Marques [102] notes that the goal of encapsulation using cyclodextrin is to reduce the volatil-
ity and toxicity of the encapsulated compounds, provide protection of compounds that are
sensitive to factors that promote their degradation, and alter the kinetics of migration and
release of the encapsulated active components into the external environment.

The use of cyclodextrins is verified in diverse industrial products, such as pharmaceuticals
[107, 111, 112], agrochemicals [113-115], and foods [116-119]. In the food area, cyclodextrins
are nontoxic and considered GRAS, and thus are used for several purposes [120, 121]. These
structures offer increased resistance to degradation of the active compounds and make the
host-microcapsule complex more stable [53, 56, 57, 122, 123].

Szente and Szejtli [104] studied the toxicity of CDs and demonstrated that oral administra-
tion of high doses of CDs does not cause any harm. Several studies have shown that CDs are
nontoxic and do not present intoxication risks, because they are not absorbed in the gastro-
intestinal tract or through lipophilic biological membranes, and the same results have been
obtained with regard to teratogenicity and mutagenicity [124-128]. Antisperger [129] also
evaluated the toxicity of CDs when introduced in an amount equivalent to 20% in the diet of
rats and dogs and found no toxicity.

5. Cyclodextrins in thermal protection

The thermal degradation is one of the main natural compounds’ degradation forms. In most
cases, the increase in temperature is undesirable, as it favors the volatilization of less stable
compounds, which are responsible for the biological activity. Therefore, the thermal deg-
radation makes it impossible to apply many of the natural compounds studied, due to the
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alteration of their characteristics when exposed to high temperatures. Due to this situation,
several authors have studied the encapsulation of these bioactive compounds with cyclodex-
trin, in order to provide a barrier, aiming the thermal protection of these natural compounds
and preventing bioactive compounds from being lost and thus ensuring the application of
these products in different situations.

Abarca et al. [130] prepared an inclusion complex of 2-nonanone (2-NN) with 3-cyclodextrin
by a co-precipitation method. 2-Nonanone are aliphatic hydrocarbons, aromatic volatiles com-
monly found in plant tissues, presenting antifungal behavior with low mammalian toxicity,
a pleasant fruity/floral odor, resistance to rapid decomposition, adequate volatility, environ-
mental acceptability, and a high potential for commercial development. The TGA and DSC
analyses showed that thermal stability increased when 2-NN was encapsulated with 3-CD. The
antifungal activity of the inclusion complex was tested against Botrytis cinerea. All inclusion
complexes tested showed potential antifungal activity, but the complex 1:0.5 (3-CD: 2-NN)
showed the highest antifungal activity with a radius of 0.6 cm and 80% of growth inhibition.

Babaoglu et al. [101] encapsulated clove essential oil in hydroxypropyl-beta-cyclodextrin
using the kneading method (a low-cost and easy-to-operate encapsulation technique) with
hydroxypropyl beta-cyclodextrin and oil at a molar ratio of 1:1. The study demonstrated that
the stability of the inclusion complex formed was greater and that the encapsulation pro-
cess also increased the total phenolic content and antioxidant properties compared with the
essential oil in free form. The authors indicate that this increase is due to an increase in the
solubility of the essential oil molecules in water as a result of inclusion complex formation.
Furthermore, the release rate of the essential oil was controlled with encapsulation. However,
the authors concluded that this rate could be improved with the use of different proportions
of essential oils. With this study, the potential for the use of microencapsulated clove oil in
the pharmaceutical and food industries is evident, because this formulation keeps the oil con-
stituents active and avoids losses and degradation.

Inclusion complexes formed with cyclodextrin are already being used as additives in final
products, as reported by Wang et al. [131], that performed a work demonstrating this possi-
bility when preparing cyclodextrin microencapsulated ammonium polyphosphate (MCAPP),
with the goal of improving the water durability of APP and making a novel functional flame
retardants. One of the interesting results found by the authors was that cyclodextrin resulted
in the transformation of hydrophilic to hydrophobic of the flame retardant surface. Then,
MCAPP was incorporated into the ethylene vinyl acetate copolymer (EVA), extensively
used for the several applications like electrical insulation, cable jacketing and repair, water
proofing, and corrosion protection, in order to improve flame retardancy of the EVA. The
results showed that after the incorporation, the EVA composites presented improvements in
mechanical, thermal stability, combustion properties, and flame-retardant properties, mainly
because cyclodextrin shell improves the compatibility of the composites and the dispersion of
APP in the EVA matrix evidencing that the microencapsulation technology with cyclodextrin
contributes to obtain products with better characteristics and greater applicability. This study
showed that cyclodextrin encapsulation is not only limited to natural products, but can also
act as an encapsulating agent for other products as well, increasing its stability.
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Another study that inserted the inclusion complex obtained in a final product was done by
Kayaci et al. [132]. Geraniol is a natural component of plant essential oils, generally used as
a fragrance/flavor in food industry to treat infectious diseases and/or preserve the food. The
authors studied solid inclusion complexes of geraniol/cyclodextrins (a-CD, 3-CD, and y-CD).
The results showed that the complexation efficiency between geraniol and y-CD was higher.
After this verification, the authors incorporated this inclusion complex into polyvinyl alcohol
(PVA) nanofibers (NF) via electrospinning. The SEM analysis showed a homogeneous distri-
bution of the inclusion complex (geraniol/y-CD) to the PVA nanofibers. PVA/inclusion com-
plex (geraniol/y-CD) nanofibers presented higher thermal stability when compared to PVA/
geraniol nanofibers only. Geraniol is easily volatilized, a fact that can be observed during elec-
trospinning or during storage. When the PVA/geraniol nanofibers are evaluated, it was veri-
fied that after one day of its production, the geraniol had already evaporated completely. In
contrast, PVA/inclusion complex (geraniol/y-CD) nanofibers lost only about 10% of geraniol
after two years of manufacturing. This result led the authors to conclude that PVA/inclusion
complex (geraniol/y-CD) nanofibers have potential application in the food packaging sector
due to the high surface area and nanoporous structure of nanofibers and also due to the high
thermal stability and longer durability of the agent active because it is encapsulated.

Hadaruga et al. [133] studied Ocimum basilicum L. essential oil and its B-cyclodextrin (3-CD)
complex with respect to stability against the degradative action of air/oxygen and tempera-
ture using GC-MS analysis. Compounds associated with the degradation of the essential oil,
which appear at high concentrations in degraded feedstocks, were limited and nearly con-
stant in the complex formed by oil and 3-CD, even at very high degradation temperatures,
indicating improvement of the quality and stability of the complex.

Kalogeropoulos et al. [134] performed a thermal study of Hypericum perforatum methanolic
extract, which is very rich in flavonoids, encapsulated in {3-cyclodextrin (3-CD). Through
DSC analysis after thermal oxidation, the authors found that the inclusion complex remained
intact at temperatures at which the free extract was oxidized. Therefore, they showed that
[-CD protected Hypericum perforatum extracts against thermal degradation, suggesting that
this inclusion complex can be used as a food supplement or a novel additive to enhance the
antioxidant capacity of fresh or thermally processed food.

Hill et al. [21] investigated the complexes formed by oils encapsulated in f-cyclodextrin (BCD)
and their antimicrobial activity. The natural products studied were cinnamon bark extract,
trans-cinnamaldehyde, clove bud extract, eugenol, and a 2:1 (trans-cinnamaldehyde:eugenol)
mixture microencapsulated with the freeze-drying method. The oils and their BCD complexes
were analyzed for their antimicrobial activity against Salmonella enterica serovar Typhimurium
LT2 and Listeria innocua. In addition to the antimicrobial analysis, the authors investigated,
among other things, the protection of the biological compounds against thermal oxidation,
which should be the role played by (-cyclodextrin. The authors investigated the thermal
stability of the oils through DSC analysis and compared EOs in their free form and their
encapsulated form. As noted, there are two exothermic peaks at approximately 265°C and
260°C that, according to the authors, may be related to hydrolysis or oxidation of trans-cinna-
maldehyde and eugenol. These peaks were not detected in the thermogram of the inclusion
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complex formed by the oils and -cyclodextrin, suggesting that the EOs were protected at the
[-cyclodextrin cavity. The temperature peaks of 100°C were attributed to water evaporation
in all the samples, and the exothermic peaks at approximately 300°C for the f-cyclodextrin
samples are a result of thermal degradation of the compound itself. Similar results were
observed for the extracts and their inclusion complexes formed with (3-cyclodextrin, indicat-
ing that the encapsulating agent provided thermal protection.

The antimicrobial analysis showed that all the antimicrobials effectively inhibited bacterial
growth within the tested concentration range except for free eugenol. The EO-BCD com-
plexes inhibited both bacterial strains at lower active compound concentrations than free
oils, likely due to increased solubility in water that led to greater contact between the patho-
gens and essential oils. Moreover, the results showed that in addition to masking the sensory
effect of the attributes of antimicrobial agents, complexation may potentiate their activity.

Wang et al. [103] studied the encapsulation of garlic oil (GO) and obtained an inclusion com-
plex with GO encpasulated by the p-cyclodextrin using the co-precipitation method. The
authors also used DSC to evaluate the thermal stability of the complex. The garlic oil is rich in
organosulphur compounds that have a variety of antimicrobial and antioxidant activities but
are very volatile and have low physicochemical stability.

The BCD thermogram showed a large endothermic peak at approximately 127°C that, accord-
ing to the authors, is related to elimination of water molecules that are bound to the cyclo-
dextrin molecules. For GO in its free form, the authors verified the existence of two peaks
at approximately 186° and 223°C and associated the peaks with GO oxidation. These two
exothermic peaks were not found in the GO-BCD complex thermogram, indicating that the
biological compound is protected from oxidation within the BCD cavity.

Hadaruga et al. [135] studied the thermal and oxidative stability of Atlantic salmon oil (Salmo
salar L.) and complexation with B-cyclodextrin. Due to being very unstable, even with low
temperature degradation, it is interesting to encapsulate Atlantic salmon oil to ensure the
permanence of its characteristics even after some time. The results showed good yields in the
preparation of 3-CD/Atlantic salmon oil complexes by co-crystallization, thereby increasing
the thermal and oxidative stability of this oil.

Li et al. [136] also prepared an inclusion complex of benzyl isothiocyanate (BITC) extracted from
papaya seeds with 3-cyclodextrin. The thermal properties of BCD, BITC and its inclusion com-
plex (BITC-BCD) were investigated using DSC and TG techniques. The DSC curve of BITC-BCD
shows that volatilization of uncoated BITC occurred. The TG curve of BCD showed a slope close
to 300°C, which was generally attributed to the onset of BCD decomposition. The BITCis a volatile
material and quickly loses mass at 80-165°C. The inclusion complex showed volatility between
140°C and 300°C, indicating that the BCD cavity provides protection against BITC volatilization.

Zhou et al. [137] studied the Baicalein (Ba) encapsulation, an active ingredient extracted from a
medicinal herb Scutellaria baicalensis, which has anti-inflammatory, antioxidant and anti-tumor
activity among other biological activities; however, it presents limited solubility and high insta-
bility. In order to overcome the unfavorable physical-chemical properties presented by Ba, the
authors performed a study with the various natural forms of cyclodextrin and its derivatives by
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using the freeze-drying method to obtain a complex that allows thermal protection of the natu-
ral compound. The solubility of Ba in the presence of natural cyclodextrins and its derivatives
was higher than that of free Ba, with emphasis on the inclusion complex formed by 2,6-di-O-
methyl-B-cyclodextrin (DM-{3-CD), which showed the solubility constant of 13672.67 L mol .
The dissolution rate and thermal stability of the inclusion complex were significantly enhanced
compared with the Ba pure; thus, DM-$-CD considerably improves the solubility and thermal
stability of Ba, which make the chemical application of this drug promising,.

Vilanova and Solans [138] studied the inclusion complexes of Vitamin A Palmitate with
[-cyclodextrins, without the use of organic solvents. The low stability and low water solu-
bility of some vitamins limit its use as a food additive, so the authors’ interest was to use
cyclodextrin as an encapsulating agent to overcome these deficiencies, making possible the
production of foods enriched with vitamins, in order to prevent diseases related to their defi-
ciency. All results showed a notably increase of Vitamin A Palmitate water solubility and sta-
bility in front of temperature, oxygen, and UV light when encapsulated. This works showed
that the formation of inclusion complexes is a potential strategy to not only enrich but also to
provide stability in surfactant-free food emulsion formulations, which seem to be a promising
vehicle to increase the bioavailability of Vitamin A Palmitate in food.

Fernandes et al. [139] evaluated the thermal stability of cyanidin-3-O-glucoside (cy3glc) (major
blackberry anthocyanin) and blackberry purees through molecular inclusion with (3-cyclodextrin
(B-CD). This work evidenced the thermal protection provided by the encapsulating agent,
which showed a thermal stabilization of cy3glc, resulting in a decrease of the degradation rate
constant (k) and in several alterations in the cy3glc-p-CD DSC thermogram. According to the
authors, anthocyanin-loaded 3-CD could potentially carry and stabilize anthocyanins, improv-
ing their bioavailability, which could be an advantage for efficient utilization in food systems.

All the showed works evidenced the importance of encapsulation to maintain the properties
of the studied compounds, allowing their application in different situations. It is evident that
cyclodextrin is the most widely used encapsulating agent, as it provides the formation of
inclusion complexes with interesting properties.

6. A case study

Eugenol is an essential oil with excellent antimicrobial properties. However, because it is
thermosensitive, it has restricted the applicability in processes that require high temperatures.
Piletti et al. [19] proposed a method for protecting this oil by encapsulating it in 3-cyclodextrin.
The authors evaluated the encapsulation of eugenol molecules by means of lyophilization and
later evaluated the antimicrobial activity of the complex (eugenol-f3-cyclodextrin) against the
bacteria Escherichia coli and Staphylococcus aureus through the diffusion technique in agar. The
authors also investigated the thermal and morphological properties of the complex. When
evaluating the antimicrobial activity complexes obtained with different concentrations of
eugenol (9.68, 10.90, 17.08 mmol L) against Escherichia coli and Staphylococcus aureus bacteria,
the authors verified that the antimicrobial activity was maintained even after encapsulation.

185



186 Cyclodextrin - A Versatile Ingredient

However, when using cyclodextrin as an encapsulating agent, the idea was that there would
be thermal protection of the essential oil, ensuring that the compound property of interest
(antimicrobial activity) was not altered. This was confirmed by the heat treatment of the
eugenol-B-cyclodextrin complex in a furnace maintained at 80°C (temperature approximately
twice the temperature of free eugenol volatilization) for 2 h and subsequent re-evaluation of
antimicrobial activity. Figures 2 and 3 illustrate the antimicrobial capacity of the complex
after the heat treatment against E. coli and S. aureus bacteria, respectively.

Figure 2. Agar diffusion tests of a eugenol-p-cyclodextrin complex synthesized using different eugenol concentrations
in the reaction solution and thermally treated at 80°C for 2 h for E. coli bacteria. Eugenol concentration: (a) 9.68; (b) 10.90;
and (c) 17.08 mmol L.
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The encapsulated eugenol molecules were thermally protected, remained in the complexes
after heat treatment and manifested the antimicrobial activity of this essential oil. Therefore,
encapsulation using p-cyclodextrin is a promising method to protect eugenol, preserv-
ing its antibacterial action when it is used under conditions higher than its volatilization
temperature.

All these studies show the efficiency of [3-cyclodextrin as an encapsulating agent and demon-
strate its high thermal protection capacity for bioactive natural compounds, which are highly
unstable, without damaging the biological property of interest in these compounds.

Figure 3. Agar diffusion tests of a eugenol-3-cyclodextrin complex synthesized using different eugenol concentrations
in the reaction solution and thermally treated at 80°C for 2 h against S. aureus bacteria. Eugenol concentration: (a) 9.68;
(b) 10.90; and (c) 17.08 mmol L.

187



188 Cyclodextrin - A Versatile Ingredient

Thus, the encapsulation of essential oils using 3-cyclodextrin is an alternative to promote the use
of these biocomposites as additives, boosting the development of functional materials, provid-
ing new applications for them in the diverse areas, such as medical, pharmaceutical, cosmetic,
and food, combining the use of technology with the appreciation of natural raw materials.
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Abstract

This chapter summarizes the formulation of supramolecular polymers built via noncovalent
and (-cyclodextrin (3-CD) host-guest interactions. The self-assembling polymeric (SAP-AP)
systems were formulated by mixing associative polymers with an anionic surfactant and
[-CD. These SAP-AP systems were characterized by rheological analysis and several tech-
niques to establish their stability under mechanical shear, high ionic strength, and high
temperature. The experimental results demonstrate that the SAP-AP systems display enha-
nced viscoelastic properties, shear stability, superior structural strength, and tolerance to
high-salinity brines relative to the corresponding baseline polymers.

Keywords: self-assembling, 3-CD host-guest complexations, noncovalent bonding,
structural regeneration, self-healing, self-repairing, associating polymers, supramolecular
systems, functional polymers

1. Introduction

The chemistry of polymers for applications in enhanced oil recovery (EOR) has been advanced
to improve their stability and functionality at elevated temperatures and in brines containing
high salinity and hardness concentration (i.e. harsh reservoir conditions). Therefore, a variety
of functional moieties have been attached to the polymer structure including: salt-tolerant and
hydrolysis-resistant moieties such as allyl sulfonic acid, 2-acrylamido-2-methylpropane sulfo-
nate (AMPS), and/or n-vinyl pyrrolidone (n-VP) monomers; hydrophobic groups like n-alkyl
(i.e. 2C4 carbon numbers) acrylamide, and styrene; ring structures and large-rigid side groups
to improve the shear stability such as styrene sulfonic acid, n-alkyl maleimide, acrylamide-
base long-chain alkyl acid, and 3-acrylamide-3-methyl butyric acid, among others [1-6].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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This work evaluated the generation of advanced polymer-surfactant systems built via noncovalent
and host-guest interactions based on B-cyclodextrin that would be stable under harsh reservoir
conditions. The aim was to formulate efficient, chemically stable, and cost-effective systems as an
alternative to expensive chemical synthesis.

Self-assembly allows the coassembly of two or more types of building blocks, resulting in
increasingly structurally complex nanoassemblies that may have physical and chemical prop-
erties that are distinct from those of the original monostructures [7]. Host-guest interactions
refer to the formation of supramolecular inclusion complexes based on macrocyclic molecules
(i.e. host molecules) consisting of two or more entities connected via noncovalent interactions
in a highly controlled and cooperative manner. These host-guest inclusions are relatively stable
and provide reliable and robust connections for the fabrication of stimuli-responsive supramo-
lecular systems [8]. Cyclodextrins (CDs) are the most used and affordable hosts in the field of
inclusion chemistry [7, 9, 10].

Supramolecular 3-CD-based polymer systems retain their structural stability and function-
ality (i.e. self-healing) after exposure to externally applied stimuli or shear forces increasing
the life span of these materials [8, 7]. The self-healing capability is highly dependent on the
noncovalent connections in the polymer backbone and on the decomplexation and complex-
ation of the supramolecular system [7, 8, 11, 12]. Therefore, supramolecular chemistry built
on weak and reversible noncovalent interactions has emerged as a powerful and versatile
strategy to design and fabricate materials with extraordinary reversibility and adaptivity
with potential applications in diverse fields [8].

In this chapter, we first discuss the steps followed during the formulation of the SAP-AP
systems and their rheological analysis. Secondly, we explore the effect of ionic strength on
the rheological properties of the SAP-AP systems. Next, we discuss the combined effect of
shear and ionic strength on the structural stability of the self-assembling systems. Finally,
we summarize the short- and long-term thermal performance of the SAP-AP systems.

2. Formulation of self-assembling systems

The associating polymers (APs) were provided by SNF Holding Co. (Riceboro, Georgia, USA).
Two of these APs, designated as AP1 and AP2, display high grade of anionicity (hydrolysis
degree: 25 — 30 mol% at room temperature) and high molecular weights (=16 — 20 million
Dalton). AP1 has a low hydrophobic content, while AP2 has a medium hydrophobic content.
The third associating polymer, designated as AP3, has low anionicity (hydrolysis degree:
15 mol%), low molecular weight (8 — 12 million Dalton), and high hydrophobic content [6, 13,
14]. The relative hydrophobic contents of AP1, AP2, and AP3 are 1, 2, and 5 - 6, respectively
[13]. APs are tolerant to high salinities at moderate temperatures [14]. The anionic surfactant, a
primary alcohol alkoxy sulfate 30% active, was supplied by Sasol North America (Houston,
Texas) [15]. B-Cyclodextrin (3-CD) Technical Grade Trappsol® was acquired from Cyclodex-
trins Technology Development Inc. (CDT, Inc. Alachua, Florida, USA). The assay of the 3-CD
powder was 98% (molecular weight: 1135 g/mol).
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The SAP-AP systems were formulated in synthetic reservoir brines [16] and the effect of
different concentrations of brine on the rheological properties of the SAP-AP systems was
determined. Table 1 shows the compositions of the synthetic brines.

The formulation of the SAP-AP systems was based on a molar ratio of surfactant to 3-CD of 2:1
established from our previous research [17-20]. In the initial formulation of the SAP-AP
system, the concentration of polymer was kept fixed at 0.5 wt% in 2.1 wt% brine. Table 2
presents the experimental design applied for the SAP-AP formulation. All the experiments
were duplicated or even triplicated, and the results presented are the average of several
measurements.

Self-assembly was monitored through rheology by observing the changes in the elastic (G')
and viscous behavior (G"), loss factor (tand = G”/G’), and complex viscosity, I1*!, relative to
the baseline associating polymers [8-10, 12, 21]. The rheological analysis was conducted
using a Bohlin Gemini HR Nano Rheometer manufactured by Malvern (Worcestershire,

Components Total concentration (wt% or TDS)

1.40 2.10 4.21 6.31 8.41
NaCl 1.15 1.72 3.45 5.17 6.9
MgCl, 0.03 0.04 0.09 0.13 0.18
CaCl, 0.22 0.33 0.65 0.98 1.30
NaySOy 0.01 0.01 0.02 0.03 0.04

Table 1. Synthetic brine compositions.

Surfactant (ppm) B-CD concentration (ppm)
0 30 50 70 90 110
0 Baseline-'AP B-CD-AP B-CD-AP -CD-AP -CD-AP -CD-AP
30 'S 30-AP "'SAP-AP
AP 30
50 S 50-AP SAP-AP
S/B-CD50
70 S70-AP SAP-AP
S/p-CD70
90 S 90-AP SAP-AP
S/B-CD90
110 S 110-AP SAP-AP

S/p-CD110

"AP: associating polymer: AP1, AP2, or AP3 mixed at a fixed concentration of 0.5 wt%.
”'S: surfactant.
""SAP-AP: self-assembling polymeric system.

Table 2. Experimental design: SAP-AP formulations.
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UK) equipped with parallel-plate measuring geometry (gap between the plates of 1000 pm)
and solvent trap to avoid evaporation and/or drying effects. First, amplitude sweeps were
run to determine the limit of the linear viscoelastic (LVE) range of the samples at 25°C;
followed by frequency sweeps to establish the time-dependent deformation behavior [22].
G, G", tand (G"/G'), and I7*| were plotted as a function of the angular frequency (w) in
logarithmic scales on both axis.

2.1. Effect of f-CD addition

Figure 1 displays the results of the oscillatory tests for B-CD/polymer blends at different 3-CD
concentrations and fixed concentration of polymer (0.5 wt%). Figure 1(a-c) corresponds to
formulations using polymers AP1, AP2, and AP3, respectively. Figure 1(a—c) indicates that the
addition of different concentrations of 3-CD did not improve the frequency-dependent func-
tion of the baseline polymers; on the contrary, the addition of B-CD makes these polymers
more inflexible and rigid. In all cases, tano increases, while G’ and G” decrease relative to the
baseline polymers.
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Figure 1. Oscillatory tests for 3-CD/polymer blends at different 3-CD concentrations at 0.5 wt% polymer solution in
2.1 wt% brine.
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2.2. Effect of surfactant addition

Figure 2(a—c) demonstrates the effect of the addition of surfactant on the viscoelastic properties
of polymers AP1, AP2, and AP3. These plots reveal interactions (noncovalent associations)
among the surfactant and polymers AP1, AP2, and AP3. The addition of surfactant increases
the elasticity (tand decreases and G’ increases) and viscosity of the samples (G” and |n*|
increase) relative to the respective baseline polymers. However, these plots also indicate that
there is no a clear relationship between surfactant concentration and the improvement of the
viscoelastic properties. For instance, the surfactant concentrations that render the best visco-
elastic properties for surfactant-AP1 ranged from 30 to 70 ppm; for surfactant-AP2 was
70 ppm, and for surfactant-AP3 ranged from 30 to 90 ppm.

2.3. Effect of the simultaneous addition of surfactant and p-CD

Figure 3(a—c) demonstrates that the simultaneous addition of surfactant and 3-CD produces
strong noncovalent interactions and robust self-assembling. Self-aggregation significantly
increases the viscoelastic properties of the different systems, specifically for the SAP-AP sys-
tems formulated using polymers AP2 (Figure 3(b)) and AP3 (Figure 3(c)). Furthermore, the
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Figure 2. Oscillatory tests for surfactant/AP blends at different surfactant concentrations at 0.5 wt% polymer solution in
2.1 wt% brine.
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Figure 3. Oscillatory tests for surfactant/B3-CD/AP blends at different surfactant/B-CD concentrations at 0.5 wt% polymer
solution in 2.1 wt% brine.

experimental results show a clear and consistent relationship between surfactant/B-CD con-
centration and the improved viscoelastic properties of the SAP-AP systems. The self-
assembling systems displaying the most enhanced viscoelasticity were obtained at a surfactant
concentration of 70 ppm and $-CD concentration of 70 ppm (Figure 3(a—c)). The viscoelastic
properties achieved by the SAP-AP systems at a surfactant/B-CD concentration of 70 ppm
overlapped the viscoelastic performance corresponding to surfactant/B-CD concentrations of
90 and 110 ppm; therefore, a surfactant/3-CD concentration of 70 ppm was selected as the
optimum concentration from the technical and cost-effective standpoint.

All the self-assembling systems display a decrease of the loss factor (tand), which indicates that
these SAP-AP systems are more elastic (i.e. improved reversible deformation behavior) relative
to the baseline AP polymers. This observation agrees with the significant increase of G’ shown
by the SAP-AP systems, especially for the SAP-AP2 with a percentage increase of G' = 310%
and the SAP-AP3 with a percentage increase of G’ =220%. Likewise, the loss modulus (G”) and
the complex viscosity (I7*1) increased significantly. For instance, the SAP-AP2 shows a per-
centage increase of G” = 61% and of In*| = 253%; while the SAP-AP3 displays a percentage
increase of G = 694% and of 1n*| = 414%.
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The remarkable gain of viscoelastic properties achieved by these SAP-AP systems is attributed
to self-association through (-CD host-guest interactions and other noncovalent interactions
(i.e. hydrogen bonding and hydrophobic interactions, among others). These observations agree
with previous research in which self-aggregation through intermolecular noncovalent associa-
tions increased solution viscosity [7].

In this work, only 70 ppm (0.007 wt%) of surfactant and 70 ppm (0.007 wt%) of 3-CD were
added to the AP polymers dissolved in brine. 3-CD rapidly forms inclusion complexes with
various hydrophobic guest moieties and polymeric chains [7]. The hydrophobic pendant
groups from the associating polymers and the hydrophobic tails of the surfactant are typical
guest moieties that can be spontaneously included into the 3-CD cavity through both faces: the
primary and secondary faces. While the hydrophilic end (i.e. polar part) of the anionic surfac-
tant can interact with the hydrophilic pendant groups (i.e. amide groups contained in the
associating polymers) through hydrogen bonding (i.e. H-bridges) or with the carboxylate
pendant groups of the polymer backbone via electrostatic interactions through divalent
cation-bridges (i.e. Ca®* or Mg®") present in the brine.

Figure 4 displays a hypothetical network structure formed through self-assembly. This 3D
supramolecular structure is responsive and reversible because these physical bonds are not rigid
[22]. Furthermore, the resulting high-order macromolecule displays increased hydrophilicity

Anionic Associating Polymer Anionic Surfactant fACyclodextrin
Hydrophobic
o
e ’\ﬁv
1 _— C

II Self- Assembly

Hydrophobic contact points

Inclusion Complexation

Figure 4. Hypothetical network structure via self-assembly among (3-CD, associating polymer, and anionic surfactant in
brine solution.
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because the molecular locations containing the 3-CD complexations become more hydrophilic in
nature [7].

2.4. Effect of polymer concentration

Associating polymers contain hydrophobic pendant groups, which are important contact
points between the hydrophobic tails of the surfactant and the cavity of the 3-CD leading to
the self-association and formation of supramolecular three-dimensional (3D) networks. There-
fore, the effect of polymer concentration on the properties of the SAP-AP systems at a fixed
concentration of surfactant and 3-CD (i.e. optimum concentration: 70 ppm surfactant; 70 ppm
[-CD) was established. The concentrations of polymer evaluated were 0.25, 0.5, and 0.75 wt%.

Figure 5(a—c) displays the results of the oscillatory tests for the optimum SAP-AP systems at
different concentrations of the respective polymers AP1, AP2, and AP3. As polymer concen-
tration increases, G’ and G” increase. A higher concentration of associating polymers increases
the number of hydrophobic contact points, which promotes more intermolecular hydrophobic
interactions, host-guest complexations, and other noncovalent associations (i.e. H- and Ca*'-
bridging). Additionally, higher polymer concentration enhances chain overlapping, which also
contributes to the formation of a network of higher structural strength [13].
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Figure 5. Oscillatory tests for the optimum SAP-AP systems at different concentrations of polymers: AP1, AP2, and AP3.
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Figure 6. Frequency-dependent rheological performance of the optimum SAP-AP systems for polymers AP1, AP2, and
AP3 in saline solution.

These results guided the selection of the optimum formulation of the SAP-AP system as
follows, 0.75 wt% associating polymer (AP), 0.007 wt% (70 ppm) of surfactant, and 0.007 wt
% (70 ppm) of 3-CD prepared in saline solution. Figure 6(a-c) presents the frequency-
dependent rheological performance of the optimum SAP-AP systems for polymers AP1,
AP2, and AP3, respectively.

The frequency-dependent rheological data (Figure 6) indicates that these systems follow
the typical behavior of three-dimensional network structures showing G’ > G” in the range
of frequency studied [22]. As explained by Mezger, “the curves of G’ and G” often occur
in the form of almost parallel straight lines throughout the entire frequency range show-
ing a slight slope only” ... “The shape of the curves [also indicates that these] ... network
structures are exhibiting a relatively constant structural strength in the whole frequency
range” [22].

3. Effect of ionic strength on the SAP-AP systems

Salts significantly affect the viscosity of polymer solutions. The screening of the negatively
charged moieties (i.e. carboxyl groups) in the polymer structure in the presence of mono- and
divalent cations causes viscosity loss due to polymer coiling, polymer precipitation, and phase
separation [2, 3, 5, 6, 23-25].

Figure 7(a—c) displays the results of the frequency sweeps of polymers AP1 and AP2 and their
corresponding SAP-AP systems at the following brine concentrations: 1.4, 2.1, 4.2, 6.3, and
8.4 wt%. While for polymer AP3 and its corresponding SAP-AP3 system, the effect of ionic
strength was evaluated at the following brine concentrations: 2.1, 4.2, 6.3, and 8.4 wt%.

In the case of polymer AP1, Figure 7(a) shows that it is strongly affected by salinity and
hardness. As brine concentration increases, the tand-curve shifts from lower values toward
medium range values, which means that the polymer flow behavior changes to a more
viscoelastic liquid. G”, G/, and In*| decrease as salinity increases. This rheological behavior
indicates that an increase in ionic strength weakens the hydrophobic interactions in the associ-
ating polymer resulting from the electrostatic screening of the charged segments [13] causing
the coiling/folding of the polymer backbone.
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Figure 7. Frequency sweeps of polymers AP1, AP2, and AP3 and the corresponding SAP-AP systems at several brine
concentrations at T =25°C.

On the contrary, for the SAP-AP1 system, Figure 7(a) demonstrates that as salinity and hard-
ness concentration increase, G' > G” (tano < 1) throughout the entire frequency range; thus, in
these systems, the elastic behavior dominates, which is characteristic of supramolecular aggre-
gates [22]. Although as salinity concentration increases, G”, G/, and In*| decreases, the SAP-
AP1 system displays higher structural strength relative to the AP1 polymer. Self-association
seems to prevent electrostatic screening of the charged sections of the polymer molecule.
Therefore, the SAP-AP1 system is less affected by electrostatic effects, which enhances its
structural strength and functionality. Furthermore, the bulky size and shape of the (3-CD
molecules increase the steric hindrance that might diminish the electrostatic effects in these
network structures [3, 13].

Figure 7(a) also shows that the SAP-AP1 prepared in the highest brine concentration of 8.4 wt%
seems to collapse showing the same rheological behavior of the SAP-AP1 prepared in 6.3 wt%
brine. These observations indicate that for the experimental conditions of this work, a brine
concentration of 6.3 wt% seems to be the threshold before electrostatic effects become significant
for this system.

The effect of salinity on the rheological behavior of polymer AP2 presented in Figure 7(b) is
noticeably different than that for polymer API1. In this case, it seems that increasing brine
salinity and hardness strengthens the intermolecular hydrophobic interactions. The tano-
values are shifted from tand > 1 (1.4 wt% brine) to tand < 1 (2.1 — 8.4 wt% brine) and the
polymer attained a flow behavior of a physical network. G-, G”-, and In*|-values increase
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throughout the entire range of angular frequency as salinity and hardness concentrations
increase. These results suggest that a higher content of hydrophobic groups in the AP2 poly-
mer makes it less susceptible to electrostatic effects. Figure 7(b) makes evident that the SAP-
AP2 system displays a better rheological performance than the baseline AP2. Again, an
increase in the ionic strength causes a decrease in the tand-values. The SAP-AP2 prepared in
8.4 wt% brine shows the lowest tand-value. G/, G”, and In*| also increase with salinity and
hardness concentration. The SAP-AP2 formulated in 6.3 and 8.4 wt% brine displays the
highest values of complex viscosity, |1*|. These observations demonstrate that an increase in
the ionic strength reinforces the inter- and intramolecular forces building up the supramolec-
ular SAP-AP2 system, which improves its viscosifying power [13].

Figure 7(c) presents the effect of salinity and hardness concentration on the rheological
behavior of polymer AP3 and the SAP-AP3 system. Figure 7(c) demonstrates a negligible
effect of brine salinity in the range from 2.1 to 6.3 wt% on the rheological properties of
polymer AP3. In contrast, above this salinity range (i.e. brine 8.4 wt%), the rheological
behavior of AP3 is significantly affected. For instance, the tand-curve shifts toward very
low values and G"/G' < 1 in the entire range of angular frequency, which suggests the
reinforcement of the intermolecular hydrophobic interactions generating a stronger phys-
ical network structure. These observations seem to indicate that the lower anionicity and
larger hydrophobic content of the AP3 polymer improve its salt tolerance.

The viscoelasticity of the SAP-AP3 system is greater than the viscoelasticity of polymer
AP3 at all salinity concentrations (see Figure 7(c)). At the lowest salinity concentration of
2.1 wt%, the SAP-AP3 system shows far superior rheological properties (i.e. enhanced
viscosifying power and elasticity) in the entire angular frequency range. G’, G”, and [7n*|
are significantly higher compared to the baseline. It seems that this salinity concentration
(i.e. 2.1 wt%) greatly reinforces the strength of the inter- and intramolecular interactions
taking place in this system. The G'-curve is almost parallel to the x-axis, which is typical
of a highly stable structural network [22]. However, increasing the ionic strength beyond
2.1 wt% negatively affects the viscoelasticity of this system.

Overall, the SAP-AP systems are less sensitive to electrostatic effects compared to the AP
polymers. The enhanced salt tolerance may result from the bulky size of the 3-CD host-
guest complexations that “sterically [hinders] the polymer chain so that the hydrodynamic
radius does not fully collapse to a random coil configuration at high salinity” [6].

These experimental observations also indicate that the hydrophobic content in the associating
polymers plays a vital role in the strength, rheological behavior, and ionic strength sensitivity
of the SAP-AP systems. For instance, the SAP-AP system derived from the baseline polymer
AP2, which has a medium content of hydrophobic groups, shows the formation of a stable
supramolecular network highly functional in brines with high salinity and hardness concen-
tration (i.e. brine 8.4 wt%). For this SAP-AP2 system, an increase in the ionic strength increases
its elasticity and viscosifying power. This functionality is important for applications in
enhanced oil recovery.
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4. Effect of shear and ionic strength on the SAP-AP systems

Previous research has demonstrated that the mechanical degradation of polymers is path inde-
pendent; thus, the effect of shear on the mechanical stability of polymers can be evaluated using
any kind of degrading geometry [26]. In this work, the mechanical stability of the SAP-AP
systems was determined through thixotropic behavior analysis using oscillatory rheology as
recommended in Ref. [22]. Table 3 summarizes the dynamic-mechanical conditions employed
during the thixotropic analysis. The percentage of regeneration method was used to analyze the
thixotropic behavior of the samples. In this method, the percentage of regeneration that takes
place at the end of the third interval is read off and the percentage is calculated in relation to the
reference value G'-at-rest at the end of the first interval which was taken as the 100% value [22].
These analyses were conducted for the baseline polymers and for the SAP-AP systems prepared
at different salinity concentrations: 1.4, 2.1, 4.2, 6.3, and 8.4 wt% (see Table 1). The objective was
to determine the simultaneous effect of shear and ionic strength on the structural and shear
stability of the different systems.

Figures 8-10 summarize the time-dependent function of G’ and G” for Step 1 and Step 3 for
polymers AP1 and SAP-AP1, AP2 and SAP-AP2, and AP3 and SAP-AP3, respectively. Likewise,
Tables 4 and 5 summarize the structural strength of the baseline polymers and the
corresponding SAP-AP systems in terms of the G- or G”-values taken at the end of Step 1, and
the G- or G"-values taken at the end of Step 3, and the percentage (%) of structural regeneration
of the respective samples.

Steps  Oscillation test w (rad/s)  Strain (%) Number of samples ~ Test time (s)
1 Single frequency/strain controlled ~ 6.283 20 within the LVE 200 =960
2 Single frequency/strain controlled ~ 6.283 100 outside the LVE 100 ~480
3 Single frequency/strain controlled ~ 6.283 20 within the LVE 200 ~960

LVE refers to the linear viscoelastic range.

Table 3. Preset of the dynamic-mechanical conditions for each of the intervals used during the thixotropic behavior analysis.
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Figure 8. log,o G’ and log;, G” for steps 1 and 3 vs. time for polymer AP1 and SAP-AP1.
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Figure 10. log;o G’ and log;o G” for steps 1 and 3 vs. time for polymer AP3 and SAP-AP3.

Figure 8 demonstrates that the optimum SAP-AP1 shows higher structural strength (> G'-values
and > G"-values) relative to polymer AP1. The second important result is that there is no
complete regeneration of the initial structural strength. The first two rows of Table 5 show
that the percentage of structural regeneration for polymer AP1 in terms of G’ > 95% for all brine
salinities (1.4, 4.2, 6.3 wt%) except for the 8.4 wt% brine with a structural regeneration of 91%.
In terms of G” (see Table 5), both systems: AP1 and SAP-AP1 show a structural regeneration >
96%, excluding the baseline polymer AP1 in 1.4% brine that shows a gain in structural strength
with a regeneration of G” > 100%.

The minor loss of structural strength observed for both systems might be related to macro-
molecular shear degradation under the high-shear forces applied during Step 2 causing the
breaking of carbon/carbon bonds of some of the polymer chains [5].

Figure 9 presents the time-dependent behavior of polymer AP2 and the SAP-AP2 system in
terms of G’ and G” for the low-shear interval (Step 1) and for the regeneration interval (Step 3).
Experimental trends observed from Figure 9 and Tables 4 and 5 are as follows:

213
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Brine concentration (wt%)

1.4 21 4.2 6.3 8.4

G' (Pa) Reg(%) G (Pa) Reg(%) G (Pa) Reg(%) G (Pa) Reg(%) G (Pa) Reg (%)
Polymer AP1
Stepl 247 1.92 1.82 1.59 1.49
Step3 234 98.84 1.85 96.51 1.80 98.82 1.57 98.59 1.36 91.03
SAP-AP1
Stepl  3.05 2.50 2.28 2.04 2.18
Step3  3.01 98.49 242 96.75 2.25 98.34 1.99 97.72 2.17 99.7
Polymer AP2
Stepl 245 1.86 1.82 — 1.07
Step3 241 98.16 1.72 92.47 1.82 100 — - 1.04 97.70
SAP-AP2
Stepl  10.26 6.05 3.61 — 4.92
Step3  11.82 >100 6.20 >100 3.61 100 — - 3.79 77.01
Polymer AP3
Stepl — 241 2.84 2.79 4.38
Step3  — - 2.41 100 2.79 98.27 2.75 98.82 4.33 98.68
SAP-AP3
Stepl — 13.22 6.17 5.60 14.85
Step3  — - 13.86 >100 6.81 >100 5.45 97.23 12.68 85.39

The objective of bold numbers in Table 4 is to emphasize the percentage of regeneration in each system.

Table 4. G'-values and percentage of regeneration.

*  The SAP-AP2 system formulated at different ionic strengths displays significantly higher
structural strength, G’ and G”, than the baseline AP2 polymer.

*  As the ionic strength increases, the structural strength of the AP2 polymer and the SAP-
AP2 system decreases.

*  The baseline polymer AP2 shows structural regeneration G’ and G” > 92% but < 100% in
the range of salinity concentration studied. While the SAP-AP2 systems prepared in 1.4,
2.1, and 4.2 wt% brines display gain in structural strength with regenerations > 100%. In
8.4 wt% brine, the structural regeneration SAP-AP2 system falls to 77% and to 87.26% in
terms of G’ and G”, respectively.

The gain in structural strength is significant for the SAP-AP2 prepared in low brine salinity
with a 15% gain of the G’-value and 17% gain of the G"-value (see Figure 9). Although at brine
salinity concentrations up to 4.2 wt%, the gain in structural strength is > 100%, it decreases as
salinity increases, which demonstrates the negative effect of increased ionic strength on the
shear stability of the SAP-AP2 system.



Advanced Polymer-Surfactant Systems via Self-Assembling 215
http://dx.doi.org/10.5772/intechopen.74618

Brine concentration (wt%)

14 21 4.2 6.3 8.4

G’ (Pa) Reg(%) G’'(Pa) Reg(%) G’"([Pa) Reg(%) G’"(Pa) Reg(%) G"(Pa) Reg (%)

Polymer AP1

Step1 1311 1.14 1.28 1.05 1.03

Step3  1.371 >100 1.10 96.92 1.25 97.66 1.04 98.89 1.02 99.03
SAP-AP1

Step1 147 1.23 1.27 1.14 1.18

Step3 146 99.25 121 98.17 1.26 99.2 112 98.29 117 99.07
Polymer AP2

Step1  1.476 1.39 1.27 - 1.34

Step3  1.447 98.2 1.28 98.54 1.27 100 - - 1.29 96.26
SAP-AP2

Step1  3.96 272 2.45 - 1.97

Step3  4.64 >100 291 >100 2.99 >100 - - 1.72 87.26
Polymer AP3

Stepl — 1.172 122 1.07 1.26

Step3  — - 1.155 98.55 1.21 98.27 1.07 100 1.27 >100
SAP-AP3

Stepl — 2.39 1.209 1.97 3.30

Step3 — - 3.16 >100 1.381 >100 2.28 >100 3.67 >100

Table 5. G”-values and percentage of regeneration.

The mechanical stability shown by the SAP-AP2 system might result from the increased rigidity
of the polymeric network due to self-aggregation with the bulky structure of the 3-CD and the
long-chain alkyl branched anionic surfactant [3, 5]. Supramolecular aggregates based on physical
bonding are considerably more rigid compared to the superstructures of the thread-like macro-
molecules of synthetic polymers [22].

Figure 10 indicates that the SAP-AP3 system displays higher structural strength in terms of G’
and G” relative to the baseline polymer. In low-salinity brines (< 4.2 wt%), the SAP-AP3 systems
show a gain in the structural strength (see G'- and G"-curves in Figure 10). However, for brine
salinities > 4.2 wt%, there is no complete structural regeneration as shown by the G'-curve.

The gain in structural strength displayed by the SAP-AP2 and the SAP-AP3 systems in salinity
concentrations < 4.2 wt% demonstrates the self-healing character of these self-assemblies. As
stated by Yang, “supramolecular self-healing materials [rely] on the use of noncovalent bonds
to generate reversibility and dynamic networks, which are able to heal the damaged sites” [10].
According to Mezger, (this self-healing or self-repairing effect occurs because) “the structural
development aims at achieving a balance or equilibrium of the active forces or energies ...
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based on the very fast connection, disconnection, and re-connection” of the physical bonds
such as the decomplexation and complexation of host-guest interactions [7, 22], that results in
improved structural strength. “Therefore, when tension is imparted on these networks, the
force is distributed homogeneously across the whole network [due to the dynamic
disassembling and re-assembling of the physical interactions]” protecting the macromolecules
in the network from permanent shear degradation [7].

5. Thermal stability of the SAP-AP systems

Thermal degradation of polymer leads to chemical changes of the polymer structure. For
instance, in the case of polymers derived from polyacrylamides, high temperatures induce the
hydrolyzation of the acrylamide group to the acrylate moiety. These hydrolysis reactions are
strongly correlated to temperature; thus, the higher the temperature, the higher the hydrolysis
[2]. In this study, both short- and long-term thermal stabilities of the AP polymers and the
corresponding SAP-AP systems were evaluated.

5.1. Short-term thermal stability

The AP polymers and the corresponding optimum SAP-AP systems were subjected to dynamic-
mechanical thermo-analysis or DMTA. In this analysis, the dynamic temperature sweep was
conducted by using a linear heating rate (8.65°C/min) from 9 to 81°C (£0.2°C) as an upward
ramp immediately followed by a linear cooling rate (7.3°C/min) from 81 to 9°C (+0.2°C) as a
downward ramp. In these tests, the angular frequency (w) was fixed at 7 rad/s, while the strain
was fixed at 20% (within the LVE range). Figure 11 displays the temperature-dependent func-
tions of G/, G”, and tand for polymer AP1 and the SAP-AP1 system for low (2.1 wt%)- and high
(8.4 wt%)-concentration salinity; while Figure 12 presents the temperature-dependent functions
of G, G", and tano for polymers AP2 and AP3 and their corresponding SAP-AP systems in 8.4 wt
% brine concentration.

At low-ionic strength (ie. 2.1 wt% brine), the SAP-AP1 system shows higher structural
strength in terms of G’ and G” relative to polymer AP1. The SAP-AP1 system displays a tand < 1
(i.e. G > G") in the entire range of temperature that is consistent with the behavior of network
structures. At low temperatures, the tano-curve of the AP1 polymer shows tand < 1, as temper-
ature increases the crossover point (G’ = G") is reached and the tand-curve is shifted to a value
of tand > 1 at higher temperatures, which corresponds to the behavior of viscoelastic liquids.
The cooling curves of tand, G/, and G” as a function of temperature demonstrate a decreasing
structural strength of the polymer systems relative to the corresponding heating curves.
According to Mezger, as temperature increases, “the [polymer] molecules are able to move
along one another which results in an increasing number of disentanglements. With increasing
temperature, more motion occurs between the molecules which again cause an increase in the
amount of the frictional forces [that produces] frictional heat that afterward is lost for the
sample in the form of thermal energy ... This process can be observed as a decreasing G”
value” [22]. The cooling temperature curve displays indeed lower G"-values. Likewise, for the
SAP-AP1 system, with increasing temperature, dissociation and/or disassembling of the
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Figure 12. Temperature-dependent functions of G/, G”, and tand for polymers AP2 and AP3 and systems SAP-AP2 and

SAP-AP3.

physical interactions takes place. Therefore, “the superstructure [network] yields more and
more, breaking increasingly into smaller parts, turning into a state of flexibility. Later, during
the cooling process, the physical bonds are reformed, and the network structure regains
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rigidity. However, due to losses of frictional heat in the form of thermal energy, a decrease of
the G"-values is observed in the cooling temperature curve” [22].

Increasing the ionic strength (brine 8.4 wt%) and temperature significantly affects the struc-
tural strength of polymer AP1 and the SAP-AP1 system (see Figure 11). Similarly, the down-
ward curve (i.e. cooling process) shows a decreasing structural strength relative to the
corresponding heating curves. The SAP-AP1 temperature curve shows a higher structural
strength in terms of G'-values compared to the AP1 polymer; however, in terms of G”-values,
there is no difference between the AP1 polymer and the SAP-AP1 system. Furthermore, the
tand-curve of the cooling process for the SAP-AP1 system shows a shift from tané-values > 1 at
elevated temperatures to tand-values < 1 at lower temperatures. This makes evident that at
elevated temperatures, the SAP-AP1 network system changes its flow behavior, showing
G’ > G, performing as a viscoelastic liquid. As temperature decreases, the network becomes
more rigid and the tand-values become < 1, showing again the consistency of a rigid supramo-
lecular structure.

At elevated ionic strength (i.e. 8.4 wt% brine), the baseline polymers AP2 and AP3 and their
corresponding SAP-AP systems show similar behavior to the baseline AP1 and SAP-AP1,
discussed above. Nevertheless, it is important to mention that the SAP-AP2 system shows the
highest structural strength in terms of G’ and G” and the least hysteresis between the heating
and the cooling curves among the systems. These observations make evident that the optimum
SAP-AP2 displays enhanced structural strength at elevated temperatures and ionic strengths
compared to the baseline.

5.2. Long-term thermal stability

The AP and SAP-AP systems were subjected to a thermal stability test at 90°C for a period of
8 weeks. The presence of dissolved oxygen at high temperatures might induce the formation of
free radicals which degrade the polymer molecule by cleavage reducing its molecular weight
and viscosifying functionality [2]. Besides, if dissolved oxygen is present in the polymer
solutions together with very low concentrations of dissolved iron, it might also cause substan-
tial polymer degradation [4, 26-30]. Therefore, to prevent chemical degradation, the AP and
the SAP-AP samples were placed in a glove chamber and bubbled with nitrogen at a pressure
ranging from 10 to 20 psi for a period of 30 min. Two duplicated set of samples of the AP and
the SAP-AP systems were prepared in two different brine salinity concentrations: 2.1 and
8.4 wt% and placed in the oven at 90 £ 0.5°C for 8 weeks. Every 2 weeks, a set of samples
were taken out of the oven and subjected to rheological analysis. Figure 13 displays the G- and
G"-curves as a function of angular frequency and time for the AP and SAP-AP systems at brine
salinity concentrations of 2.1 and 8.4 wt%.

The G'- and G"-plots in Figure 13 demonstrate that the AP polymers and the SAP-AP systems
are significantly degraded at a temperature of 90°C after 2 weeks of testing. A dramatic drop of
G’ and G" is observed for all the samples in both low and high salinities.

In low-salinity brine, samples AP1, AP2, SAP-AP1, and SAP-AP2 show precipitation of solids
and color change at week # 4; while in samples AP3 and SAP-AP3, the precipitation of solids was
observed at week # 8. In high-salinity brine, precipitation of solids took place faster at week # 2.
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Figure 13. G- and G"-curves vs. angular frequency, time, and brine salinity.

These observations clearly indicate the combined damaging effect of salinity and elevated tem-
perature on the stability of the AP and SAP-AP systems.

Although the introduction of hydrophobic groups into the molecular chain is an effective way
to improve polymer salt tolerance and thermal stability [3], these hydrophobic moieties such
as AMPS or n-VP are still susceptible to hydrolysis at high temperatures (i.e. > 85°C). As
explained by Levitt and Pope, “...hydrolysis of the [amide] group from the acrylamide moiety
and/or {3, 3, dimethyl taurine from the AMPS moiety [takes place] forming additional acrylate
moiety in the hydrolysed polymer molecule” [6]. At high salinity and hardness concentration,
these acrylate moieties (i.e. hydrolyzed poly(AM-co-AMPS)) associate strongly with cations
(i.e. Ca®*, M*") and polymer precipitation takes place, which results in a rapid drop of viscosity
of the polymer solution that becomes turbid [6, 31]. Precipitation of polymer due to interac-
tions with multivalent cations increases with temperature. Furthermore, thermal degradation
of polymers results in a “reduction of molecular weight because of free-radical induced scis-
sion of the acrylic backbone” [6].

This long-term thermal stability testing demonstrates that the AP and the SAP-AP systems are
not stable at elevate temperatures; therefore, these SAP-AP systems are recommended for low-
temperature (< 90°C) applications.

6. Conclusions

In summary, we formulated advanced polymer-surfactant systems via self-assembling driven
by host-guest chemistry and other physical noncovalent bonding by mixing associating
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polymers, with an anionic surfactant, and 3-CD in brine solutions. The optimum supra-
molecular systems were subjected to rheological characterization and several stability
testing techniques to establish their tolerance to increasing ionic strength concentration,
shear degradation, and thermal stability. The most significant findings are outlined as
follows:

¢ The formulated SAP-AP systems show remarkable gain of viscoelastic properties and
elevated structural strength relative to the associating baseline polymers.

* The SAP-AP network structures are less sensitive to electrostatic effects than the
corresponding baseline polymers AP1, AP2, and AP3. The increase in salt tolerance
may be aided by the steric effect of the 3-CD host-guest complexations acting as large
rigid groups within the supramolecular network that prevents the collapse and/or
coiling of the polymer chain at elevated ionic strength. This functionality is important
for EOR applications.

¢ The SAP-AP systems show remarkable shear stability relative to the baseline poly-
mers. If the high-shear forces imposed on the network structures are lifted and as
soon as the equilibrium of the shear forces and the flow resistance forces is reached,
the SAP-AP systems show high structural regeneration, which is > 95% for the case of
the SAP-AP1 system; while the SAP-AP2 and SAP-AP3 systems display a gain of
structural strength with regeneration > 100%. The gain in structural strength evi-
dences the self-healing performance of these SAP-AP self-assemblies. The overall
trend is that increasing the hydrophobic content of the associating polymers increases
the shear stability and the structural strength of the supramolecular formulations.

¢ The short-term thermal stability testing demonstrates that all SAP-AP systems display
higher structural strength in terms of G’ and G” when compared to the corresponding
baseline polymers in the entire range of temperature and ionic strength evaluated.

* The long-term thermal stability testing carried out at 90°C for a period of 8 weeks
demonstrates that the AP polymers and the optimum SAP-AP systems are not stable
at elevated temperatures; therefore, these systems are recommended for low-
temperature (<« 90°C) applications.
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Abstract

Water soluble polymers are widely used as mobility control agents for enhanced oil
recovery (EOR). Yet, in harsh reservoir environments (i.e., elevated temperatures and
high ionic strength), the applicability of conventional polymers is limited. This issue has
been somewhat resolved through the chemical synthesis of polymers having functional
moieties such as sulfonic acid groups and/or n-vinylpyrrolidone. Another approach to cir-
cumvent expensive chemical syntheses, it is the formulation of supramolecular polymers
built via non-covalent and B-cyclodextrin (-CD) host-guest interactions. In this study,
an advanced polymer-surfactant (SAP-AP1) system formulated via the self-assembling of
an associative polymer with an anionic surfactant and p-CD was evaluated as a mobility
control agent to displace and recover heavy oil (i.e., 2560 cP at 25°C). Displacement tests
employing unconsolidated sand-pack systems were carried out at simulated heavy oil
reservoir conditions. The experimental results demonstrate that the SAP-AP1 produces
a stable viscous displacement front that results in more efficient volumetric sweep, faster
reduction of the water/oil ratio (WOR), and incremental oil recovery (e.g., 19% higher
incremental oil recovery relative to the baseline polymer). The SAP-AP1 system shows
potential for EOR applications at economically favorable conditions.

Keywords: 3-CD host-guest complexations, noncovalent bonding, associating
polymers, supramolecular systems, enhanced oil recovery, mobility control, resistance
factor, residual resistance factor, water-oil ratio

1. Introduction

Worldwide, polymer flooding is extensively applied as a mobility control agent to increase
the sweep efficiency of the displacing fluid during enhanced oil recovery (EOR). As stated by

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Perttamo, “[Compared] to conventional waterfloods on a timescale, polymer floods will accel-
erate the recovery process due to rapid viscosity build-up.... [that] will contribute to a faster
and higher oil production. An incremental recovery factor of 5% [of the] original oil in place
(OOIP) or more is regarded as a successful polymer application” [1]. Polymer flooding has
been historically applied in light and medium gravity oil reservoirs. More recently, it has also
been applied successfully in heavy oil reservoirs with oil viscosities 21200 cP, which expands
the practical applicability of this EOR technique [2-11].

Incremental oil recovery by polymer flooding is induced by the following mechanisms: reduc-
tion of the water-oil mobility ratio by means of the increased viscosity of the displacing phase
(i.e., injected water) and reduction of viscous fingering, decrease of the water relative perme-
ability due to polymer retention within the formation rock, diversion of the injected water to
unswept reservoir regions, improvement of the water-injection profile (i.e., preventing cross-
flow between vertical heterogeneous layers), and the increase of oil fractional flow [4, 5, 12-21].

Field polymer-flood projects carry high chemical operating expenditures [5, 22]. Therefore, it
is vital to carefully select the appropriate polymer chemistry for the specific reservoir charac-
teristics. For instance, the practical applicability of polymer flooding is limited to reservoirs
with moderate temperatures (i.e., <90°C) and formation brines containing low concentrations
of divalent cations (e.g., Ca*, Mg*) to avoid the chemical degradation of the polymer guaran-
teeing the technical success of the process in a cost-effective fashion [12-17, 19, 23].

Divalent cations (i.e., Ca*, Mg?) significantly affect the viscosity of polymer solutions. The bridg-
ing effect of divalent cations with the negatively charged moieties (i.e., carboxyl groups) causes
viscosity loss due to polymer coiling [12, 13, 15, 16, 23, 24]. Furthermore, the reaction of the
carboxyl group with divalent cations causes polymer precipitation and phase separation [14].
Therefore, to compensate for the loss of viscosity, it is necessary to add higher polymer concen-
trations to the brine solution [12]. Alternatively, the reservoir could be conditioned before poly-
mer flooding by injecting low-salinity water to prevent the mixing of the polymer slug with the
high-salinity reservoir brine [16].

Several approaches have been taken to improve the chemistry of polymers to ensure their
stability and functionality at elevated temperatures and in reservoir brine containing high
salinity and hardness concentration. These polymeric systems have been customized by incor-
porating specific functional moieties that are covalently grafted onto the polymer structure.
The attachment of sulfonic acid groups like allyl sulfonic acid, 2-acrylamido-2-methylpropane
sulfonate (AMPS) and/or n-vinylpyrrolidone (n-VP) monomers increases the polymer resis-
tance to hydrolysis and tolerance to high salinity and hardness. Shear stability and viscosify-
ing power of polymers have been advanced by the introduction of hydrophobic groups like
n-alkyl (i.e., 2C, carbon numbers) acrylamide, styrene, ring structures, large and rigid side
groups such as styrene sulfonic acid, n-alkyl maleimide, acrylamide-base long-chain alkyl
acid, and 3-acrylamide-3-methyl butyric acid, among others [3, 13, 14, 17, 23, 24].

EOR polymers are shear sensitive, which is a downside for EOR applications. According to
Zaitoun et al. [23] and Sheng et al. [17], shearing occurs within several devices during the dif-
ferent phases of polymer handling and injection process in the high flow rate region close to the
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injection well such as in shearing devices during polymer dissolution, during recirculation of
the polymer solution through centrifugal pumps, polymer flow through chokes and downhole
valves under high differential pressure, and during the flow of polymers at high flow rates
through the perforations of the reservoir rock and sand face [25]. The shear degradation of the
polymer structure consists of the breakage of the macromolecule chain reducing its molecular
weight, size, and viscosifying power. Thus, shear degradation is irreversible [17, 23, 26].

The shear degradability of EOR polymers is directly related to the polymer molecular struc-
ture, molecular weight, and chain flexibility. The physics of polymer mechanical degradation
is reported in [26]. As indicated by Jouenne et al., “flexible polymer chains have the ability to
be extended under elongational flow fields [and the] ... stretching of the polymer chains can
lead to chain rupture” [27]. For example, xanthan gum, which is a rigid rod-like biopolymer
with a double-strand helical structure that aligns in the direction of the flow [26], displays
a very high shear resistance because it does not stretch under shearing/elongations forces,
which reduces the friction forces on the carbon/carbon backbone. On the contrary, the linear
polyacrylamide homopolymer is highly flexible and therefore very sensitive to shear degra-
dation. The shear stability of polyacrylamide is commonly improved by introducing negative
acrylate groups to the backbone, since it provides rigidity by means of electrostatic repulsion.
Nevertheless, the presence of electrolytes (e.g., Na*, Ca*, Mg*) shelters the negative charges
of the acrylate groups inducing the coiling and folding of the polymer chain, which becomes
less rigid and more flexible [17, 23]. Then, the stretching of the coiled (i.e., coiled-stretch tran-
sition) polymer chain under the influence of shear and elongational forces makes it vulner-
able to chain breakage and irreversible shear degradation. Thus, the shear sensitivity of EOR
polymers increases with brine salinity [23].

The shear stability of acrylamide copolymers can also be increased by introducing the poly-
mer chain large functional hydrophobic groups such as the acrylamide tert-butyl sulfonate
(ATBS) and the n-vinylpyrrolidone (n-VP) as they impart rigidity to the polymer structure
[23]. The attachment of hydrophobic groups to the macromolecular backbone of EOR poly-
mers to improve the shear and thermal stability, as well as the tolerance to brines with high
salinity and hardness concentration, has been widely recognized. The main benefit of the
incorporation of hydrophobic groups is as explained by Perttamo [1]: “the reorientation of
the macromolecules due to polar and non-polar, results in [the] formation of hydrophobic
associations between de incorporated hydrophobic groups,” generating intramolecular and
intermolecular associations forming supramolecular aggregates. These polymers are called
associating hydrophobic polymers or hydrophobically modified polymers or for short associ-
ating polymers [1, 17, 19, 28, 29]. Under shear, these supramolecular aggregates can disassem-
ble due to the reversible disruption of the hydrophobic bonds; therefore, at high shear rates,
these systems show a remarkable shear-thinning behavior. As indicated by Dupuis et al. [19],
these systems offer several benefits for field applications: “...reduced polymer concentration
to achieve a required mobility ratio, extend the range of suitable reservoirs in terms of salin-
ity, and facilitate the mixing, pumping, and injection procedures.”

In this chapter, we evaluated the effectiveness of a supramolecular polymer-surfactant
(SA-AP1) system as a mobility control agent for displacing heavy oil in high salinity and
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hardness concentration. The SAP-AP1 system was formulated via self-assembling driven
by B-CD host-guest complexation, divalent cation bridges (i.e., Ca® or Mg*), hydrophobic
interactions, and hydrogen bonding, among others. The SAP-AP1 system contains 0.75 wt%
of an associating polymer (AP1), 0.007 wt% (70 ppm) of an anionic surfactant, and 0.007 wt%
(70 ppm) of B-CD prepared in saline solution. Detailed information on the formulation and
properties of the SAP-AP1 system is provided in the preceding chapter of this book.

In this chapter, we begin by describing the sand-pack core-flooding displacement test and the
properties of the unconsolidated porous media and fluids (i.e., heavy oil and brine) employed.
Next, we discuss the viscosifying power of the baseline AP1 polymer and the SAP-AP1 system
during flow through porous media by means of the resistance factor (RF). Polymer retention
in porous media is also analyzed through the residual resistance factor (RRF). The effective-
ness of both polymer AP1 and the SAP-AP1 system in recovering heavy oil is analyzed next.
Finally, we discuss the effect of AP1 and SAP-AP1 on the water to oil production ratio (WOR).

2. Sand-pack flooding displacement tests

The performance of the polymer AP1 and the SAP-AP1 system as a mobility control agent for
heavy oil recovery was determined through routine oil sand-pack displacement tests at simu-
lated reservoir conditions. The heavy oil used in these flooding tests was provided by Husky
Energy Inc. (Calgary, AB, Canada) with a viscosity of 68,728 cP at 25°C that was adjusted to a
viscosity of 2560 cP at 25°C by dilution with natural condensate produced from the McCully
field, Corridor Resources Inc. (Sussex, NB, Canada). The density of the diluted crude oil
was 0.954 g/ml at 25°C, the API corrected to 60°F was 15.27, and the interfacial tension (IFT)
between the crude oil and the SAP-AP1 system was 0.032 dynes/cm at 25°C. The IFT was
determined using a M6500 Spinning Drop Tensiometer manufactured by Grace Instrument
(Houston, TX, USA). QUIKRETE® Premium Play Sand® (No. 1113), which is 100% quartz [30],
was employed to prepare the unconsolidated sand packs. The sand-grain size distribution
was determined by sieve analysis following the procedure described in [31], which conforms
to ASTM C136/C136M-14. The sieve analysis indicated that the effective size of the sand, D10,
and the uniformity coefficients, D60/D10, were 240 and 2.02 um, respectively.

A total of four displacement tests were conducted at a temperature of 25°C using a brine con-
centration of 8.4 wt%. The synthetic brine composition was 6.9 wt% of NaCl, 0.18 wt% of MgCl,,
1.3 wt% of CaCl,, and 0.04 wt% of Na,SO,. Two displacement tests were conducted using the
baseline polymer AP1 at the optimum concentration of 0.75 wt% (control tests) and two dis-
placement tests were carried out using the optimum SAP-AP1 system which also contained a
polymer concentration of 0.75 wt%. Displacement tests were carried out using a DCHH series
core holder (pressure-tapped, biaxial-type loading) manufactured by Temco, Inc. (Tulsa, OK,
USA). Two CEFR series transfer vessels (Temco, Inc., Tulsa, OK, USA) were employed to displace
brine, polymer, and crude oil through the sand pack. A Teledyne ISCO Syringe pump, model
100DX manufactured by Teledyne Isco, Inc. (Lincoln, NE, USA), was used to pump the fluids
through the transfer vessels. Several PGT-30 series/stainless steel pressure gauges manufac-
tured by Omega (Laval, Quebec, Canada) with an accuracy of 0.5% as a percent of full scale
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(FS) were installed at the inlet of the core holder (P1), at the inlet cap to monitor the overburden
pressure (P_,), and two pressure gauges along the core holder (P2 and P3). Figure 1 shows a
simplified schematic of the experimental set-up used during the sand-pack displacement tests.

The sand-pack properties, such as pore volume (PV), porosity (¢), and permeability to brine
(k) were determined following routine procedures as outlined in [32, 33]. Table 1 presents the
sand-pack properties for each of the displacement tests.

Heavy oil sand-pack displacement tests were carried out following a fluid injection scheme
of four stages: heavy oil injection, waterflooding, polymer flooding, and post-polymer water-
flooding. All the fluids were injected at a flow rate of 0.98 cm?*/min, which is equivalent to a
flow velocity of 0.0116 m/s (0.91 ft./day). During the heavy oil injection stage, oil was continu-
ously injected until the production of brine stopped, which corresponds to a volume of oil
equivalent to three pore volumes (3 PV).

Afterward, the oil-saturated sand packs were waterflooding to displace oil by injecting brine
(8.4 wt%) at a flow rate of 0.98 cm*/min until no more oil was produced, which corresponds to
a volume of brine equivalent to 6 pore volumes (6 PV). Right after the waterflooding stage was
completed, 1 pore volume of AP1 or SAP-AP1 polymer solution was injected at a flow rate of
0.98 cm?/min to displace the unrecovered or “remaining” oil that was bypassed during the pre-
vious waterflooding stage [34]. Finally, a post-polymer waterflooding step was immediately
initiated at the end of the polymer flooding stage. A total volume of 6.5 pore volumes of brine
(8.4 wt%) was injected at a flow rate of 0.98 cm?*/min. In each of the injection stages, the injection
time, pressure readings, and the corresponding volumes of the fluids (brine and oil) produced

Transfer

Vessels 2 <

Overburden
pressure = 250 psi
Brine P1

andfor
Polymer

Separation
funnel

K

Syringe Pump

Water Qil
Produced Produced

Figure 1. Experimental set-up for sand-pack displacement tests.
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Displacement test # Pore volume [cm®] Porosity [%] Permeability [mD]
Baseline # 1.1 173 24 3085
SAPAP1#1.2 177 25 2812
Baseline # 2.1 169 24 2746
SAP AP1 #2.2 185 26 1758

Table 1. Sand-pack properties.

were monitored. Material balance was applied to determine oil and water saturations, as well
as the percentage of oil recovered from each injection stage. More details of the experimental
procedure employed during the sand-pack displacement tests are provided in [35].

The results obtained from the displacement tests were analyzed by plotting the resistance
factor (RF), the residual resistance factor (RRF), percentage of cumulative oil recovery, ratio
of remaining oil saturation over initial oil saturation (S, /S ), and water oil ratio (WOR) as
a function of volume of fluid injected. The volume of fluid injected was expressed as a frac-
tion of pore volume normalized by porosity and permeability using the capillary bundle
parameter [36-39] to compare the displacement tests at the same porosity and permeability
reference.

3. Resistance factor and residual resistance factor

Resistance factor (RF) provides information on the effective viscosity of the polymer solution
during flow in porous media relative to water before polymer flooding [38]; therefore, RF
indicates the effectiveness of the polymer system as a mobility control agent during enhanced
oil recovery (EOR) [6, 19, 29, 40, 41]. While, the residual resistance factor (RRF) measures
the increased pressure drop across the porous media due to polymer retention (mechanical
entrapment and polymer adsorption) [5, 6, 19, 29, 37-44].

Figure 2(a) and (b) plots RF as a function of volume of fluid injected expressed as a fraction
of pore volume (PV) normalized for permeability and porosity for tests—Baseline # 1.1 and
SAP-AP1 # 1.2 and Baseline # 2.1 and SAP-AP1 # 2.2 respectively.

Figure 2 demonstrates that the RF curves of the AP1 polymer and the SAP-AP1 network have
similar flow behavior. After the injection of 0.013 PV, the RF values increase continuously
with increasing volume of fluid injected until a maximum RF value was reached at about
0.02 PV. Then, the RF values decreased with increased throughput in the sand packs until the
RF values leveled off. The RF value plateaued out at an average value of 5.6 for the SAP-AP1
system, while for the baseline AP1 polymer, the RF value plateaued out at an average value
of 2.0. Therefore, the SAP-AP1 system offered on average 3.6 times higher effective viscosity
within the porous media relative to the effective viscosity achieved by polymer AP1.

The RF-curves eventually reached plateau values for both systems: the SAP-AP1 and the base-
line. This may occur due to the dynamic disassembling and reassembling of the non-covalent
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Figure 2. RF versus volume of fluid injected: (a) Baseline # 1.1 and SAP-AP1 # 1.2 and (b) Baseline # 2.1 and SAP-AP1 # 2.2.

intra- and intermolecular interactions (i.e., decomplexation and complexation of host-guest
interactions, breaking and reforming of hydrophobic interactions, and hydrogen bonds, among
others) under the influence of the shear forces imposed during the flow process. Eventually,
equilibrium of the shear forces and the flow resistance forces of the network structures are
reached, and the RF curves leveled off. The stabilization of the RF curves also suggests that
propagation of the SAP-AP1 systems and the baseline polymers took place along the sand-pack
systems. These observations agree with previous research on flow behavior of associating poly-
mers through porous media [28, 38, 44]. Overall, the optimum SAP-AP1 formulation consis-
tently provides higher resistance factors and consequently a better mobility control than the
baseline polymer AP1.

The performance of both polymers AP1 and SAP-AP1 in terms of the residual resistance factor,
RRE, is presented in Figure 3(a) and 3(b), which plots RRF values as a function of volume of brine
injected for tests Baseline # 1.1 and SAP-AP1 # 1.2 and Baseline # 2.1 and SAP-AP1 # 2.2, respectively.

Figure 3 indicates that the RRF curves for both systems decrease continuously as the vol-
ume of brine injected increases that eventually stabilize. The average end RRF value for the
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Figure 3. RRF versus volume of fluid injected: (a) Baseline # 1.1 and SAP-AP1 # 1.2 and (b) Baseline # 2.1 and SAP-AP1 # 2.2.
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AP1 was 0.5, while the average end RRF value for the SAP-AP1 system was 0.02, suggesting
insignificant pore plugging and/or permeability reduction due to polymer retention, which is
expected in unconsolidated and/or high permeability porous media [37, 42].

4. Heavy oil recovery

The performance of the SAP-AP1 system and baseline AP1 polymer as mobility control agents
for the displacement and recovery of heavy oil is displayed in Figure 4, which plots the per-
cent of cumulative oil recovery as a function of volume of fluid injected and flooding stage.

Figure 4 reveals that the average oil recovery during the waterflooding stage was about 30%
for all the displacement tests. The combined average cumulative oil recovery produced by
polymer flooding and post-polymer waterflooding for the Baseline tests # 1.1 and # 2.1 was
37%, respectively, after subtracting the average oil recovery attributed to the initial water-
flooding stage. Whereas, the combined average cumulative oil recovery produced by flooding
and post-polymer waterflooding for the SAP-AP1 tests # 1.1 and # 2.1 was 56%, respectively,
after subtracting the average oil recovery attributed to the initial waterflooding stage. These
experimental observations demonstrate that the SAP-AP1 system produced an additional
incremental oil recovery of 19% relative to the baseline AP1 polymer. In this analysis, aver-
age values of cumulative oil recovery were used as an alternative to the individual results
from each of the displacement tests to provide a conservative assessment of the experimental
results in terms of heavy oil recovery. This approach was necessary to avoid the overestima-
tion of oil recovery from polymer flooding and the post-polymer waterflooding stage, because
the oil and water separation process after polymer flooding was found to be a difficult and
lengthy process, even though several experimental steps were carried out to achieve the most
effective separation of water from the produced oil.

The ratio of remaining to initial oil saturation as a function of volume of fluid injected and
injection step is presented in Figure 5 for the baseline polymer and SAP-AP1 system.
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Figure 4. Percentage of cumulative oil recovery versus volume of fluid injected and flooding stage: (a) Baseline # 1.1 and
SAP-AP1 # 1.2 and (b) Baseline # 2.1 and SAP-AP1 # 2.2.
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#2.1 and SAP-AP1 #2.2.

Figure 5 clearly shows the effect of each of the flooding stages on oil recovery. The polymer
flooding stage produced a dramatic decrease of the S_/S ; ratio that rapidly stabilized during
the post-polymer waterflooding stage. The average S /S ' ratio obtained from the Baseline
tests # 1.1 and # 2.1 was 0.33, while the average S_/S ; ratio attained from the SAP-AP1 tests #
1.2 and # 2.2 was 0.14.

These experimental results demonstrate that the optimum SAP-AP1 system provided a more
efficient mobility control compared to the baseline AP1, which resulted in a more stable viscous
displacement and accelerated heavy oil recovery. Furthermore, the low concentration of anionic
surfactant contained in the SAP-AP1 formulation reduces the interfacial tension (IFT) of the oil-
brine system from 30 [45] t0 0.032 dynes/cm. This remarkable reduction in IFT decreases capillary
forces, which facilitates the detachmentand mobilization of oil during SAP-AP1 flooding [46, 47].
Therefore, the SAP-AP1 system produces incremental oil recovery by the synergistic effect of
greater mobility control functionality and by decreasing the IFT of the oil-brine system.

5. Water-to-oil ratio

During waterflooding of heavy oil, “the adverse mobility ratio between the viscous oil and the
water induces high-water-cut production and poor sweep efficiency” [2]. Polymer flooding
decreases the mobility of the injected water (i.e., augmented water viscosity) reducing the water-
cut production levels. Figure 6 presents the water/oil ratio (WOR) as a function of volume of fluid
injected and the flooding stage for the baseline polymer and the SAP-AP1 system tests.

Figure 6 indicates that the average WOR at the end of the initial waterflooding stage for the
displacement tests was about 10. As soon as the polymer flooding stage (i.e., baseline polymer
AP1 and/or SAP-AP1 system) was initiated, WOR continuously decreased as the volume of
polymer injection increased, reaching a minimum WOR value at the end of the polymer flood-
ing stage. The WOR curves in Figure 6 show that the SAP-AP1 system was more efficient in
reducing and controlling the water-oil ratio by providing a faster response and lower average
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Figure 6. WOR versus volume of fluid injected and flooding stage: (a) Baseline # 1.1 and SAP-AP1 # 1.2 and (b) Baseline
#2.1 and SAP-AP1 #2.2.

WOR value of 1.9. Whereas, the baseline AP1 polymer rendered a minimum average WOR
value of 3.9 at the end of the polymer flooding stage. The WOR curves also show that immedi-
ately after the post-polymer waterflooding stage was initiated, an abrupt increase of the water
to oil ratio took place that continued until the end of the post-polymer waterflooding stage. As
explained by Seright “once brine injection [post-polymer flooding] begins, viscous fingering
and [porous media] heterogeneities will quickly lead to severe channeling” [of the water to
the production end] [6]. These results demonstrate that the optimum SAP-AP1 system offers
superior mobility control functionality relative to the baseline AP1 polymer. The structural
strength of the SAP-AP1 system is more effective in generating a stable viscous displacement
that promotes a more efficient volumetric heavy oil sweep, a faster WOR reduction, and accel-
erated heavy oil recovery.

6. Conclusions

We discussed the performance of an advanced supramolecular polymer-surfactant system,
SAP-AP1, driven by 3-cyclodextrin host-guest complexations as mobility control agent to dis-
place heavy oil (i.e., 2560 cP at 25°C).

Heavy oil recovery displacement tests demonstrated that the SAP-AP1 system shows suitable
propagation and low retention in unconsolidated sand-pack systems. The SAP-AP1 system
displays superior mobility control efficiency when compared to the baseline AP1 polymer.
The higher structural strength of the SAP-AP1 system makes it more effective in generating
a stable viscous displacement front that results in a more efficient volumetric sweep, a faster
WOR reduction, and accelerated heavy oil recovery. An average additional incremental oil
recovery of 19% was achieved relative to the baseline AP1 polymer.

The important incremental oil recovery achieved by the supramolecular polymer-surfactant
system is also attributed to the synergistic effect of greater mobility control functionality
and decreased interfacial tension (IFT) between the oil-brine system offered by the SAP-AP1
system.
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Overall, the SAP-AP1 system offers the potential for increasing heavy oil recovery at eco-
nomically favorable conditions.
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Abstract

Genes, short-hairpin RNA (shRNA), small-interfering RNA (siRNA), and decoy DNA
can be principally used as tools for the treatment and prevention of many disorders,
including but not limited to cancers, genetic disorders, and inherited diseases. This is
accomplished by introducing exogenous nucleic acids into mammalian cells to modulate
gene expression. However, direct use of such oligonucleotide drugs is hampered by sev-
eral barriers, including their degradation by nucleases present in the blood and extracel-
lular fluid, cell-membrane impermeability, and their retention in endosomes. To address
this issue, the development of safe and effective delivery vectors has emerged as the
main fundamental challenge for successful gene and oligonucleotide therapy. Due to the
intrinsic risks associated with viral vectors, non-viral vectors have attracted increasing
attention as gene and oligonucleotide carriers. We originally developed various cyclodex-
trin (CyD) conjugates with polyamidoamine (PAMAM) dendrimers as novel CyD-based
polymers for the delivery of plasmid DNA, siRNA, shRNA, and decoy DNA. In this
review, we describe the recent findings on PAMAM dendrimer conjugates using CyDs as
carriers for gene, shRNA, siRNA, and decoy DNA delivery.

Keywords: cyclodextrin, polyamidoamine dendrimer, conjugate, DNA delivery, shRNA
delivery, siRNA delivery

1. Introduction

The principle of somatic gene therapy is to introduce certain genes into selected cells to treat a
genetic or acquired disease by interfering with the expression of specific proteins or potentially
fixing a genetic mutation. Since the discovery of gene therapy, new perspectives for diagnosis,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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prevention, and treatment of incurable diseases have evolved, including those related to various
types of cancers, cardiovascular diseases, dermatological diseases, and even vision loss [1-3].
Successful gene therapy requires a delivery system capable of efficiently delivering the genetic
cargo to all target cells. There are two different technologies that have been developed for this
purpose: (1) viral and two types of non-viral vectors, and (2) lipofection and polyfection. As of
2012, >1800 clinical trials have been performed in >31 countries [4], with lipofection and naked
DNA representing only 6.2 and 18.6% of the methods studied, respectively. However, polyfec-
tion has never been applied to such clinical trials. Notably, in July 2012, the European Medicines
Agency recommended Glybera, which is a gene-therapy product based on an engineered adeno-
associated viral vector for the treatment of severe lipoprotein-lipase deficiency in muscles, for
approval as the first gene-therapy drug in the European Union. More recently, Strimvelis was
approved by the European Commission in 2016 as the first ex vivo stem cell gene therapy for the
treatment of patients with a very rare disorder called severe combined immunodeficiency due
to adenosine deaminase deficiency. In some cases, viral vectors have the advantage of produc-
ing higher gene expression, although there are potential safety risks, such as immunogenicity
that causes inflammatory reactions, toxin production, oncogenesis, and insertional mutagen-
esis [5]. The advantages of non-viral vectors in this context include higher safety levels, lower
immunogenicity, cost-effectiveness, and their ability to attach a targeting ligand [6]. However,
the efficiency of non-viral systems for gene delivery is markedly low in regard to gene transduc-
tion as compared with viral vectors, likely due to the lack of recognition receptors and lower
endosomal-escape capability and nuclear-pore targeting [7]. Therefore, non-viral vectors have
been continuously researched and developed in order to overcome their disadvantages and suc-
cessfully achieve the desired effects of gene therapy.

The discovery of RNA interference (RNAi) as an endogenous tool capable of fine-tuning gene
expression is considered as one of the most important discoveries in the recent years [8].
Since then, many efforts have been made to exploit this natural mechanism to experimentally
silence target genes, as well as to study functional genomics by inhibiting gene expression via
the degradation of specific mRNA. Selective gene silencing by RNAi can be achieved either
by cytoplasmic delivery of double-stranded small-interfering RNA (siRNA; 21-27 bp) or by
nuclear delivery of gene-expression cassettes that express short-hairpin RNA (shRNA) [9, 10].

There are many types of nucleic acid drugs, including siRNA, microRNA (miRNA), anti-
sense oligonucleotides, decoy DNA, aptamers, and ribozymes. siRNA is a double-stranded
RNA that targets specific mRNA harboring a complementary sequence and causes its deg-
radation; whereas, miRNA is a small noncoding-RNA molecule found in plants and ani-
mals and exhibiting functions related to RNA silencing and posttranscriptional regulation
of gene expression. Furthermore, antisense oligonucleotides are single-stranded DNA har-
boring a complementary sequence with that of RNA molecules used to inhibit its expres-
sion. Decoy DNAs are short double-stranded oligodeoxynucleotides containing the binding
sequence of a transcription factor, which prevents the transcription factor from binding to the
genomic promoter, thereby resulting in transcription inhibition. Additionally, an aptamer is a
nucleic acid molecule (DNA or RNA) that binds to targets with high selectivity and sensitiv-
ity, whereas ribozymes are RNA enzymes capable of binding to specific RNA, resulting in
sequence-specific cleavage. Considering the marketed nucleic acid drugs, we can find only
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two antisense products and one aptamer product. Vitravene (fomivirsen) is the first mar-
keted antisense product approved by the Food and Drug Administration, and represents an
antiviral antisense drug used for the treatment of patients with cytomegalovirus retinitis or
those with acquired immune deficiency syndrome. The second antisense product is Kynamro
(mipomersen sodium), which is used to treat patients with homozygous familial hypercholes-
terolemia. The aptamer product is Macugen (pegaptanib sodium), which is an anti-angiogenic
drug used for the treatment of age-related macular degeneration and that binds specifically to
vascular endothelial growth factor protein to block its activity. However, there are currently
no commercially marketed or approved decoy DNA or siRNA drugs, although several siRNA
and miRNA drugs have been in clinical trials [11].

The direct use of such nucleic acid drugs has been hindered by multiple barriers that prevent
these genes and nucleic acids from reaching their targets. These barriers include degradation
of nucleic acids by nucleases in the blood and extracellular fluid, elimination by the reticulo-
endothelial system, cell-membrane impermeability, and their retention and in endosomes and
subsequent degradation [12]. Consequently, the development of a delivery system capable of
overcoming these barriers is extremely important to achieving the required effects of these
nucleic acid drugs. Non-viral vectors have been developed for this purpose due to their higher
safety levels, non-immunogenicity, and non-pathogenicity. Methods using non-viral carriers
include lipofection, which depends upon liposomes to deliver the nucleic acid cargo, polyfec-
tion, which is based on the use of a polycation complex with nucleic acids, and lipopolyfection.

Polycation-based nucleic acid drug-delivery methods offer adequate efficiency in protecting the
therapeutic genes against the aforementioned barriers and also help in overcoming intracellu-
lar barriers [13]. One of the most promising approaches to non-viral delivery of nucleic acids
and genes involves cationic polymers due to their ease of manufacture, flexible properties, and
robustness [14]. Polyamidoamine (PAMAM) Starburst dendrimers (dendrimers), which were
developed by Tomalia et al., represent the first polycations exhibiting intrinsic endosomal-release
activity, thereby removing the need to add external endosomolytic agents as required by other
polycations, such as poly(L-lysine) [15-17]. The dendrimers are biocompatible, non-immuno-
genic, and water-soluble polymers possessing unique, spherical, and highly ordered structures
with a narrow molecular-weight distribution, very low polydipersity, and specific size [18, 19].

These characteristics attracted many nanotechnology, pharmaceutical, and medicinal chemis-
try scientists interested in their use for various applications. Because, dendrimers have termi-
nal modifiable amino-functional groups positively charged at physiological pH [20], and they
are capable of forming complexes with genes [15, 21] and oligonucleotides [22] through elec-
trostatic interactions, as well as with glycosaminoglycans on cell surfaces [23]. Furthermore,
their proton-sponge effect, as well their defined shapes, explains their high degree of trans-
fection efficiency. In this case, the proton-sponge effect is produced by the large buffering
capacity of cationic polymers that stimulate endosome swelling and eventual endosomal-
membrane disruption and release of nucleic acid drugs into the cytosol [24]. The ability of
dendrimers to act as non-viral vectors depends greatly upon their number of generations,
with the gene-transfer activity of dendrimers with a high number of generations exceeding
that of those with a low number of generations, although their cytotoxicity increases as the
number of generations increases [25, 26]. Consequently, there has been growing interest in
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developing modified dendrimers possessing high levels of safety along with low numbers of
generations due to their extremely low cytotoxicity [27-29].

The potential use of cyclodextrins (CyDs) as carriers of nucleic acids based of their direct inter-
action would not be expected, given that they exhibit very weak interactions with nucleic acids
[30]. Therefore, combining CyDs with cell-penetrating nucleic acid carriers (cationic polymers)
or modifying the CyD structure was necessary for their internalization. Various methods have
been adopted to enhance the interactions between CyD polymers and conjugates with nucleic
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acids [31]. Davis et al. modified the B-CyD structure to form a bifunctionalized 3-CyD with
two amine groups, allowing its incorporation into the backbone of other linear polymers [32].
The new polymer, CALAA-01, was ultimately established as the first targeted delivery mecha-
nism of synthetic siRNA in humans for the treatment of solid tumors [33]. However, various
CyD-containing polymers used as nucleic acid vectors have also been reported [34, 35]. In this
regard, Arima and Motoyama originally developed various CyD conjugates with dendrimers
as CyD-based polymers for the delivery of various nucleic acid drugs (Figure 1).

2. Polyamidoamine (PAMAM) dendrimer conjugates with a-CyDs
(a-CDEs) as nucleic acid carriers

2.1. a-CDEs as plasmid (p) DNA carriers

Arima et al. prepared a variety of CyD conjugates with PAMAM dendrimers (CDE) and uti-
lized them as gene and nucleic acid drug carriers. Originally, Arima et al. prepared dendrimer
[generation 2 (G2)] conjugates with a-, f-, and y-CyDs and named them «a-, 3-, and y-CDEs
(G2), respectively [36]. Among these CDEs, a-CDE (G2) exhibited the most prominent gene-
transfer activity, showing 100-fold higher luciferase gene-transfer activity as compared with
that of dendrimer (G2) alone or its physical mixture with a-CyD in NIH3T3 cells, a mouse
embryo fibroblast cell line, and RAW264.7 cells, a mouse macrophage-like cell line. This was
attributed not only to increased levels of cellular association, but also to the augmented endo-
somal-escape ability of the pPDNA complex due to the synergy of both the proton-sponge
effect and the ability of a-CyD to disrupt the endosomal membrane. Afterward, Kihara et al.
examined the optimal dendrimer generation (G2, G3, or G4) and degree of substitution (DS)
for a-CyD in the a-CDE molecule [37]. Consequently, a-CDE (G3, DS2) showed the highest
transfection efficiency along with low cytotoxicity, which was superior to that of TransFact
and Lipofectin when tested in NIH3T3 cells. Furthermore, to elucidate the reason behind
the superior gene-transfer activity of a-CDE (G3, DS2), Arima et al. investigated the cellular
uptake, intracellular distribution, and the physicochemical properties of pPDNA complexes
involving both a-CDE (G3, DS2) and the dendrimer (G3). The particle sizes, as well as the
(-potential values, were nearly the same for both complexes. Furthermore, the enhanced
gene-transfer activity could not be explained based on cellular uptake, as the values of the
complexes with a-CDEs (G2, G3, and G4) were equivalent to those observed with their parent
dendrimers, suggesting that factors other than cellular uptake or the physicochemical proper-
ties of the a-CDE (G3, DS2)/pDNA complexes might be strongly associated with improving
gene-transfer activity. To elucidate the mechanism of cellular uptake, Arima et al. studied the
effect of different endocytosis inhibitors on the cellular uptake of fluorescein isothiocyanate-
labeled pDNA [(FITC)-pDNA] complexes with tetramethylrhodamine-5-(and 6)-isothiocy-
anate-labeled a-CDE [TRITC-a-CDE (G3)] transfection in A549 cells, ultimately using flow
cytometry and confocal laser-scanning microscopy (CLSM) to observe the colocalization of
TRITC-a-CDE (G3), FITC-endocytosis markers, and FITC-pDNA after transfection.

Consequently, after transfection of pDNA complexes, the complexes with TRITC-a-CDE
(G3, DS2) colocalized with the endocytosis markers FITC-transferrin and FITC-cholera toxin
B. Similarly, the gene-transfer activity of a-CDE (G3, DS2) was markedly lowered by the addition
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of clathrin-dependent endocytosis inhibitors (i.e., chlorpromazine and sucrose) and raft-depen-
dent endocytosis inhibitors (i.e., nystatin and filipin), but not by amiloride, the macropinocy-
tosis inhibitor. These results suggested that the main mechanism of a-CDE (G3, DS2) uptake
involved clathrin- and raft-dependent endocytosis. To confirm the release of the complex from
endosomes, we observed the intracellular distribution of the a-CDE (G3, DS2)/FITC-pDNA com-
plex by CLSM, finding that the green fluorescence originating from FITC-pDNA in the case of
the a-CDE (G3, DS2) complex was predominantly localized in the cytoplasm to a much greater
degree than that of the dendrimer system, confirming the improved capability for endosomal dis-
ruption conferred by the synergy between a-CDE and the proton-sponge effect of the dendrimer.

Moreover, in vivo studies of a-CDE (G3, DS2), as well as dendrimer complexes with pDNA,
were evaluated after intravenous administration of 50 ug pDNA/mouse at a charge ratio of
10. After 12 h, organs were collected, and pDNA levels in various organs were determined.
The results showed that a-CDE (G3, DS2) delivered pDNA more efficiently in the liver and
kidney; however, the highest gene-expression levels were observed in the spleen. Blood-
chemistry data related to a-CDE administration, including aspartate aminotransferase (AST),
lactate dehydrogenase (LDH), blood urea nitrogen (BUN), alanine aminotransferase (ALT),
and creatinine (CRE) concentrations, showed minor changes as compared with those asso-
ciated with the dendrimer [38]. These results suggested potential use of a-CDE (G3, DS2)
as a safe and promising non-viral pDNA vector, although additional modifications of the
a-CDE (G3, DS2) chemical structure were required to improve its nuclear translocation enable
improved gene-expression results [39].

2.2. a-CDE (G3) as siRNA carriers

Assessment of the siRNA-carrier ability of a-CDE (G3, DS2) was performed by Tsutsumi et al.
using a luciferase-reporter system [40, 41]. Their results showed significant reductions in the
luciferase activity of the a-CDE (G3, DS2) system as compared with that observed in the con-
trol and accompanied by negligible cytotoxicity after transfection with the ternary complex
PDNA/siRNA/a-CDE (G3, DS2). In this study, a-CDE (G3, DS2) showed superior transfec-
tion efficiency relative to that of the dendrimer and other commercially available transfection
reagents. Additionally, they observed that the complex localized exclusively to the cytoplasm,
where RNAi-related activity occurs, and as a result of the lack of a nuclear-translocation
moiety in a-CDE (G3, DS2). Tsutsumi et al. also reported efficient knockdown of the fire-
fly luciferase gene using a a-CDE (G3, DS2)/siRNA binary system accompanied by negli-
gible cytotoxicity as compared with the use of siRNA complexes with commercially available
transfection reagent (Lipofectamine 2000 and RNAiFect). Furthermore, the physicochemical
properties, local irritation, cytotoxicity, interferon response, cellular uptake, and intracellular
distribution of the siRNA complexes, as well as the RNAi activity associated with the a-CDE
(G3, DS2)/siRNA complex, were evaluated on endogenous gene-expression in Colon-26-luc
and NIH3T3-luc cells stably expressing the pGL3 luciferase gene. The results revealed potent
RNAI activity against Lamin A/C and Fas expression along with minor cytotoxicity as com-
pared with commercial transfection agents [40]. Additionally, siRNA complexed with a-CDE
(G3, DS2) was protected from degradation by serum nucleases. Intriguingly and somewhat
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similar to results observed with the a-CDE (G3, DS2)/pDNA complex, a-CDE (G3, DS2)/FITC-
siRNA was delivered exclusively to the cytoplasm in NIH3T3-luc cells. Additionally, when
this system was applied in vivo in mice bearing Colon-26-luc tumors, a-CDE (G3, DS2)/siGL3
(siRNA against pGL3 gene) showed potent RN A activity against pGL3 expression after intra-
venous, as well as intratumoral, injection. Moreover, the siRNA complex neither triggered
the immune response nor changed blood-chemistry data, indicating its safety. These results
suggested the potential of a-CDE (G3, DS2) as a novel siRNA-carrier candidate for both in
vivo and in vitro applications.

2.3. a-CDE (G3) as shRNA carriers

To improve upon and prolong the duration of RNAi-mediated gene knockdown, vector-
based shRNA-expression systems were developed [42]. Upon shRNA transfection into mam-
malian cells, the insert containing the vector is transferred to the nucleus, integrated into
the host genome, expressed, and quickly processed by Dicer-dependent cleavage and loaded
into the RNA-induced silencing complex, which is then directed to the target mRNA, result-
ing in its degradation. A previous study demonstrated the potential of a-CDE (G3, DS2)
as a novel carrier of pPDNA expressing shRNA [43]. In this study, the authors used pDNA
expressing shRNA against the pGL3 firefly luciferase gene (shGL3). Even at a low charge
ratio, a-CDE (G3, DS2) capably formed a stable condensed complex with shGL3 and induced
the conformational transition of shRNA in solution from B-form to the more compact C-form
DNA. Furthermore, a-CDE (G3, DS2) markedly inhibited shGL3 degradation by DNase L, and
the a-CDE (G3, DS2)/shGL3 complex showed the most potent RNAi activity at a charge ratio
of 20 along with negligible cytotoxicity and without off-target effects in A549 cells, a human
alveolar adenocarcinoma cell line, while also transiently expressing the luciferase gene in
NIH3T3-luc cells. Moreover, the addition of sufficient amounts of siGL3 along with a-CDE
(G3, DS2)/shGL3 dramatically enhanced the RNAi activity, which was ascribed to the stabi-
lizing effect of a-CDE (G3, DS2) against DNase I degradation of the sShRNA accompanied by
negligible cytotoxicity. These results suggested that a-CDE (G3, DS2) possessed the potential
to be a novel shRNA carrier.

2.4. Functionalized a-CDEs as cell-specific DNA and siRNA carriers

In the early 1900s, the German Noble laureate Paul Ehrlich first introduced the concept of
targeted drug delivery [44, 45]. At that time, he called it the “magic bullet”, as it was able to
deliver the drug specifically to microbes (such as bacteria) without harming the body. His
continuous research eventually led to the development of the first effective drug against syph-
ilis (Salvarsan). The primary aim of targeted drug-delivery systems is to increase the concen-
tration of the medication in specific areas of the body relative to others, thereby improving
its therapeutic index and reducing cytotoxicity. Various approaches have been adopted to
target medications to the disease site [46, 47] with many compounds internalized inside of
cells via receptor-mediated endocytosis. Receptor-mediated techniques use ligands attached
to polyplexes to transfect cells with selected genes. Endocytosis is then mediated by various
receptors, such as asialoglycoprotein receptor (ASGPR), mannose receptor (ManR), fucose
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receptor (FucR), and folate receptor (FR). However, despite the advantages offered by such
systems, some drawbacks exist, including immune reactions against the carriers and rapid
disposition of the carriers, as well as redistribution of the drugs after their release from the
carriers [48]. Therefore, Arima et al. focused on how to improve CDEs for efficient delivery of
gene and nucleic acid drugs to various organs through the attachment of various ligands to
existing CDEs to aid the process of receptor-mediated endocytosis.

2.4.1. Galactosylated a-CDE as a hepatocyte-selective pDNA carrier

The liver consists mainly of hepatocytes (nearly 70%) and parenchymal cells. Gene- or drug-
targeting systems designed to target the liver are usually directed to hepatocytes, which
overexpress ASGPRs on their cell surface. These ASGPRs mediate the removal of poten-
tially hazardous glycoconjugates from the blood; therefore, ASGPRs are usually targeted
using galactose residues coupled with a core molecule to enhance binding [49, 50]. Many
approaches, including but not limited to (1) intravenous injection of pDNA within liposomes
[51, 52] or via ASGPR targeting [53] and (2) intra-portal injection of recombinant adenovirus
[54] and retroviral vectors [55] have been adopted to deliver foreign genes in vivo to hepato-
cytes. Moreover, an in vitro system that takes advantage of ASGPR-mediated endocytosis to
transfect hepatocytes with an exogenous DNA using a soluble DNA carrier was developed
[56]. Various ASGPR-mediated gene-delivery systems using different polymers have also
been described, including galactose-polyethylene glycol (PEG)-poly(L-lysine) [57], galacto-
sylated PEG-graft-polyethylenimine (PEI) [58, 59], and galactosylated chitosan-grafted-PEI
[60]. In order to attain hepatocyte-specificity and/or improve the efficacy of a-CDE as a gene-
delivery carrier, Arima et al. attached a galactose residue to form Gal-a-CDE (G2) as a novel
non-viral carrier [61]. The galactose moieties were attached to the primary amino groups
of a-CDE (G2) through a spacer consisting of a-D-galctopyranosylphenyl isothiocyanate,
achieving various degrees of substitutions of galactose (DSGs; 1, 4, 5, 8, and 15). Evaluation
of the complexation ability of the pPDNA complexes by electrophoresis showed that the Gal-
a-CDEs (G2) could form complexes with pDNA; however, complexation ability decreased
along with increasing DSG values, possibly due to decreases in free positive-charged primary
amino groups. Moreover, the ability of these carriers to protect the pDNA from degradation
by serum nucleases also decreased along with increasing DSGs, likely due to the attenuated
interactions and loss of pPDNA-condensation ability in the presence of high DSGs in the con-
jugates. Additionally, they observed that Gal-a-CDEs (G2, DSG4) elicited the most prominent
gene-transfer activity relative to that of the dendrimer (G2), and a-CDE (G2, DS2) in HepG2
cells, a human hepatoma cell line, NIH3T3 cells, and A549 cells showed no cytotoxicity up to
a charge ratio of 200. Surprisingly, this was independent of ASGPR expression, possibly due
to the inability of the spacer to properly present the galactose residue for receptor recogni-
tion. Therefore, these results suggested the potential of Gal-a-CDE (G2, DSG4) as a novel
non-viral vector independent of cell-surface ASGPR expression. It is worth mentioning that
in this study, the authors used a cancer-cell line (HepG2) and not normal hepatocytes, given
that they both express ASGPR at similar levels, and HepG2 cells are widely used by scientists
engaged in targeting studies for genes using non-viral carriers. Surprisingly, the addition of
10% fetal bovine serum (FBS) did not alter the gene transfer activity of Gal-a-CDE (G2, DSG4);
however, this activity on the part of the dendrimer (G2), as well as that of a-CDE (G2, DSG2),
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as pPDNA vectors was decreased by the addition of FBS. Additionally, after co-incubation
of Gal-a-CDE (G2, DSG4), dendrimer (G2), or Gal-a-CDE (G2, DS2) pDNA complex with
asialofetuin and galactose, only a slight decrease in gene-transfer activity was observed in
HepG2 cells, with no competitive effects. Consequently, these latter results confirmed that
the mechanism associated with the enhanced gene-transfer activity of Gal-a-CDE (G2, DSG4)
was not ASGPR-specific, but rather possibly due to other factors, such as increased stabil-
ity of the pDNA complex or changes in intracellular trafficking. Collectively, these results
suggested that Gal-a-CDE (G2, DSG4) exhibited enhanced pDNA-transport activity along
with low cytotoxicity and considerable resistance to serum-associated degradation and could,
therefore, represent an excellent non-viral gene-delivery carrier.

2.4.2. Lactosylated a-CDEs as hepatocyte-selective pPDNA and siRNA carriers

As previously mentioned, Gal-a-CDE (G2, DSG4) did not exhibit hepatocyte-specific gene-
delivery activity. Therefore, Arima et al. prepared lactose-appended a-CDEs (Lac-a-CDEs)
containing a glucose moiety as a spacer between the dendrimer and the lactose moiety [62, 63].
Of the various Lac-a-CDEs (G2) harboring different degrees of substitution of lactose (DSLs;
1.2,2.6,4.6,6.2, and 10.2), Lac-a-CDE (G2, DSL2.6) exhibited the highest gene-transfer activity
in HepG2 cells along with negligible cytotoxicity. To verify whether Lac-a-CDE (G2, DSL 2.6)
could bind to galactose-binding lectins, the association constant of Lac-a-CDE (G2, DSL2.6)
with peanut lectin was determined and compared with that of a-CDE (G2, DS2) using sur-
face plasmon resonance. The results showed that the association constant of Lac-a-CDE (G2,
DSL2.6) was 100-fold greater than that of a-CDE (G2, DS2). It was previously reported that the
dissociation constant of asialofetuin for ASGPR located on HepG2 cells is ~3.61 x 10 M [64].
These results indicated that the specific galactose-binding ability of Lac-a-CDE (G2, DSL2.6)
was maintained, although the magnitude was not as strong as that of asialofetuin. To confirm
the ASGPR-mediated gene-transfer activity of Lac-a-CDE (G2, DSL2.6), the effects of asialofe-
tuin, as a competitor on this activity, was examined in HepG2 cells. The results revealed that
the gene-transfer activity of Lac-a-CDE (G2, DSL2.6) was significantly suppressed by asialofe-
tuin, and that cellular association of the Lac-a-CDE (G2, DSL2.6)/Alexa-pDNA complex was
markedly reduced in the presence of asialofetuin. However, no inhibitory effect of asialofetuin
was observed on the activity of a-CDE (G2, DS2)/Alexa-pDNA in HepG2 cells. These results
indicated that the gene-transfer activity of Lac-a-CDE (G2, DSL2.6) was mediated by ASGPR
endocytosis. Arima et al. then evaluated the ability of Lac-a-CDE (G2, DSL2.6) to deliver pPDNA
in vivo using the pGL3 luciferase system in mice. The complexes were intravenously injected
into mice, and after 12 h, luciferase activity was determined. They observed that luciferase
activity in the Lac-a-CDE (G2, DSL2.6) system was significantly higher than that observed in
the a-CDE (G2) system in the liver. Furthermore, to estimate the safety profile of Lac-a-CDE
(G2, DSL2.6), the effect of its pPDNA complex on blood-chemistry data, such as CRE, BUN, AST,
ALT, and LDH concentrations, was analyzed following intravenous administration to mice. The
ALT concentration in the Lac-a-CDE (G2, DSL2.6) system, as well as in the jetPEI-hepatocyte
system, was slightly elevated (no significant difference) as compared with that observed in the
control. By contrast, all other parameters in the Lac-a-CDE (G2, DSL2.6) system were almost
equivalent to those of controls. These results strongly suggested that Lac-a-CDE (G2, DSL2.6)
exhibited hepatocyte-specific gene-transfer activity along with a good safety profile in vivo.
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Recently, Hayashi et al. prepared a PEGylated Lac-a-CDE [PEG-LaC (G3)] to improve in vivo
gene-transfer activity by enhancing complex stability, as well as prolonging the half-life in
circulation [62]. Of the various PEG-LaCs (G3), those with degrees of substitution of the PEG
moiety (DSPs) of 2.1 [PEG-LaC (G3, DSP2.1] showed higher luciferase gene-transfer activity
than other PEG-LaCs (G3, DSP4.0 and DSP6.2) in HepG2 cells along with negligible cyto-
toxicity up to a charge ratio of 50. Additionally, its gene-transfer activity decreased in the
presence of asialofetuin, whereas it retained significantly higher gene-transfer activity, even
in the presence of 50% serum. Additionally, PEG-LaC (G3, DSP2.1) showed selective gene-
transfer activity into hepatic parenchymal cells rather than hepatic non-parenchymal cells
in vivo. Furthermore, blood-chemistry values, such as CRE, BUN, AST, ALT, and LDH con-
centrations, following administration of the PEG-LaC (G3, DSP2.1)/pDNA complex system
were almost equivalent with those in controls, suggesting that PEG-LaC (G3, DSP2.1) showed
potential as a hepatocyte-selective gene carrier both in vitro and in vivo.

The potential of PEG-LaC (G3) as a siRNA carrier was also evaluated (unpublished data),
with an siRNA against transthyretin (TTR) mRNA (siTTR) used to treat TTR-related familial
amyloidotic polyneuropathy (TTR-FAP). The results indicated that the PEG-LaC (G3)/siTTR
complex significantly reduced TTR mRNA expression in the liver as compared with the Lac-
a-CDE (G3)/siTTR complex, suggesting the potential use of PEG-LaC (G3) as a hepatocyte-
selective siRNA carrier (Figure 2).
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Figure 2. PEG-LaC (G3) as a targeting carrier for siTTR delivery to hepatocytes.
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2.4.3. Mannose and fucose-appended a-CDEs as Kupffer cell (KC)-selective pDNA and siRNA
carriers

KCs are reticuloendothelial cells that reside within the lumen of the liver sinusoid and adhere
to endothelial cells that form blood-vessel walls. These non-parenchymal cells represent ~15%
of the total liver cells in the human body [65] and are the first macrophages that come into
contact with bacteria and bacterial toxins derived from the gastrointestinal tract [66]. KCs
also play a critical role in removing harmful materials circulating in the blood. Moreover,
KCs are considered an essential part of innate immunity and play an important role in the
rapid response to threatening stimuli. They are also involved in the pathogenesis of differ-
ent liver diseases, including viral hepatitis, alcoholic liver disease, non-alcoholic fatty liver,
development of liver fibrosis, and portal hypertension [67]. Importantly, KCs express ManR
and FucR; therefore, both fucose and mannose can be used as targeting ligands on KCs used
for nucleic acid delivery [68].

Arima et al. prepared mannose-appended a-CDEs (Man-a-CDE, G2) [39] to develop ManR-
targeted non-viral carriers by attaching mannose residues to primary amino acid residues of
a-CDE (G2) using an a-D-mannopyranosylphenyl isothiocyanate spacer. Of the various Man-
a-CDEs (G2) with degrees of substitution of mannose (DSMs) of 1.1, 3.3, 4.9, and 8.3, Man-a-
CDEs (G2, DSM3.3 and DSM4.9) showed higher gene-transfer activity as compared with that
of dendrimer (G2) and a-CDE (G2) in NR8383 cells, a rat lung macrophage cell line, with no
cytotoxicity observed up to charge ratio of 200 (carrier/pDNA). However, Man-a-CDE (G2)
also showed high gene-transfer activity in A549 cells [ManR (-)], suggesting its low selectivity
for ManR, possibly due to the rigidity of the spacer.

More recently, Arima et al. prepared a new Man-a-CDE with a a-D-mannopyranosylprop
ylthiopropionylated a-CDE (G3) spacer [Man-5-a-CDEs (G3)], which was longer and more
flexible than that in Man-a-CDE [69, 70]. In this study, nuclear factor (NF)-kB was targeted
due to its important role in the inflammatory response, and because it is found in almost all
animal cell types. Therefore, to suppress NF-kB activation, NF-kB siRNA and NF-«kB-decoy
DNA were employed, with both strategies potentially attractive for the treatment of cytokine-
related liver diseases, such as fulminant hepatitis. Of the various Man-S-a-CDEs with differ-
ent DSMs, the NF-kB p65-specific siRNA (sip65) complex with Man-S-a-CDE (G3, DSM4)
showed significantly lower NF-kB p65 mRNA levels and nitric oxide levels in lipopolysac-
charide (LPS)-stimulated NR8383 cells following ManR-mediated endocytosis (Figure 3).
Intravenous administration of the Man-S-a-CDE (G3, DSM4)/sip65 complex increased the
survival rate of the LPS-induced fulminant hepatitis mouse model via significant in vivo RNAi
activity. These results suggested that Man-S-a-CDE (G3, DSM4) represented a potential novel
KC-selective siRNA carrier.

Several reports demonstrated that NF-kB-decoy complexes harboring a liposome-function-
alized fucose moiety showed higher gene-transfer efficiency as compared with mannose-
appended liposomes specific for KCs [71, 72]. Therefore, Akao et al. prepared thioalkylated
fucose-appended a-CDEs [Fuc-S-a-CDE (G2)] and assessed their potential as KC-selective
carriers of decoy DNA (Figure 4) [73]. The NF-kB-decoy in complex with Fuc-S-a-CDE (G2)
with an average degree of substitution of fucose (DSFuc) of two suppressed the production of
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nitric oxide, as well as tumor necrosis factor-a (TNF-a) expression, in LPS-simulated NR8383
cells through FucR-mediated cellular uptake and successful endosomal escape. This complex
also improved survival rates following intravenous injection into a fulminant hepatitis mouse
model. Moreover, Fuc-S-a-CDE (G2, DSFuc2)/NF-kB decoy complexes showed marked accu-
mulation in the liver relative to that observed in other organs. Furthermore, serum ALT and
AST levels, as well as TNF-a levels, significantly decreased after intravenous administration
of the complex in mice with fulminant hepatitis. These results suggested the potential of the
Fuc-S-a-CDE (G2)/NF-kB decoy complex as an oligonucleotide therapy for fulminant hepati-
tis. There are many other receptors available for KC-specific drug targeting, including galac-
tose receptors, scavenger receptors, CD36, lol-density lipoprotein receptor, and complement
receptors [74]; therefore, future studies on the utility of fucose in this context should focus on
its efficacy with different ligands.
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Figure 3. Man-S-a-CDE (G3) as a KC-specific targeting carrier via ManR.
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2.4.4. Folate PEG-appended a-CDEs as cancer-cell-selective pPDNA and siRNA carriers

To achieve maximum effective therapeutic effects against cancer using siRNAs, the design
of tumor-selective delivery systems is extremely crucial. Folic acid has often been used as
a tumor-specific ligand [75, 76], because it is relatively affordable as compared with other
cancer-targeting ligands and is capable of high-affinity interactions with the FR-a receptor

Fuc-5-a-CDE/NF-xB

Fuc-S-a-CDE/NF-xB decoy complex
decoy complex

FucR-mediated
phagocytosis

ManR-mediated
phagocytosis

% -x~ HF-I-:E I’Jirll:_iing :-_i.:iIE_'!

Nuclear translocation

Hepfitis

Figure 4. Fuc-S-a-CDE (G2) as targeting decoy DNA carrier to KCs.
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expressed on the surface of many cancer cells (k, > 10°-10"° M). FR-a is highly expressed in
several tumor cells, including those associated with lung, ovary, breast, kidney, and brain
cancers, and is negligibly expressed in normal tissues. Additionally, as the cancer progresses
in stage, the FR-at expression increases substantially. Therefore, folic acid is considered an
ideal candidate cancer-cell-selective ligand.

Arima et al. prepared a folic acid-appended a-CDE (G3) with a PEG spacer [Fol-PaC (G3)]
to fabricate a cancer-selective gene and siRNA carrier. Fol-PaC (G3) showed selective FR-a-
overexpressing tumor-cell gene-transfer activity [77]. Specifically, Fol-PaC (G3) with an aver-
age degree of substitution of folate (DSF) of five showed significantly higher gene-transfer
activity as compared with that of a-CDE (G3) in KB cells [FR-at (+)], but not in A549 [FR-a ()]
cells along with negligible cytotoxicity. Moreover, Fol-PaC (G3, DSF5) showed higher gene-
transfer activity than a-CDE (G3) after intratumoral injection in mice bearing tumors.

The potential of Fol-PaC (G3) for delivery of siRNA to FR-a-overexpressing cancer cells was
evaluated [78], showing that Fol-PaC (G3, DSF4) exhibited high siRNA-transfer activity in
KB cells [FR-a (+)] in the absence of cytotoxicity up to a charge ratio of 100 (carrier/siRNA).
Notably, the Fol-PaC (G3, DSF4)/siRNA complex showed significant RNAi activity following
intratumoral injection; however, this was not the result of its dissociation in blood.

Ohyama et al. then prepared Fol-PaCs using a higher-generation dendrimer (G4) and evalu-
ated their potential as tumor-targeting siRNA carriers in vitro and in vivo [79]. The Fol-PaC
(G4, DSF2)/siRNA complex showed prominent RNAI activity based on adequate physico-
chemical properties, FR-a-mediated endocytosis, efficient endosomal escape, and siRNA
delivery to the cytoplasm along with negligible cytotoxicity (Figure 5). Most importantly, Fol-
PaC (G4, DSF2) showed improved siRNA-specific blood-circulating ability, serum stability,
and in vivo RNAI activity as compared with those observed with Fol-PaC (G3). Additionally,
Fol-PaC (G4, DSF2) in complex with siRNA against Polo-like kinase 1 (siPLK1) suppressed
tumor growth as compared with that observed using a control siRNA complex in mice bear-
ing colon-26 tumor cells. These results suggested that Fol-PaC (G4) represented a potential
novel tumor-targeting siRNA carrier in vitro and in vivo.

2.5. 6-0-a-(4-O-a-D-glucuronyl)-D-glucosyl (GUG)-B-CDE as a pDNA and siRNA
carrier

Arima et al. clarified the importance of a spacer between the dendrimers and the targeting ligands
for providing cell-specific pDNA delivery [78, 80]. However, the effect of a spacer between
the CyD and the dendrimer on the gene-transfer activity of the CDE remained unknown.
Consequently, a new CDE was prepared (GUG-B-CDE) utilizing a glucuronyl-glucosyl group
as a spacer between the CyD and the dendrimer. Additionally, GUG--CyD has many advan-
tages over the parent 3-CyD, including higher water solubility, lower hemolytic activity, and
increased bioadaptability [81]. Moreover, it contains a carboxyl group capable of interacting with
primary amino groups present in dendrimers. Of the various GUG-f3-CDEs (G2) having differ-
ent DS values, GUG-$-CDE (G2, DS1.8) showed higher gene-transfer activity in vitro as com-
pared with other GUG-p-CDEs (DS1.2, DS2.5, and DS4.5) [82]. Additionally, GUG-p-CDE (G2,
DS1.8) showed higher gene-transfer activity relative to that of a-CDE (G2, DS1.2) and (3-CDE
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Figure 5. Fol-PaC (G4) as a targeting-siRNA carrier to folate-expressing tumor cells.

(G2, DS1.3) in A549 cells and RAW264.7 cells, respectively, possibly due to the pPDNA complex
exhibiting an increased ability to escape endosomes and a high degree of nuclear localization [39,
83, 84]. Moreover, in vivo GUG-p-CDE (G2, DS1.8) gene-transfer activity was much higher than
that of a-CDE (G2, DS1.2) or 3-CDE (G2, DS1.3) in kidney at 12 h after intravenous injection of the
complexes in mice [85]. Therefore, GUG-(3-CDE (DS1.8) might have potential as a pDNA carrier
for gene-transfer targeting the kidney. Furthermore, no cytotoxicity was observed in A549 cells
or RAW264.7 cells up to a charge ratio of 200 (carrier/pDNA). The hemolytic activity of GUG-
-CDE (G2, DS1.8) in rabbit red blood cells was also substantially lower than that associated
with the dendrimer, and negligible changes in the blood-chemistry data were observed 12 h after
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intravenous administration of the GUG-{3-CDE (G2, DS1.8)/pDNA complex in mice. These results
strongly suggested that this complex showed a good safety profile in vivo and in vitro, and that it
might constitute an adequate carrier for gene therapy targeting kidney diseases, such as polycys-
tic kidney disease, Alport syndrome, renal cancers, glomerulonephritis, and renal fibrosis.

Additionally, Anno et al. evaluated the potential of GUG-B-CDE (G2) as a siRNA carrier. GUG-3-
CDE (G2, DS1.8) in complex with siTTR showed high RN Ai activity with no cytotoxicity in HepG2
cells. Moreover, TTR mRNA-expression levels were reduced after intravenous administration of
the complex to BALB/c mice, with only minor changes in blood-chemistry parameters, suggesting
the potential of GUG-B-CDE (G2, DS1.8) as a siRNA carrier for the treatment of TTR-FAP [86].

Moreover, Ahmed et al. prepared a GUG-B-CDE using a higher-generation dendrimer (G3)
[87]. Various GUG-f3-CDEs (G3, DS1.6, DS3.0, DS3.7, DS5.0, and DS8.6) were prepared, with
the GUG-B-CDE (G3, DS3.7)/siRNA complex showing the highest RNAi activity in KB cells
transiently expressing the luciferase gene and colon 26-luc cells stably expressing the lucif-
erase gene. Moreover, the GUG-3-CDE (G3, DS3.7)/FITC-siRNA complex showed the high-
est cellular uptake along with negligible cytotoxicity at a charge ratio of 20 (carrier/siRNA).
Additionally, cellular uptake of the GUG-3-CDE (G3, DS3.7)/FITC-siRNA complex was sig-
nificantly higher than that of the a-CDE (G3, DS2.4)/FITC-siRNA complex, suggesting GUG-
B-CDE (G3, DS3.7) as a potential effective siRNA carrier. Currently, folate-PEG-appended
GUG-B-CDEs (G3) are in development as a cancer-selective GUG-3-CDE (G3) variant.

2.6. Conclusion

In this review, we described various CDEs used as gene and oligonucleotide carriers. These
multifunctional CDEs showed great potential as carriers for DNA and nucleic acid drugs.
The advantages of these CDEs included (1) low cytotoxicity; (2) facile modification of various
targeting ligands and polymers, such as PEG; and (3) enhanced endosomal-escape ability via
the synergistic action of the proton-sponge effect in the dendrimer and the interaction of CyD
with membrane lipids. Therefore, these CyD-based carriers have the potential for utilization
as multifunctional carriers for pPDNA, siRNA, decoy DNA, and shRNA.
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Abstract

The essential oils normally had low physicochemical stability and low solubility in water.
These facts limit their industrial applications in general and in food formulations particu-
larly. This chapter characterizes the physicochemical properties and the antioxidant and
antimicrobial activities of three encapsulated essential oils — guava leaf, yarrow and black
pepper essential oils — in hydroxypropyl-f-cyclodextrin (HPBCD).

Keywords: essential oils, cyclodextrins, food technology applications, pharmacological
applications, antioxidant activity, antimicrobial activity

1. CDs in food science and food technology

There is much interest in manipulating the complex-forming ability of cyclodextrins (CDs)
with a view to developing applications [1-10]. In the last years, several reviews describing
the use of CDs in food and flavor applications have been published [5, 6, 11-16]). CDs have
been recommended for applications in food processing and as food additives with a variety of
aims: (i) to protect lipophilic food components that are sensitive to oxygen and light- or heat-
induced degradation; (ii) to solubilize food colorings and vitamins; (iii) to stabilize fragrances,
flavors, vitamins, and essential oils against unwanted changes; (iv) to suppress unpleasant
odors or tastes and (v) to achieve a controlled release of certain food constituents.

Indeed, CDs form inclusion complexes with a variety of molecules including fats, flavors and
colors. For instance, they are used for the removal and masking of undesirable components and
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controlled release of desired food constituents [17]. Moreover, CDs are used in food formula-
tions for flavor protection or flavor delivery [18]. Most natural and artificial flavors are volatile
oils or liquids, and complexation with CDs provides a promising alternative to the conventional
encapsulation technologies for flavor protection. CDs act as molecular encapsulants, protect-
ing the flavor throughout many rigorous food-processing methods such as freezing, thawing
and microwaving. 3-CD as a molecular encapsulant allows the flavor quality and quantity to be
preserved to a greater extent and longer period compared to other encapsulants and provides
longevity to the food item [19]. In Japan, CDs have been approved as “modified starch” for food
applications for more than two decades, serving to mask odors in fresh food and to stabilize fish
oils. One or two European countries—for example, Hungary —have approved y-CD for use in
certain applications because of its low toxicity. It was proved that CDs may alter the sensory pro-
file of a food and the flavor release depends of the CD type [20], the temperature [21] and may
depend the solvent nature that is, water, water/alcohol mixtures, etc. [22]. Their beneficial effects
essentially derive from the ability to form stable inclusion complexes with sensitive lipophilic
nutrients and constituents of flavor and taste, making easy to prepare powdered flavor materials
[23-25] and even to release such flavors during cooking [26]. Toxicological data are examined
and an assessment of CDs from the standpoint of safety for human consumption is made [27].
Regulations are covered, showing a general trend toward a wider acceptance of CDs as food
additives. The growing health consciousness of consumers and expanding market for functional
foods and nutraceutical products are opening up to CDs a promising future in food industry [11].

The complexation of CDs with sweetening agents such as aspartame stabilizes and improves
the taste. It also eliminates the bitter aftertaste of other sweeteners such as stevioside, glycyr-
rhizin and rubusoside. CD itself is a promising new sweetener. Enhancement of flavor by CDs
has been also claimed for alcoholic beverages such as whisky and beer [28]. The bitterness
of citrus fruit juices is a major problem in the industry caused by the presence of limonoids
(mainly limonin) and flavonoids (mainly naringin). Cross-linked CD polymers are useful to
remove these bitter components by inclusion complexation [29]. CDs are also used to control
bitterness in tannins, plant and fungal extracts; skim milk hydrolyses and overcooked tea and
coffee [30]. They can also be used to keep the profile of oil volatiles in paste samples that were
vacuum- or spray-dried [31, 32], due to their high encapsulation efficiency. The most preva-
lent use of CD in process aids is the removal of cholesterol from animal products such as eggs
or dairy products, like cheese [33]. CD-treated material shows 80% removal of cholesterol.
Free fatty acids can also be removed from fats using CDs, thus improving the frying property
of fat (e.g., reduced smoke formation, less foaming, less browning and deposition of oil resi-
dues on surfaces) [30]. Fruits and vegetable juices are also treated with CD to remove phenolic
compounds, which cause enzymatic browning. In juices, polyphenol oxidase converts the
colorless polyphenols to colored compounds and addition of CDs removes polyphenoloxi-
dase from juices by complexation. Sojo et al. [34] studied the effect of CDs on the oxidation of
o-diphenol by banana polyphenoloxidase and found that CDs act as activator as well as inhib-
itor. By combining 1-4% CD with chopped ginger root, Sung [35] established that it could
be stored in vacuum at cold temperature for 4 weeks or longer without browning or rotting.

Other studies describes the development of a gas chromatography-mass spectrometry (GC-
MS) library to identify optically active compounds in the flavor and fragrance field using
enantioselective GC with CD derivatives (CDs) as chiral selectors in combination with MS
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[36, 37], but also olfactometry can be used for detection to have extra information about fla-
vors [38]. The ability to separate and quantitate enantiomers at low levels should be useful
for detecting adulterated products, for evaluating fermentation processes and for the accurate
characterization of enantiomeric flavor components, growth regulators, pesticides, and herbi-
cides as well as their chiral environmental degradation products and metabolites [39].

Flavonoids and terpenoids are good for human health because of their antioxidative and anti-
microbial properties but they cannot be utilized as foodstuff owing to their very low aqueous
solubility and bitter taste. Sumiyoshi [40] discussed the improvement of the properties of
these plant components (flavonoids and terpenoids) with CD complexation. CDs are used in
preparation of foodstuffs in different ways. For example, highly branched CDs are used in
flour-based items like noodles, pie dough, pizza sheets and rice cakes to impart elasticity and
flexibility to dough [41]. They are also used in the preparation of antimicrobial food preser-
vatives containing trans-2-hexanalin in apple juice preparation [42] and in the processing of
medicinal mushrooms for the preparation of crude drugs and health foods. CDs are used in
the preparation of controlled release powdered flavors and confectionery items and are also
used in chewing gum to retain its flavor for longer duration, a property highly valued by cus-
tomers [43]. CDs are also used in the detection of aflatoxin in food samples [44].

A large variety of commercial encapsulation practices are currently followed, however, those
involving the formation of flavor/CD molecular-inclusion complexes offer great potential for
protection of volatile and labile flavoring materials present in a multicomponent food sys-
tem throughout many rigorous food-processing methods (cooking, pasteurization, etc.) [14,
45-47]. In the same way, CDs can eliminate some taste. In fact, a bitter taste is the main rea-
son for the rejection of various food products although exceptions to this rule are rooted in
many cultures: in some foods and beverages, such as coffee, beer, and wine, a certain degree
of bitterness is expected [2, 48-51]. Bitterness, however, has proved a major limitation in the
acceptance of commercial citrus juices. A commercial process is needed that removes bitter
components without adding anything to the juice, while still maintaining the expected fla-
vor and nutritional value of the product. CDs can be used for the removal or masking of
undesirable components. Some foods have a peculiar smell, but, when CDs are added in their
manufacture, these components form CD-inclusion complexes deodorizing the result product.
For instance, this process is used for deodorizing soybean milk and soy protein, and also for
removing the peculiar fish odors, seafood and meat products [52-54]. On the other hand, the
formation of inclusion complexes with CDs can protect some lipophilic food components that
are sensitive to oxygen and heat- or light-induced degradation [55]. In addition, CDs protected
phenolic compounds from enzymatic oxidation by forming inclusion complexes [56-59].

2. Essential oils

Both in vitro and in vivo studies have demonstrated the important applications of essential
oils, such an antioxidant or antibacterial activity, even antitumor or anti-inflammatory, with
important technological applications in food science and pharmacology [60-64]. Indeed the
presence of eugenol, carvacrol or thymol as main component of these oils guarantee their
properties both antioxidants and antibiotics (Figure 1).
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Figure 1. Main components of essential oils [60].

As example, in the present chapter we have selected some essential oils to characterize their
inclusion complex in (hydroxypropyl--CD) (Figure 2). They were black pepper essential oil,
guava essential oil and yarrow essential oil.

Black pepper (Piper nigrum L.) is considered the king of spices because of its pungent of pip-
erine [65]. It can be used for different purposes such as medicine, human dietaries, preserva-
tives and bio control agents [65-67]. It has been already reported that essential oil from black
pepper possess antioxidant [68] and antimicrobial activities [69]. Black pepper oil is basically
composed of terpenes, which have been found to be B-caryophyllene, limonene, d-3-carene
and pinene (Figure 3) [68, 70]. The major composition of black pepper oil was found to be
[-caryophyllene [68, 70]. Nevertheless, some active compounds in essential oils are sensitive
toward the chemical modification under effect of some external factors such as temperature,
light, oxygen, etc. [71]. Besides, to apply in foods, an extremely low flavor threshold of essen-
tial oils can drastically change the sensory properties of foods, and highly water insoluble
may have limited contact with pathogens [72].

Guava (Psidium guajava L.) has been used as a traditional medicine because of its biologi-
cal properties [73-75]. Essential oil from guava leaves contains several bioactive compounds,
which are responsible for anti-proliferation, antioxidant and antimicrobial activities [76, 77].
Limonene, (3-caryophyllene, 1,8-cineole and a-pinene are the major constituents (Figure 4)
[78, 79]. However, essential oils have some limitations for food applications. Their low solu-
bility in water limits contact with food pathogens in aqueous matrices [72]. Besides, some
active compounds in essential oils are sensitive to chemical modifications under the effect of
external factors such as temperature, light or oxygen [71].
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Figure 2. (2-Hydroxypropyl)-3-CD.
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Figure 5. Main components of yarrow [87].

Yarrow (Achillea millefolium L. s. 1.) has a broad spectrum of pharmacological activities. It is
widely used in folk medicine [80]. In Europe, it has been used as a remedy to treat digestive
problems, diabetes, hepatic-biliary diseases, amenorrhea, and consumed for its antitumor
and anti-inflammatory properties [81-83]. In addition, antimicrobial and antioxidant proper-
ties of yarrow have also been reported [84-86]. Chemical components of yarrow essential oil
have been found to be carvacrol, linalool, 1,8-cineole, camphor and thymol was mostly found
as a major component (Figure 5) [87]. However, some active chemical components of yarrow
oil (such as carvacrol and thymol) are sensitive to environmental factors such as, light, oxygen
and temperature. Encapsulation of yarrow essential oil could offer possible solutions for the
limitation.

3. CDs and essential oils

The use of CDs for the essential oils encapsulation can protect the active compounds of essen-
tial oils from environmental conditions [13, 14] and improve the aqueous solubility of essential
oils for increasing their capacity to functionalize the products in which it is used as addi-
tive [88]. As quote above, CDs are cyclic oligosaccharides consisting of glucopyranosyl units
linked by a-(1,4) bonds [89]. The widely used natural CDs are a-, - and y-CD consisting of
6, 7 and 8 glucopyranose units, respectively [90, 91]. These molecules have a unique structure
with a hydrophobic cavity and a hydrophilic surface, which can form inclusion complex with
a wide variety of guests. They can be used to enhance the solubility of insoluble compounds,
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stabilize labile guests against oxidation, control volatility and sublimation, modify taste by
masking off flavors, entrap odors and control the releasing of drugs and flavors [92]. Among
those CDs, $-CD is the most widely applicable kind because of its suitable cavity size for
common guests with molecular weights between 200 and 800 g/mol and its availability and
reasonable price [93]. Although (3-CD can be used with many guests, its solubility in water is
low (1.8 g in 100 mL water at 25°C). In some cases, there is a need to enhance water solubility
of 3-CD by adding the hydroxyl-alkyl groups on the (3-CD surface. A hydroxyl-alkylated or
hydroxypropyl-g-CD derivative (HPBCD) is relatively high aqueous solubility (above 60 g in
100 mL water at 25°C) with low toxicity and satisfactory inclusion ability [94].

On the other hand, encapsulation of essential oils or their chemical components with CDs
or CD derivatives for improvement of biological properties have been observed [5, 95-98] or
their antimicrobial activity [99].

Indeed, a large amount of contributions about technologic applications of CD-inclusion com-
plex of essential oils and their main components has been published in the last 10 years, some
of them are included in Table 1.

Essential 0il ~ Guest References Essential oil Guest References
component

Black pepper  Hydroxypropyl-3-CD  [100] Allyl isothiocyanate a-CD [101]

essential oil

Cinnamon p-CD [99, 102, Allyl isothiocyanate p-CD [101, 104]

essential oil 103]

Citronella oil  -CD [105] Barbigerone Hydroxypropyl-g-CD  [106]

Clove bod oil  3-CD [99, 107] Carvacrol B-CD [108, 109]

Coriander p-CD [71] Carvacrol Hydroxypropyl--CD  [110]

essential oil

Garlic oil p-CD [102, 111] Cinnamaldehyde B-CD [99, 103]

Guava leaf oil Hydroxypropyl-3-CD  [112] Citronellal B-CD [105]

Lemon oil B-CD [113] Citronellol B-CD [105]

Olive leaf 0il  B-CD [114] Eugenol p-CD [99, 115-118]

Oregano p-CD [107, 119] Limonene p-CD [120]

essential oil

Thyme p-CD [121,122] 2-Nonanone p-CD [123]

essential oil

Sweet basil B-CD [124] Thymol B-CD [103, 109,

essential oils 121]

Yarrow Hydroxypropyl--CD  [125] Vanillin B-CD [126, 127]

essential oil

Table 1. Contributions abut host-guest complex formation between CDs and CDs derivatives and essential oils.
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3.1. Encapsulation efficiency

As quoted above, we present the encapsulation efficiency of three essential oils (guava oil,
yarrow oil and black pepper oil) in hydroxypropyl-3-CD (HPBCD).

In the case of yarrow oil and carvacrol (yarrow oil major component), there efficiency were
45.05 and 86.59%, respectively [125] see Table 2. Black pepper [100] exhibit similar behav-
ior with efficiency of 50.55 and 85.30, respectively, for essential oil and its main component
(B-caryophyllene). Finally, guava leaf oil encapsulation efficiency was 52.5%, while it reached
91.8% for limonene, the major pure compound of guava leaf oil [112].

This difference in encapsulation efficiency of the pure compound and the essential oil results
from the presence of other minority components. In the case of yarrow oil and carvacrol [125],
the other components like 1,8 cineole, thymol, camphor and linalool have also high affinities
for CD [6, 121, 128-132] that compete for inclusion complex formations. Kamimura et al. [110]
reported that the encapsulation efficiency values of pure carvacrol in HPBCD prepared by
kneading and freeze-drying methods were around 78 and 84 %, respectively.

Similar explanation would justify the diferences in encapsulation efficiency of the pure com-
pound and the black pepper oil [100] because the presence of other components in the black
pepper oil such as limonene, d-3-carene and pinene [68] that also have high affinities for
HPBCD. In the case of guava leaf oil [112], the large values found are due to minority com-
ponents, such as f-caryophyllene, 1,8-cineole and a-pinene, exhibit low affinity for the -CD
that are not easily encapsulated and the competition between the other host for the guest in
not so important.

Similar observation has been reported for other authors in the literature [99] showing that
encapsulation efficiencies of cinnamon oil and clove oil were 41.72 and 77.74%, respectively.
The encapsulation efficiencies of major components including trans-cinnamaldehyde in cin-
namol oil and eugenol in clove oil were also examined and showed higher encapsulation
efficiency of 84.70 and 90.15%, respectively. In addition, comparable values of encapsulation
efficiency were found in other carriers such as alginate-chitosan system. In this case, the yar-
row oil components exhibited 82.4% efficiency of polyphenol encapsulation [133, 134].

Compound Encapsulation efficiency (%) Compound Encapsulation efficiency (%)
Black pepper oil 50.55 {-caryophyllene 85.30
Yarrow oil 45.05 Carvacrol 86.59
Guava leaf oil 52.50 Limonene 91.80
Cinnamon oil 41.72 Cinnamaldehyde 84.70
Clove oil 77.74 Eugenol 90.15

Table 2. Encapsulation efficiency value in HPBCD.
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3.2. Characterization of host-guest complex
3.2.1. Morphological examinations

It is well known that the inclusion complex formation would change the morphology of CDs
[135]. Figure 6 presents the morphology of the encapsulated oils studied by SEM.

The particle shape and morphology of the encapsulated oil were similar to those of free
HPBCD in the cases evaluated — guava, yarrow and black pepper — see Figure 7. It indicates
the hydrogen bonding of the free HPBCD molecules interact with each other in solution pro-
ducing the cluster of HPBCD [136, 137]. This case not occurs in inclusion complex because
inclusion complex formation also induces the conformation change of CD and obstructs the
agglomeration among them. Similar observations have been previously reported that the dis-
tribution of inclusion complex of carvacrol and $-CD, and the gathering of free 3-CD were
also found [135].

By contrast, the free HPBCD particle sizes are much larger than those of the encapsulated
products. These results are in agreement with Guimaraes et al. [135], who analyze carvacrol
encapsulation with f-CD. Considering that HPBCD form clusters in solution through inter-
molecular hydrogen bonds [136, 137], it seems that the incorporation of different essential oils
interferes in these interactions and reduces particle size.

Figure 6. SEM micrographs of free HPBCD at 500 times magnification.
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Figure 7. SEM micrographs of encapsulated essential oils at 500 times magnification.

3.2.2. Fourier-transform infrared spectroscopy (FT-IR)

FT-IR technique can be used to investigate the variation of shape, intensity and position of
peaks [138].

FT-IR spectrum of black pepper oil consisted of the prominent absorption bands at 2954, 2923
and 2865 cm™ for C—H stretching vibration of methylene group, 1638 cm™ for H—O—H bend-
ing, 1447 cm™ for C—H scissoring vibration, 1369 cm™ for symmetrical deformation vibration
of CH,, 886 cm™ for C—H deformation vibration and 789 cm™ for S—C absorption. However,
FT-IR spectrum of the encapsulated black pepper oil showed that no character similar to the
free black pepper oil. All bands of black pepper oil spectrum were totally obscured by HPBCD
bands it was possible that black pepper oil entered the cavity of HPBCD and inclusion com-
plex was formed.

In the case of yarrow oil, its FT-IR spectrum of yarrow oil shows prominent absorption
bands at 2956 cm™ for =CH, symmetrical stretching vibration, 2926 cm™ for C—H stretching
vibration of methylene group, 2869 cm™ for —CH stretching, 1652 cm™ for H—O—H bend-
ing, 1626 cm™ for C=C stretching vibration of the allyl group, 1446 cm™ for C—H scissoring
vibration, 1380 cm™ for symmetrical deformation vibration of —CH,, 1366 cm™ for symmet-
rical deformation vibration of —CH,, 1240 cm™ and 1103 cm™ for P—O and P=0, 1022 cm™
for C—O—C stretching vibration, 916 cm™ for C—S—C stretching vibration, 875 cm™ and
865 cm™ for C—H bending of aromatic ring. The spectrum of HPBCD shows prominent
absorption bands at 3406 cm™ for O—H stretching vibration, 2970 cm™ for =CH, symmet-
rical stretching vibration, 2930 cm™ for C—H stretching vibration, 1646 cm™ for H—O—H
bending vibration, 1157 cm™ for C—O—C asymmetrical stretching vibration, 1083 cm™ and
1033 em™ for symmetric C—O—C stretching vibration [139]. FT-IR spectrum of inclusion
complex was identical to HPBCD and no feature similar to yarrow oil. The results indicated
that HPBCD covered all the absorption bands of yarrow oil in the spectrum of inclusion
complex indicating the entering to the cavity of HPBCD and the formation of inclusion
complex.
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Finally, FT-IR spectrum of guava leaf oil showed prominent absorption bands at 2921 cm™
for C—H stretching vibration of methylene group, 1642 cm™ for H—-O—H bending, 1447 cm™
for C—H scissoring vibration, 1376 cm™ for symmetrical deformation vibration of CHS3,
886 cm™ for C—H deformation vibration and 789 cm™ for S—C absorption. FT-IR spectrum
of encapsulated guava leaf oil shows no feature similar to the free guava oil. The bands of
guava leaf oil spectrum were almost completely concealed by very intense and broad bands
of HPBCD. However, the absorption band at 608 cm™ of HPBCD disappeared in encapsu-
lated guava leaf oil. This change may be related to the interaction between guava leaf oil and
HPBCD in the inclusion complex.

The inclusion complex formation of 3-CD was also investigated by Liu et al. [140] using FT-IR
analysis. The absorption bands of B-caryophyllene were not detected in the spectrum of inclu-
sion complex. The changes were related to the inclusion complex formation of 3-CD and the
guests which whole of guest could be contained in the CD cavity. Wang et al. [139] have
reported similar results. In their study, the inclusion complex formation of soybean lecithin
and 3-CD was determined by FT-IR. All the absorption bands of soybean lecithin encapsu-
lated in (3-CD were obscured by B-CD spectrum showing that inclusion complex of -CD and
soybean lecithin was formed. However, Gomes et al. [141] reported that the absorption band
at 1738 cm™ of the red bell pepper pigments was observed after encapsulation in 3-CD indicat-
ing that some region of the encapsulated molecules was not contained in the cavity of 3-CD.

3.2.3. Ultraviolet-visible spectrophotometry (UV-Vis)

Essential oils contain various bioactive chemicals, which adsorb ultraviolet (UV) or visible
light (Vis) at different wavelengths. CD host-guest complex formation would alter UV-Vis
absorption spectra [142]. Otherwise, the spectra of the guests appear in line of CD [140].
Therefore, UV-Vis spectrophotometry, evaluated the inclusion complex formation of HPBCD
and the three essential oils. The UV absorption spectra of guava leaf oil, limonene and their
inclusion complexes were compared. Indeed, maximum absorption value of guava leaf oil
was at 214.5 nm, which was mainly attributed to limonene. The absorption peak at 205 nm
corresponds to (3-caryophyllene and/or pinene. The peak at 275 nm of guava leaf oil was
ascribed to 1,8-cineole.

The spectra of the physical mixture of HPBCD with guava leaf oil and with limonene before
complexation were consistent with that of guava leaf oil or pure compound. The absorption
spectra of the physical mixture of HPBCD with guava leaf oil and with limonene were in
accordance to with the spectra of guava leaf oil and pure limonene, respectively. When the
active compounds in essential oil or the pure compound were encapsulated into the cavity
of HPPBCD, the absorption peaks of each compound disappeared in the spectra of the inclu-
sion complexes. To recover active compounds encapsulated in the HPBCD cavity, the active
compounds were extracted from HPBCD by dissolving the inclusion complexes in 95% ace-
tonitrile. The encapsulated compounds were released from the cavity of HPBCD and HPBCD
was separated from guava leaf essential oil or limonene in solution by centrifugation. The
solution was diluted 100 times with acetonitrile and the absorbance was measured by UV
spectrophotometer.
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After extraction from the inclusion complexes, the absorption peaks of encapsulated com-
pounds in guava leaf oil could be observed. In this line, besides limonene, the absorption
peaks at 205 and 275 nm suggested the presence of 3-caryophyllene and 1,8-cineole, respec-
tively. The results indicated that the active compounds in guava leaf oil had formed inclusion
complex with HPBCD. Therefore, the chemical components of guava leaf oil were success-
fully encapsulated in the HPBCD.

UV spectrum of yarrow oil shows peaks at 270-275 nm indicated the presence of carvacrol,
1,8-cineole, thymol and camphor. A minor peak at 243 nm attributed to linalool. The spectra
of the physical mixture of HPBCD with yarrow oil and with pure compound (carvacrol) con-
formed to UV spectra of yarrow oil and pure carvacrol, respectively. When the active com-
pounds in yarrow oil or carvacrol were entrapped with HPBCD, the absorption peaks of each
compound also disappeared in the spectrum of the inclusion complexes.

After extraction from the inclusion complex, the absorption peaks of entrapped compounds
in yarrow oil appeared at 270-275 nm implying carvacrol and also are 1,8-cineole, thymol,
camphor and linalool. In this study, the chemical components of yarrow oil were successfully
entrapped in the HPBCD, as in the previous case. However, the encapsulation efficiency of
yarrow oil was much lower than those of its pure compound. This was likely because the
competition of major active compound among other components in essential oil has occurred
during inclusion complex formation.

Finally, the absorption spectrum of black pepper oil was recorded with absorption peaks at 200,
205 and 214.5 nm for d-3-carene, 3-caryophyllene and limonene, respectively [140]. The maximum
absorption peak at 205 nm was ascribed to $-caryophyllene. The spectra of the physical mixture
of HPPBCD with black pepper oil and with (3-caryophyllene accorded with UV spectra of black
pepper oil and pure [-caryophyllene, respectively. When the active compounds in black pep-
per oil or the pure compound (f3-caryophyllene) were entrapped into the cavity of HPBCD, the
absorption peaks of the compounds also disappeared in the spectrum of the inclusion complex.

After extraction from the complex, the observable peaks of entrapped compounds in black
pepper oil could be seen. The spectrum of encapsulated compounds from black pepper oil
show absorption peaks at 205 and 214.5 nm indicating (3-caryophyllene and limonene, respec-
tively. The UV spectrum indicated that the chemical components of black pepper oil were
successfully entrapped in the HPBCD. As in the previous cases, the encapsulation efficiency
of active compounds of black pepper oil was much lower than those of its pure compound.
This was likely because the competition of major active compound among other components
in black pepper oil has occurred during inclusion complex formation.

3.2.4. Phase solubility

Phase solubility study is generally performed to evaluate the stability and to classify the inclu-
sion complex when they are in the solution. The phase solubility profiles can be obtained from
the interaction between the guests (encapsulated compounds) and the hosts (CDs or deriva-
tives) in the solution. In solution, a fundamental parameter such as stability constant (K ) of
inclusion complex formation can be used to evaluate the stability of the inclusion complex
[143] - see Table 3.
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Inclusion complex T/°C K/M™* Inclusion complex T/°C K/M™*
Black pepper oil-HPRCD 25 104.5 pB-caryophyllene-HPBCD 25 132.8
Black pepper oil-HPBCD 35 100.0 pB-caryophyllene-HPBCD 35 114.0
Guava leaf oil-HPBCD 25 25.0 Limonene-HPBCD 25 628.0
Guava leaf 0il-HPBCD 35 33.8 Limonene-HPBCD 35 605.9
Yarrow oil-HPRCD 25 106.6 Carvacrol-HPBCD 25 360.9
Yarrow oil-HPBCD 35 92.0 Carvacrol-HPBCD 35 309.7

Table 3. Phase solubility parameters and stability constants (K ) of encapsulated essential oil and their main component.

In the case of black pepper, A linear relationship between the amount of dissolved essential oil
or -caryophyllene and the concentrations of HPBCD in this study with slope <1 was classi-
fied as a typical A, -type (type A reveals an inclusion complex formation where the amount of
encapsulated compounds increase as the HPBCD concentration increases, subscript L indicates
a 1:1 molecular ratio formation of soluble complexes) [144]. As the majority of encapsulated
compounds are mono- and sesquiterpenoids and phenylpropane derivatives of an average
molecular weight of 120-160 g/mol, a 1:1 complex formation is observed [16]. The molar ratio
of host to guest molecules is usually 1:1 for inclusion complexes formed in solution, except for
complexes with long-chain or bifunctional guest molecules (e.g. guest molecules having two
aromatic rings on opposite sides of a small central molecule segment). In aqueous system, black
pepper oil and B-caryophyllene show difference in stability of complex form with the K_ of
104.5 and 132.8 L/mol at 25°C, respectively. This might be because of the other components in
black pepper oil might compete to HPBCD form complex with 3-caryophyllene. The decreases
in K values with increasing temperatures were expected for exothermic processes [99].

Equivalent results were observed for yarrow oil host-guest complex, as we can observe in
Table 3. In agreement with the results reported in Table 3 — for black pepper essential oil
and yarrow essential oil — similar Hill et al. [99] and Kamimura et al. [110] have reported
observations. The water solubility of trans-cinnamaldehyde, eugenol, cinnamon bark extracts
and clove bud extract samples increased with increasing temperatures while the K_ value of
the samples decreased with increasing temperature [99]. Kamimura et al. [110] reported that
water solubility of the pure carvacrol increased and the K_value decreased with increasing
temperatures.

Regarding to guava leaf essential oil — see Table 3, low K_ value were obtained for guava
leaf oil than for limonene. They were in the order of those for 3-CD complexes according to
Connors [145]. This might be due to the competence of the other components in guava leaf oil
with limonene to form HPBCD complexes. In addition, the decrease in K_values with increas-
ing temperature reflects that complex formation is an exothermic process [99]. However,
these results reflect that the aqueous solubility of guava leaf oil can be increased with increas-
ing HPBCD concentration. Considering that very labile complexes (K <100 L/mol) result in
premature release of the guests because of the weak interaction between hosts and guests
[92], the very labile encapsulated guava leaf oil could be useful for fast release systems such
as pharmaceutical applications.
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3.3. Evaluation of antioxidant activity of host-guest complex

Antioxidant activity was evaluated in terms of DPPH scavenging capacity (%) of free and
encapsulated guava leaf oil compared to a synthetic chemical antioxidant (BHT) at concentra-
tions ranged from 5 to 50 pg/mL.

It was established that the components responsible for the antioxidant activity of guava leaf
oil are limonene, a-pinene and (-caryophyllene [146]. While limonene has a moderate anti-
oxidant activity [147], 3-caryophyllene and a-pinene show weak and moderate DPPH scav-
enging activity, respectively [146, 147]. Unfortunately, the encapsulated guava leaf oil gave
slightly lower DPPH scavenging activity than that of the free guava leaf oil. This could be
because HPBCD blocks the functional groups of the active compounds that react with DPPH
radicals [110].

In the case of yarrow oil carvacrol as a major component shows strong antioxidant activity
(72% DPPH scavenging at 50 pg/mL). The most effective antioxidants usually contain aro-
matic or phenolic rings, which interrupt the free radical chain reaction by donating He to the
free radicals [148]. The encapsulated yarrow oil gave slightly lower antioxidant activity than
the activity of the free yarrow oil. It was a result of the HPBCD was blocking the functional
groups of active compounds during reacting with DPPH radicals [110]. However, the encap-
sulation has been reported to increase the stability of the essential oils [13, 14].

Black pepper oil shows antioxidant activity with 54% DPPH scavenging (50 pg/mL black
pepper oil) (Figure 5). It was established that the components responsible for the antioxidant
activity are -caryophyllene, limonene and a-pinene [146]. -caryophyllene, a major compo-
nent of black pepper oil, was found to give a weak DPPH scavenging activity [146]. Limonene,
a minor composition, has been reported to give a moderate antioxidant activity and another
component, a-pinene, also possesses a moderate antioxidant property [147]. It should be
noted that free HPBCD did not show antioxidant activity.

However, the inclusion complexes have been reported to increase the stability of the essential
oils [13, 14]. After exposure to sunlight, the DPPH scavenging of free guava leaf oil drastically
decreased around 43-54% at all tested concentrations (5-50 pg/mL), which was likely due to
limonene and pinene sensitive to sunlight [149]. Then, the inclusion complexation of guava
leaf oil with HPBCD could protect the active components against the effect of light. In effect,
after sunlight exposure, the DPPH radical scavenging capacity of the encapsulated guava leaf
oil was more stable than the free guava leaf oil by 26-38%.

Similar results were found for yarrow essential oil, where DPPH radical scavenging (with
concentration range from 5 to 35 ug/mL of essential oil) decreased around 41-51% after expo-
sure to sunlight for 12 h. The yarrow oil with higher concentration range (40-50 ig/mL) exhib-
ited lower loss of DPPH radical scavenging (36-37%). Obviously, as in the previous case, the
encapsulation of yarrow oil in HPBCD could protect the active components against the effect
of sunlight. The complexation with HPBCD improved the stability of yarrow oil by 27-30% in
a similar range that guava leaf oil (26-38% -vide supra-).

The DPPH radical scavenging capacity of black pepper oil drastically decreased after 12 h
exposure to sunlight (Figure 4). At the sample concentration range of 5-25 ug/mL, the DPPH
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scavenging capacity decreased around 42-48%, while the decreasing of 30-39% was found
at higher concentration range (30-50 pug/mL). The stability of encapsulated black pepper oil
was improved from the free black pepper oil by 18-24%. This effect is lower that observed for
guava and yarrow essential oils (26-38 and 27-30%, respectively).

3.4. Evaluation of antibacterial activity of host-guest complex

Table 4 shows minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) values of essential oil for Staphylococcus aureus and Escherichia coli.

Guava leaf oil displayed antibacterial activity against both bacteria with MIC value of 500 pg/
mlL, that could be attributed to guava leaf oil monoterpenes (such as limonene) which have
been found to play efficient role in antimicrobial activity via membrane structures increasing
membrane fluidity and permeability [150]. Pure limonene was reported to give antimicrobial
activity against S. aureus and E. coli with MIC values of 8.0 and 10.0 pg/mL, respectively [151].

The antibacterial activity of guava leaf oil was improved after encapsulation in HPBCD by
4 and 2 times against S. aureus and E. coli, respectively. It has been reported that inclusion
complexes with HPBCD could increase aqueous solubility of the encapsulated guests, thus
improving the antimicrobial efficiency of essential oils at lower concentrations [99] due to a
better accessibility of the active compounds to cells [111].

Yarrow oil exhibited antibacterial activity against S. aureus and E. coli with the MIC values
of 250 ug/mL and 500 pg/mL, respectively. The antimicrobial activity of yarrow essential oil
might be because its oxygenated phenolic compounds, such as carvacrol and thymol, have
been reported to give strong antimicrobial activity. These compounds were found to increase
membrane permeability and membrane disruption of microbial cells (Pseudomonas aeruginosa
and S. aureus) [152]. Antimicrobial potential of oxygenated phenolic compounds, were also
reported in the literature [153-157]. In addition, S. aureus, a representative for Gram-positive
bacteria, was more sensitive to tested samples than E. coli. This was because the external sur-
face of outer membrane of E. coli that composes of lipopolysaccharides and proteins is more

Antimicrobial compound S. aureus E. coli

MIC (ug/ml)  MBC (ug/mL)  MIC (ug/mL)  MBC (ug/mL)

Free guava leaf oil 500 1000 500 1000
Encapsulated guava leaf oil’ 125 250 250 500
Yarrow oil 250 500 500 1000
Encapsulated yarrow oil’ 62.5 125 62.5 125
Black pepper oil 1000 2000 2000 >2000
Black pepper oil-HPBCD complex’ 250 500 500 1000

Values were based on the actual concentrations of essential oil encapsulated in the HPBCD (calculated from
encapsulation efficiency).

Table 4. Minimum inhibitory and bactericidal concentration (MIC, MBC) against Staphylococcus aureus and Escherichia
coli for both free and encapsulated essential oil.
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tolerate to the tested samples, and the O-side chains of the lipopolysaccharides of E. coli has a
hydrophilic surface protecting the hydrophobic molecules to enter the bilayer [146].

The antibacterial efficacy of yarrow oil was much improved after encapsulated in HPBCD by 4
and 8 times against S. aureus and E. coli, respectively, while antibacterial activity of black pepper
oil was improved by 4 times against both S. aureus and E. coli. As quote above, inclusion complex
formation with HPBCD could increase aqueous solubility and improve antimicrobial efficacy at
lower concentrations of encapsulated compounds [99]. As the primitive sites for antimicrobial
action were found at the cell membrane and inside the cytoplasm, HPBCD may enhance the
accession of essential oils to these regions by improving water solubility of essential oils [111].

4. Conclusions

Microencapsulation of essential oils in HPBCD was achieved proving that the host-guest com-
plex formation implies different physicochemical characteristics from free essential oil. As
advantage, the DPPH radical scavenging capacity of the encapsulated oil was more stable
than for the free oil indicating that the inclusion complex with HPBCD could protect the
active components of oil against the effect of sunlight. As well, encapsulation also increased
the antibacterial activity of essential oils against both S. aureus and E. coli the observed behav-
ior implies an important increase.
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Abstract

This chapter included an explanation of the role of cyclodextrin as an ionophore for the
preparation of voltammetric and potentiometric sensors for different compounds. There
was a surveying of the different recorded cyclodextrin-based sensors for drug, organic, or
inorganic cations. It also explained the performance characteristics for the first reported
sensor for nickel based on p-cyclodextrin as an example.

Keywords: cyclodextrin, sensors, membrane electrodes, potentiometric, voltammetric

1. Introduction

The ion-selective membrane electrodes are based on selecting an appropriate matter which
works like a sensing part. The sensing materials are the main component of the potentiometric
ion sensors. They are responsible for forming a type of discrimination in the electrode behavior
toward one ion rather than others. There are several types of the sensing material. They might
have host-guest structure, which allows the inclusion of the analyzed ionic material. Another
type is able to form a complex with the analyte ion. The third type is based on ion exchange
reaction with the ion under investigation.

A potential difference will be aroused when the analyte ion can penetrate across the phase
boundary between the two phases (analyte solution and internal reference solution) (Figure 1).
Accordingly, an electrochemical equilibrium will be formed due to different potentials at both
sides of the membrane. The potential difference (E) across the membrane is described by the
Nernst equation:
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E=E + (RT/ZF)In a (1)

where E° is the standard cell potential, R is the general gas constant, Z is the valency of the
analyte ion, F is the Faraday constant, and a is the activity of the analyte ion.

Cyclodextrin is produced from starch by enzymatic conversion. They are formed of a cycle of
oligosaccharides. There are three types of cyclodextrin according to the size of the ring. They
may be composed of 5-, 6-, or 7-membered ring. They are named like o, f, and vy, respectively
(Figure 2).

Typical cyclodextrins contain a number of glucose monomers ranging between 6 and 8. They
create a cone shape, which is suitable for the inclusion of different cations (Figure 3).

Many researches were recorded where cyclodextrin was used for preparing sensor membrane
electrode for the determination of organic compounds. The studies about the application of CD
as an ionophore for sensors of inorganic cations were rarely found. The recorded sensors were
either voltammetric sensors or potentiometric sensors.
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Figure 2. Structure formula of o, p, and y-cyclodextrin.
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Figure 3. y-CD toroid structure showing spatial arrangement.

1.1. Voltammetric sensors

Voltammetric sensors are an electrochemical sensor based on measurements of the diffusion
current at polarization potential. Several examples of voltammetric sensors were recorded in
the literature. They were used for the determination of amine-containing organic/pharmaceu-
tical compounds.

Komiyama [1] prepared cyclodextrin electrode for the determination of p-nitrophenolate. The
electrode was prepared by dipping Pt-wire into cyclodextrin polymer. Stefan et al. [2] used a
multidextrin as a sensor for preparing selective membrane for S-captopril. Lenik and
Nieszporek [3] constructed a modified glassy carbon ibuprofen electrode.. The electrode was
based on multi-walled carbon nanotubes and p-cyclodextrins. It showed wider linear range
(32 x 107> -1 x 1072 mol L™") and lower limit of detection (1.25 x 10~ mol L™"). It was
applied like a sensor for GC. The determination of some neurotransmitters such as dopamine
(DA), epinephrine (EP), norepinephrine (NEP), levodopa (L-DOPA), 3,4-dihydroxy-phenyl
acetic acid (DOPAC) and serotonin (ST) was applied by reduced graphene oxide (RGO)
composite glassy carbon electrode modified with ionic liquid crystal (ILC), 1-butyl-1-methylpi-
peridinium hexa-fluoro-phosphate, and cyclodextrin [4].

CD-based sensor was applied for the determination of an antibiotic chloramphenicol by Sun
et al. [5]. They used a voltammetric sensor on mesoporous carbon @polydopamine and p-CD.
It showed a response for chloramphenicol in the range of 5 x 1077 — 5 x 10> M. Li et al. [6]
determined o- and p-nitrophenol by using reduced graphene oxide-CD-Chitosan electrochem-
ical sensor. It was based on the host-guest recognition sites on CD and abundant functional
groups of Chitosan. It showed linear range for 0.12-0.2 and 4-50 uM for NPH. But for pNPh it
was from 0.06 to 0.16 uM and 5 to 40 uM. Yi et al. [7] applied electropolymerization for fCD
and L-arginin on the surface of carbon nanotubes @graphene nanoribbons (CNTs@GNRs) for
preparing a modified electrode for 2- and 4-aminophenols (AP). A linear response ranging
from 25.0 to 1300.0 nM for both 2- and 4-AP and the detection limits (DLs) of 2- and 4-AP
obtained in this work were 6.2 and 3.5 nM, respectively.
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1.2. Potentiometric sensors

They are a type of sensors based on measuring the potential changes with concentration in
accordance with the Nernst equation.

Odashima et al. [8] used a long derivative chain of p-cyclodextrin for preparing a new sensory
element for the determination of organic amines. Stefan et al. [9] used either o or y-cyclodextrin-
based electrodes for the determination of R-baclofen. The detection limits were 7 x 10~° mol ' L™"
for a-cyclodextrin-based electrode and 1.44 x 107" mol™* L™" for y-cyclodextrin-based elec-
trode. (2-hydroxypropyl)-p-cyclodextrin, heptakis(2,3,6-tri-O-methyl)-p-cyclodextrins and hepta-
kis(2,3,6-tri-O-benzoyl)-p-cyclodextrin were applied for preparing diclofenac electrode by Lenik
[10]. Staden and Nejem [11] determined L-vesamicol by CD derivative-based potentiometric
sensor. The detection limit was of the order of 107'° M. They showed a linear range between
10~ and 10~7 M. Lenik and Lyszczek [12] determined naproxen by functionalized p-CD. It is
based on inclusion complex of naproxen with f-CD-derivative. The linear range was 5.0 x 10—
1.0 x 10> mol L. Staden and Holo [13] determined L-histidine by an entioselective potentio-
metric membrane electrode based on CD. They applied carbon paste impregnated with a-, -, 2-
hydroxyl-3-trimethylammoniopropyl-p-(as chloride salt) and vy-cyclodextrins (y-CDs). The
recovery of L-his in the presence of D-his was higher than 99.10%. L-proline electrode was
constructed based on carbon paste impregnated with &, B, or y cyclodextrin [14]. The detection
limit of the membrane was in the region of 10~'°~10"" M.

All the aforementioned cyclodextrin applications were examples of sensors for drug analy-
sis. The application of cyclodextrin for sensors for inorganic cations is rarely found. We
choose one of these sensors that was sensing for nickel which was constructed by Zareh
et al. [15], to study as an example of CD sensors. Two membrane compositions (Table 1)
were prepared for the optimization to get the best. Electrode type I comprised DEP, while II
comprised NPOE. The behavior of DEP-containing electrodes showed better Nernstian slope
value than NOPE-containing membrane electrode. Both electrode types showed the same linear
range of 5.01 x 10> 102 M. Figure 4 shows the calibration graphs for each electrode type.

The effect of inner filling (IF) solution was studied by the application of the electrode type I
containing three types of IF-solutions (A, B, and C). They were corresponding to compositions
(0.1 M KCl + 0.1 M NiCl,), (0.01 M KCI + 0.01 M NiCL), and (0.001 M KClI + 0.001 M NiClL,),
respectively. The slopes of Ni electrode were 30.9, 28.17, and 29.7 mV/decade, for electrodes
with IF A, B, and C, respectively. When A and B IF was applied, the lower linear range reached
5.0 x 107> M. In the case of IF solution type C, the linear range was not less than 5 x 10~* M.
Table 2 summarizes the obtained results.

The response time was estimated according to the IUPAC definition [16]. It is defined as the time
between the instant when the Ni electrode was brought into contact with sample solution and
the first instant when emf/time slope becomes equal to the limiting value selected on the basis of
experimental conditions. Dynamic response was studied for both electrode types containing DEP
or NPOE. From Figures 5 and 6, the response times for electrode types I and II were between 2
and 3 s for both types of electrodes for the tested concentrations 10~>~10~* M. This fast response
for both types will help in the application of both electrode types for real measurements.
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Figure 4. Calibration graphs for Ni-selective electrodes with membrane contains either (a) DEP or (b) NPOE plasticizers.

Composition, w/w  PVC, pCDX, DEP, NPOE, % Slope, mV/ Detection limit,
% mg mg mg mg Ionophore  Decade M

I-Membrane 63.6 12.8 126.4 0 6.31 28.76 3.98 x107°
II-Membrane 60 14 0 121 7.18 23.33 6.3x107°

Table 1. Composition of membrane types I and IT used for preparing Ni**-selective electrode.

Inner filling solution Slope, mV/Decade Linear range, M R?

A-(10~* M NiCl, + 10~ M KCI) 30.89 10725 x 107° 0.9987
B-(10"2 M NiCl, + 107> M KCI) 28.17 10725 x 107° 0.9986
C-(107 M NiCl, + 107> M KCl) 29.68 10725 x 107* 0.9931

Table 2. Effect of inner filling on the performance of Ni-selective electrode based on p-CDX with DEP plasticizer.

The detection limit (DL) of an ISE can be defined as the cross point of line segments fitted to
linear segments of emf versus log ani>+ [16]. For membrane types I and 1II, the values of the
detection limits were 3.98 x 10> and 6.3 x 107> M.

The process of the electrode response is based on a nonpolarized electrochemical equilibrium.
There are two equilibrium steps to explain the response mechanism of the proposed Ni-
selective electrode. The first step is the equilibrium between Ni** in membrane and solution
sites. The second step is the equilibrium of formation of Ni**-§-CDX into the membrane site.
The steps of this mechanism can be represented below:
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Figure 5. Dynamic response for Ni-selective electrodes with membrane type I containing DEP, for different concentra-
tions (a) 0.01 M, (b) 0.001 M, and (c) 0.0001 M Ni** solutions.
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Figure 6. Dynamic response for Ni-selective electrodes with membrane type II containing NPOE, for different concentra-
tions (a) 0.01 M, (b) 0.001 M, and (c) 0.0001 M Ni** solutions.
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2. pH-effect

The potential changes versus different pH values for the DEP-membrane electrode type I and
type II were tested. In acidic part, the break was observed at pH values 3.8 and 3.2 for type I
and II electrodes, respectively. The sensitivity of p-CDX toward the H" is the reason for the
potential break in acidic medium. The break in acidic medium was due to the inclusion of H"
into ionophore in the membrane site. Above pH 3.2 and 3.8, the potential was not changed
whatever the pH value for types I and II, respectively. This was due to the absence of the H" ion
concentration, which disturbs the equilibrium. Representative curves for nickel with mem-
brane types I and II are shown in Figure 7.

E, mV
5B

/ —+—DEP

== NPOE

g2 & &
M

2

pH

Figure 7. pH-effect for Ni electrode for 0.001 M N i?* solutions for electrodes comprising (a) DEP and (b) NPOE.

3. Selectivity properties

The selectivity of Ni electrode with different membrane types I and II was calculated according
to the SSM [16]. Table 3 shows the obtained values of the selectivity coefficient (K™ ;" ).
From the results, it can be reported that most of the tested interferents for Ni-ISE type I showed
perfect selectivity. When the electrode type I was used, the values of the selectivity coefficient
toward divalent cations were so perfect to consider this electrode selective for Ni*" cation. The
recorded values for most of the tested divalent cations were of the order of 10~>. In case of
trivalent cations, this type of electrode showed better selectivity coefficient values (of order
10~°). When electrode type IT was used, the selectivity coefficient values were higher than that
for electrode type I. It showed values of order 10 for trivalent cations and 10" for most of the
divalent cations. This can be attributed to that in type II electrode the NPOE has active sites to
interact with cationic species which lowers the selectivity toward Ni™" [17]. The tested mono-
valent cations (Na®, K*, and NH,") showed interference with the measurements with either
type I or type II. Accordingly, it is recommended that measurements with the proposed
electrodes should be conducted in the absence of these cations.
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Interferent Kot 2
I-DEP II-NPOE

I 7.67 x 107° 1.4 x 1072
Fe** 438 x 107° 1.3 x 1072
Zn* 1.1 %1073 6.1 x 1072
Co™ 1.8 x 1073 35 x 1072
cu® 21x107° 3.0 x 107
Ba*" 22x107° 3.0x 107"
Mg* 1.6 x 107 15x 107"
Ca** 22x107° 20x 107"
Ccd* 22 %1073 1.6 x 107!
Hg*' 17 x 1072 2.0 x 107
Mn?* 15 x 1073 1.7 x 107"
Pb** 2.9 %1072 12 x 107"

Table 3. Selectivity coefficient values for nickel electrodes based on -CDX incorporating (DEP) [I], and (NPOE) [II] as

plasticizers.
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Figure 8. Correlation between ionic radius (pm) of the tested cations and selectivity coefficient (KPt Ni?* i7" for Ni-ISE
with membrane type I for 0.0001 M solutions.

The relation between ionic radius [18] of interferent cations and the values of selectivity
coefficient for both electrode types is shown in Figures 8 and 9. It was found that there was
an increase in the selectivity coefficient values with increasing the ionic radius of the tested
cations. This was true for both electrode types I and II. The increment values in case of type I
were less than those in case of type II. This was attributed to that the increase in ionic volume
was suitable for the p-CDX cavity.



B-Cyclodextrin as an lonophore for Membrane Electrode
http://dx.doi.org/10.5772/intechopen.73597

II-NPOE

0.35 y = 0.0024x - 0.0925
R*=0.3799
0.3 L& L
0.25
0.2 ».
0.15 * -
0.1

0.05

Selectivit coefficient values - type-ll

1] 50 100 150 200
lonic radius, pm

Figure 9. Correlation between ionic radius (pm) of the tested cations and selectivity coefficient (Kot Ni?* i) for Ni-ISE
with membrane type II for 0.0001 M solutions.

4. Determination of nickel in its samples

In this chapter, two types of samples containing nickel were used. They were representative for
food samples and stainless steel samples. Five steel samples (A-D) and one food (E) sample
were chosen. On the one hand, 0.1 g of each stainless steel sample was dissolved into aqua-
Regia, heated at 105°C, and diluted to 250 ml using bi-distilled water. This solution was
measured directly. On the other hand, 0.5 g chocolate sample (E) was dissolved in 100 ml after
digestion with HNO3;, HCIO,, and H,O,. In this case, 1 ml was diluted to 50 ml, and the result
solution was subjected to potential measurements using the proposed Ni-selective electrode.
The obtained Ni values into the stainless steel samples (A-D) were between 1.467 and
7.354 ppm. The chocolate sample E showed Ni content 14.707 ppm. All the obtained values
agreed with the values given by AAS analysis of the same samples [19]. The obtained values of

No. Sample Ni**, ppm RSD*, %
AAS method Ni-ISE method

A Test tube holder 1.437 1.467 1.95

B Shaving blade 6.005 7.354 2.51

C Screwdriver 4.181 4.640 2.13

D Coin (1/4 pound) 4.61 3.686 1.81

E Chocolate (Cadbury Dairy Milk) 12.158 14.707 2.34

*(4-determinations).

Table 4. Determination of nickel in its samples using the proposed Ni-ISE.
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Ni in chocolate agreed with previously recorded values [20]. Table 4 shows the obtained
results for analysis by using both the proposed electrode and an AAS method for the same
samples.

5. Conclusions

Cyclodextrin (CD) is one of the important reagents that is able to form inclusion complex with
a variety of compounds. This property helps its use as an ionophore for preparing electro-
chemical sensors for many organic pharmaceutical cations. The recorded electrochemical sen-
sors were either potentiometric or voltammetric. Up to date, the application of CD for
preparing inorganic sensors was rarely found.
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Abstract

Native cyclodextrins (CDs), a-, 3- and y-CDs, were employed to synthetise three differ-
ent cyclodextrin-based polymers using epichlorohydrin (EPI) as a cross-linker. These
polymers were applied as adsorbent material to remove an azo textile dye, Direct Blue
78 (DB78), from water. The formation of inclusion complexes between the alone CDs
and DB78 molecules were first studied in aqueous solutions. Then, adsorption experi-
ments of the dye were performed by means of cyclodextrin/epichlorohydrin (CD/EPI)
polymers. The effects of various parameters, such as contact time, adsorbent dosage,
initial dye concentration, pH and temperature, were examined to determine the better
adsorption conditions. The equilibrium isotherms and the adsorption kinetics were also
analysed using opportune mathematic models. The chemical-physical characteristics
and the morphology of the adsorbent polymers were, respectively, observed by dif-
ferential scanning calorimetry and field emission scanning electron microscope. The
CD/EPI polymers showed a very good ability in the removal of DB78 from aqueous
solution; indeed, the maximum efficiencies in the dye removal were found to be about
99% for -CD/EPI polymer and about 97% for y-CD/EPI polymer, at pH 6 and 25°C con-
ditions. It is possible to assume that the good adsorbent aptitude of CD/EPI polymers
is due to their double peculiarity to include the dye in the inner cavity of CDs and to
adsorb the dye on their porous surfaces by physical interaction.

Keywords: inclusion complexes, electrochemical measurements, adsorption process,
textile dye removal, cyclodextrin/epichlorohydrin polymers, thermal analysis
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1. Introduction

1.1. Textile dyes

Textile and clothing industries generate a remarkable pollution in natural water due to the
discharge of large amounts of dye chemicals in the effluents [1]. These dyes give an undesir-
able colour to the water body, reducing the sunlight penetration and influencing the photo-
chemical and biological activities of aquatic life [2]. Dye molecules present several chemical
structures and, depending on functional groups of their chromophore, are classified as azo,
anthraquinone, styryl, acridine, nitro, nitroso, benzodifuranone, diphenylmethane, triphenyl-
methane, azine, xanthene, cyanine, phthalocyanine, hemicyanine, diazahemicyanine, triaryl-
methane, stilbene, or oxazine dyes [2]. However, the azo compound class accounts for about
65-70% of all classes of dyes [3], and the azo dyes are the most common synthetic molecules
released into the environment. It is now recognised that some azo dyes, under certain condi-
tions, produce aromatic amines which are toxic, allergenic, carcinogenic, and mutagenic [4, 5].
Due to the hazard of reduction products arising from the use of azo dyes, the European Union
(EU) AZO Colourants Directive 2002/61/EC already came into force in September 2003, and
replaced by REACH regulation, regulated the restrictions on the marketing and use of certain
dangerous azo dyes. In addition, these contaminants are highly soluble in water and are very
difficult to degrade being stable to light irradiation, heat, and oxidation agents. Therefore, the
conventional wastewater treatment systems are not able to remove them [6], and it is neces-
sary to treat the industrial effluents before releasing it into the environment. Hence, in recent
years, numerous treatments on the removal of azo dyes from the effluents have been studied.
There are different methods for the treatment of wastewaters including chemical, physical,
and biological technologies [7]. All these methods present both advantages and disadvan-
tages, which are shown in detail in Table 1 [1, 8-10].

Among all techniques descripted in Table 1, the adsorption is one of the most efficient and
popular methods for the removal of textile dyes from industrial effluents [11] and activated
carbon is the most common material used for dye removal by adsorption. This material due to
its ability to adsorb cationic, acid dyes, and mordant, and, to a slightly lesser extent, dispersed,
direct, and reactive dyes [9]. However, commercially available activated carbons are very
expensive, and so it is opportune to use low-cost carbons that are able to absorb pollutants
from wastewater. In the last years, the research is pointing towards the use of more efficient
and inexpensive adsorbent materials for the treatment of coloured effluents. A wide variety of
low-cost materials, such as biosorbents and by-products of industry and agriculture [12-15],
are being evaluated as viable substitutes for activated carbon to remove dyes. Industrial and
agricultural wastes are indeed very interesting adsorbent materials with good adsorption
capacity, high selectivity, low cost, easy regeneration, and free availability. A recent paper
[15] reported that oil mill solid waste, previously treated, is able to reduce significantly the
amount of an azo direct dye in industrial textile wastewater. In particular experimental condi-
tions, this material can adsorb the 100% of the dye in solution with the possibility to recycle
both the dye and the adsorbent [15]. Also, natural and biodegradable polymers showed good
biocompatibility and high efficiency in dyes adsorption. Indeed, it was demonstrated that
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Methods

Advantages

Disadvantages

Chemical treatments

Oxidative process

H,0, + Fe(Il) salts (Fenton’s
reagent)

Ozonation

Photochemical

Sodium hypochlorite
(NaOCl)

Electrochemical destruction

Simplicity of application

Fenton'’s reagent is a suitable chemical
means for treatment of wastewaters

Ozone, a very good oxidising agent, can be
applied in its gaseous state and does not
increase the volume of wastewater

No production of sludge and great reduction

of foul odours

Attack at the amino group of dye molecules
with azo-bond cleavage

No consumption of chemicals, non-
hazardous production of breakdown
compounds and no accumulation of sludge

Oxidising agent, usually hydrogen
peroxide (H,0,), needs to be activated
by some means such as ultra violet light

Generation of sludge containing
concentrated impurities

Continuous ozonation is required due
to its short half-line (20min) with cost
increase

Formation of by-products

Release of aromatic amines

High cost of electricity

Biological treatments

Decolourisation by white-
rot fungi

Other microbial cultures
(mixed bacterial)

Adsorption by living/dead
microbial biomass

Anaerobic textile-dye
bioremediation systems

Degradation of dyes by white-rot fungi
using enzymes

Decolourisation of dye mixtures in 24-30 h
by anaerobic bacteria and decolourisation
of diazo dyes in 15 days by mixed bacterial
cultures

Great affinity for binding between microbial

species and several molecules such as
anthraquinone, phthalocyanine, and azo
dyes

Decolourisation of solutions containing azo
and other water-soluble dyes

Unreliable enzyme production due to
the unfamiliar environment of liquid
fermentations

Under aerobic conditions, azo dyes are
not readily metabolised

Not effective for all dyes

Production of methane and hydrogen
sulphide by anaerobic breakdown

Physical treatments

Adsorption

Membrane filtration

Ion exchange

Irradiation

Electrokinetic coagulation

Removal of wide variety of dyes

Removes all dye types

No loss of adsorbent on regeneration and
recycling of solvent after use

Effective break down of some dyes and
phenolic molecules by radiation

Economically feasible method for excellent
removal of direct dyes

Same adsorbent materials are very
expensive

Production of concentrated sludge

Not effective for all dyes and high cost

Request of great quantities of dissolved
O, which affect the cost. Applicability
only at a laboratory scale

Not effective for acid dyes removal and
production of large amounts of sludge

Table 1. Advantages and disadvantages of dye removal methods.
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chitosan films [16], chitosan/polyamide nanofibres [17], and alginate-chitosan beads [18] are
used as efficient and economic adsorbents for the removal of direct and anionic textile dyes.
Numerous experiments are, moreover, conducted to evaluate the possibility to use some
polysaccharides, in particular, starch and starch derivatives, as adsorbents for wastewater
treatment [19, 20]. Since it was established that the good adsorption properties of polymers
derived from starch towards dyes, in this study, cyclodextrin-based polymers were used to
remove an azo textile dye, Direct Blue 78 (DB78), from wastewater. In Figure 1 is shown the
chemical structure of DB78, a tri-azo compound characterised by the presence of three azo
bonds (—N=N—) with four sulphonate groups.

1.2. Cyclodextrins

Cyclodextrins (CDs) are natural cyclic oligosaccharides, derived from starch, that present a
truncated cone structure with an inner relatively apolar cavity and an external hydrophilic
face [21]. Due to this characteristic conformation, CDs are host molecules able to include in
their cavity, a high range of guest molecules, with appropriate dimensions, through the for-
mation of host-guest inclusion complexes [22]. The native CDs, named, a-, 3-, and y-CDs, are
respectively constituted by 6, 7 and 8 glucopyranose, connected by a(1,4)-linkages. CDs can
be employed both in their native form and in functionalised form, after opportune chemi-
cal modifications. Attributable to their numerous and specific properties, CDs are widely
employed in several areas such as pharmaceutical, biomedical, biotechnological, and indus-
trial sectors [22, 23]. Several studies also reported that CDs and CD-based materials are used
in removal of dyes [18, 19], organic pollutants, and heavy metals from water, soil, and atmo-
sphere [23, 24]. Moreover, in a previous study [25], the interaction between some azo tex-
tile dyes and some commercial cyclodextrins was already demonstrated. Therefore, in this
chapter, the study on the removal of DB78 dye from wastewater, by using cyclodextrins, is
described in detail. However, since the most of CDs are highly soluble in water, insoluble
CD-based materials were employed as dye adsorbent. Indeed, after the adsorption process,
these materials can be easily removed from treated solutions obtaining clean water.

1.3. Cyclodextrin-based polymers

Among the numerous preparation methods of water insoluble CD-based materials, cross-linked
polymers, obtained by copolymerisation of CDs and coupling agents, have received great atten-
tion. The most employed cross-linking agent is epichlorohydrin (1-chloro-2,3-epoxypropane)

mo;s-@—so;m
N
N

HO
N N NHCgHs.
N
SO4Na NaOy8

Figure 1. Chemical structures of Direct Blue 78.
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[26]. This cross-linker, shortly named EP], is a bi-functional coupling agent, which contains two
reactive functional groups, an epoxide group and a chloroalkyl moiety. EPI form bonds with
polysaccharide molecules in cross-linking step and/or with itself in polymerisation step and
the hydroxyl groups of native CDs, at the 2-, 3- and 6-positions of glucose units that are avail-
able and reactive to form linkages. The -OH groups in 6-positions are more reactive than those
in 3-positions; however, their reactivity depends on the reaction conditions, such as tempera-
ture and alkalinity, to allow complete alkoxide formation [26]. Indeed, the secondary hydroxyl
groups, which have pKa values of around 12.2 (at 298 K), can be deprotonated with hydroxide or
hydride to form alcoholate sites. Consequently, typical methods used to synthesise CDs-based
polymers require the addition of NaOH, NaH or NaBH, [27]. Despite its toxicity for humans,
animals, algae, and bacteria and its potential pollutant characteristics for the environment, EPI
is widely used to synthetise CD/EPI polymers [28] due to simplicity and low cost of the synthe-
sis. On the other hand, a careful purification of these polymers allows to eliminate free EPI and
other residual solvents making them good and non-toxic drug delivery systems for pharma-
cological formulations [29]. Furthermore, the CD/EPI polymers present high adsorption prop-
erties, high efficiency in pollutant removal and are recyclable and easily recoverable [26-30].
Despite the -CDs are the most common cyclodextrins used to produce CD-based polymers, in
this study, a-, - and y-CDs were employed, and their respective polymers were synthetised.

2. Experimental section

2.1. Preparation of DB78/CD solutions

To verify the formation of inclusion complexes between dye and CDs, aqueous solutions of
a-, B- and y-CDs were respectively added to DB78 solution, at different molar ratio. Stock
solutions of DB78 and a-, $- and y-CD were already prepared in distilled water and the
desired volumes of these solutions were mixed and diluted to the chosen final volume to
obtain the DB78/CD solutions. They were maintained under stirring for 10 min, at room tem-
perature, to ensure the inclusion complex formation, and then studied by electrochemical
measurements.

2.2. Preparation of CD/EPI polymers

The a-CD/EP], (-CD/EPI, and y-CD/EPI polymers were prepared dissolving opportune
amounts of the respective CDs in water, in presence of sodium borohydride. The mixtures
were vigorously stirred at 50°C until the reactants were dissolved. Then, NaOH (40% w/w)
solution was added and an excess of epichlorohydrin was slowly added dropwise. The mix-
tures were vigorously stirred and heated gently at 50°C. About after 5 hours, the solutions
started to be viscous, and gelatinous solids were obtained. Then acetone was added, and the
systems were maintained under stirring and heating for 10 min. After cooling, the insoluble
polymers obtained were poured into water, filtered and the resulting solid was purified by
several Soxhlet extractions. Next, the CD/EPI polymers were dried in oven, at 50°C for 12 h,
crushed and utilised as adsorbent materials to remove DB78 from aqueous solution. Figure 2
shows the scheme of CD/EPI polymer synthesis.
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co Intermediate CD-EPIpolymer
Figure 2. Scheme of CD/EPI polymer synthesis.

2.3. Instruments

Electrochemical measurements were performed in a standard three-electrode cell using hang-
ing mercury drop electrode (HDME) as working electrode. An Ag/AgCl, KCl sat electrode
and a Pt rod were used as reference and counter electrodes, respectively. A LiClO, 0.1 M
solution was used as supporting electrolyte. Voltammograms were recorded by means of
the AUTOLAB PGSTATI10 potentiostat interfaced with a personal computer. Absorption
spectra were recorded from 200 to 600 nm using a Shimadzu UV-1601 spectrophotometer.
Calorimetric measurements were performed using an LKB 2277 Thermal Activity Monitor
Isothermal Microcalorimeter equipped with an LKB 2277-204 flow mixing cell. The photo-
graphs of samples were collected by using a field emission scanning electron microscope
(Merlin Compact/VP, Carl Zeiss Microscopy, Germany) with a secondary electron detector
using an acceleration voltage of 2 KV and an aperture size of 30 pm.

2.4. Batch adsorption experiments

Batch mode experiments were carried out to study the dye adsorption processes by CD/EPI
polymers. The required amounts of adsorbent were added to fixed volume of dye solution, at
opportune concentration, under constant condition of agitation rate (170 rpm), pH and tem-
perature. At predetermined time intervals, the dye concentration in solution was evaluated
by UV-Vis absorption measurements. Different variables, such as contact time, adsorbent
dosage, initial dye concentration, pH and temperature, were analysed to recognise the opti-
mum adsorption states. These experiments were performed by varying the parameter under
evaluation and maintaining the other parameters constant. Values of dye removal (%) and
amount of dye adsorbed onto adsorbent q, (mg/g) at time t were respectively calculated using
the following expressions:

(Ci_ci)
%= =100 (1)
C-C)V
p - @

where C.and C, (mg/L) are the dye concentration in solution at initial and at t adsorption time,
respectively. V (L) is the initial volume of dye solution and m (g) is the mass of adsorbent. All
tests were achieved in triplicate and the mean values were reported.
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2.5. Adsorption equilibrium isotherms

Adsorption isotherms, by means of accurate mathematical models, allow to evaluate the
adsorption behaviour and to describe how the adsorbate interacts with the adsorbent [31].
Among all isotherm models developed, the more common models, Langmuir and Freundlich
models were used in this study. The Langmuir adsorption isotherm model presumes that the
adsorption occurs on homogeneous sites of adsorbent surface forming a saturated monolayer
of adsorbate on the outer surface of adsorbent and that the adsorption of each molecule onto the
surface has equal adsorption activation energy [32, 33]. The Freundlich adsorption isotherm is
an empirical equation which describes heterogeneous systems having unequal available sites
on adsorbent surface with different adsorption energies [31, 32]. The adsorption isotherms were
evaluated adding different amounts of CD/EPI polymers to dye solutions and maintaining the
systems at constant temperature of 25°C under continuous stirring until the equilibrium was
achieved. Values of dye concentration were measured before and after the adsorption processes
and the obtained experimental data were fitted with Langmuir and Freundlich models. The val-
ues of the linear regression correlation coefficient R* give information about the best-fit model.

The linearised form of Langmuir is represented by Eq. (3):

1
bq,

®)

ﬁ|>—\

1_1
7. -q,"

o

where q, (mg/g) is the amount of the dye adsorbed on polymer at equilibrium, q_ (mg/g) is the
maximum monolayer amount of DB78 adsorbed per unit mass of adsorbent, C_ (mg/L) is the con-
centration of dye in solution at equilibrium and b is the constant related to the affinity of the bind-
ing sites (L/mg). From the intercept and slope of the plot 1/q, versus 1/Ce, it is possible to obtain the
values of q_ and b, respectively. Moreover, the Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor, R, that is defined by the following equation:

R = 750 @

(i+6C)

where C is the initial concentration of adsorbate (mg/L) and b (L/mg) is Langmuir constant.
The value of R, indicates the trend of the adsorption process, indeed, the isotherm can be
either favourable (0 <R <1), unfavourable (R, > 1), linear (R, = 1) or irreversible (R, =0). The
Langmuir values, q_, b, and R, are presented in Table 2.

The linear form of Freundlich equation is:
Ing, = InK, +%InC, (5)

where q, (mg/g) is the amount of DB78 adsorbed at equilibrium, C_ (mg/L) is the concentra-
tion of the dye in solution at equilibrium, K; (L/g) is the Freundlich constant related to the
maximum adsorption capacity of adsorbent and n (dimensionless) is the heterogeneity factor.
The values of K, and n, reported in Table 2, were calculated respectively by the intercept and
slope of the linear plot In q_ versus In C_. The magnitude of n gives an indication of the favour-
ability of adsorption process: when n =1, the adsorption is linear, when n > 1, the adsorption
is a favourable adsorption condition [31, 33].
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Polymers T (K) Langmuir Freundlich
b (L/mg) q,, (mg/g) R, R? K, (L/g) n R?
B-CD/EPI 298 0.425 4.988 0.028 0.988 1.649 3.520 0.760
323 0.205 11.775 0.057 0.991 2.264 2.237 0.828
353 0.237 12.183 0.050 0.999 2.354 2.273 0.908
v-CD/EPI 298 0.026 14.156 0.377 0.999 0.501 1.463 0.985
323 0.075 15.954 0.143 0.981 1.326 1.728 0.931
353 0.062 23.207 0.168 0.993 1.566 1.586 0.965

Table 2. Adsorption isotherm values.

2.6. Thermodynamic analysis

Thermodynamic parameters, such as Gibb’s free energy change (AG®) (J mol™), enthalpy
change (AH®) (J mol™) and entropy change (AS°) (] mol™ K™), allow to comprehend the nature
of adsorption process and the effect of temperature on adsorption. These parameters can be
calculated using the following relations [34]:

AG = -RTInK_ 6)

where R is the universal gas constant (8.314 ] mol™ K™), T is the solution temperature (K) and
K_ is defined as:

Ci
Ko=¢ )
AG" = AH'-TAS (8)
Therefore, Egs. (6) and (8) can be rewritten as:
AS"  AH

InKe =R ~®T ©)

AH° and AS° were obtained by plot of Eq. (9), while the AG® values were determined from
Eq. (8).

3. Results and discussion

3.1. Electrochemical measurements

Before testing the ability of azo dye removal by CD/EPI polymers, the interactions between
DB78 and ar-, B- and y-CDs were investigated in solution by electrochemical measurements.
Generally, electrochemical studies of different azo dyes show that the electroreduction of the
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N=N double bond occurs at the hydrazo stage (HN-NH), via the consumption of 2e7/2H*, or
at the amine stage (—NH,), via the consumption of 4e’/4H", in one or two steps depending
on the chemical structure of the investigated azo compound, the nature of adjacent substitu-
ents and the pH of the medium [35]. Furthermore, the electrochemical reduction of azo com-
pounds is an irreversible process complicated by preceding and following chemical reactions
leading to the cleavage of the azo bond and resulting in various degradation products [36].
In Figure 3, the cyclic voltammetry measurements of DB78 are reported. It presented three
cathodic peaks, located in the range from -0.2 to 1.0 V. The first two weak waves (I and II)
were positioned at —0.15 and -0.70 V respectively, while the more intense wave (III), were
located at about —0.80 V. Ep, I and Ep, II are both attributable to the azo moieties electrore-
duction [37, 38]. The different potential for the azo group reduction is due to the different
substituents present in ortho position respect to it. The first peak can be attributed to the elec-
troreduction of the azo group with the ortho -OH group that facilitate the electroreduction
due to its electron-donating effect.

The electrochemical behaviour of DB78 in presence of increasing CDs concentration was then
analysed. Although the addition of a-CD did not greatly influence the cyclic voltammograms
of DB78 (data not showed), it is not possible to affirm that there is no interaction between dye
and a-CD, but that this technique did not allow to obtain detailed information. On the contrary,
the addition of 3-CD and y-CD, at increasing molar ratio, showed regular changes in the cyclic
voltammograms of DB78. Indeed, in Figure 4a and b, it is possible to observe a strong incre-
ment of current intensity values at the increasing of the CD amount, particularly in the case of
Y-CD, while no shifts of the potential peaks were detected. These regular variations indicate
that the dye was reduced with more difficulty because its involvement in the inclusion com-
plex. The inclusion of the azo groups of dye inside the cavity of the CDs prevents the interaction
with the electrode and reduces the diffusion coefficient of the molecule determining the reduc-
tion of the peak current intensity. Consequently, the electrochemical measurements confirmed
the formation of inclusion complexes between DB78 and [3-CD and between DB78 and y-CD.
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Figure 3. Cyclic voltammetry at HMDE of aqueous solution containing Direct Blue 78.
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Figure 4. Cyclic voltammetry at HMDE of aqueous solution containing DB78 in presence of increasing amounts of CDs.
(a) DB78/B-CD and (b) DB78/y-CD at different molar ratios.

3.2. Dye adsorption efficiency by different CD/EPI polymers

To evaluate the more appropriate material able to adsorb DB78, three different types of
adsorbents, a-CD/EPI, 3-CD/EPI, and y-CD/EPI polymers, were used. Ten milliliters of dye
(11.00 mg/L) at pH 6 and 25°C were analysed using 1.00 g of polymers as adsorbent. Figure 5a
shows that 3-CD/EPI polymer presented a better ability to remove DB78 from solution than
the other polymers. The dye removal efficiency was 98.90% with (3-CD/EPI polymer, in con-
trast to 97.25% and only 92.70% when y-CD/EPI and a-CD/EPI polymers were respectively
used. Consequently, all adsorption experiments were carried out on 3-CD/EPI and y-CD/EPI
polymers. It is possible to suppose that the adsorption is based not only on physical adsorp-
tion process in the polymers networks but also on inclusion complex formation [39]. Therefore,
- and y-CD, which are characterised by a wider cavity, can form more host-guest supramo-
lecular interaction with dye than a-CD. However, B-CD/EP], despite the intermediate size of
-CD between a- and y-CD, showed the better efficiency in the removal of dye. This behaviour
is due to the highest complexing ability and stability with cross-linking agents of 3-CD [40].
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Figure 5. Adsorption measurements using 10 mL of DB 78 (11.00 mg/L) and 1.00 g of polymers at pH 6 and 25°C.
(a) Adsorption comparison between a-CD/EPI, 3-CD/EPI and y-CD/EPI polymers and (b) effect of contact time.
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3.3. Effect of contact time

To determine the effect of contact time on adsorption processes, 10 mL of DB 78 (11.00 mg/L)
was maintained for 24 h under continuous stirring with 1.00 g of 3- and y-CD/EPI polymers at
pH 6 and 25°C. The concentrations of dye in solution were measured at several times. Figure 5b
shows that both polymers presented the maximum dye removal after 2 h of adsorption process
and no further changes were observed after 24 h. Therefore, it is possible to affirm that the time
required to achieve the equilibrium was about 2 h. During this time, the complete saturation of
active sites of polymers was reached.

3.4. Effect of adsorbent dosage

The amount of the adsorbent used in these experiments is another important parameter that
affects the uptake of dye. Indeed, a quantitative removal cannot be achieved when the poly-
mer is less than the optimum amount. To optimise the smallest quantity of polymer able to
adsorb the greater amount of DB7S, increasing dosage of adsorbents, from 0.05 to 1.25 g,
was added into 10 mL of dye solution (11.00 mg/L). The systems, maintained at pH 6 and
25°C, were stirred, until equilibrium achievement, and the remaining amount of dye in solu-
tions were measured. In Figure 6a and b are presented the effect of adsorbent dosage on
[-CD/EPI and y-CD/EPI polymers, respectively. It is possible to observe that both polymers
have the same behaviour: the percentage of dye removal increased with the increase in dos-
age of polymers, due to the major availability of adsorbent surface sites [18]. In presence
of 3-CD/EPI polymer (Figure 6a), the removal of dye from the initial solutions increased
from 41.20 to 98.90% as the adsorbent dosage increased from 0.05 to 1.00 g. When y-CD/EPI
polymer (Figure 6b) was used as an adsorbent, the removal of DB78 increased from 52.01
to 97.25% as the adsorbent dosage increased from 0.05 to 1.00 g. A further increase in dos-
age of polymers (1.25 g) did not improve the removal of both dye since the systems were
achieved the maximum adsorption efficiency. Therefore, 1.00 g of polymers was used for
further measurements.
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Figure 6. Effect of adsorbent dosage using 10 mL of DB78 (11.00 mg/L) and increasing dosage of polymers, from 0.05 to
1.25 g, at pH 6 and 25°C. (a) Adsorption measurements with 3-CD/EPI polymer and (b) adsorption measurements with
Y-CD/EPI polymer.
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3.5. Effect of initial dye concentration

To study the effect of initial dye concentration on adsorption mechanism onto CD-based
polymers, increasing the concentrations of DB78 solutions were used. The experiments were
performed at pH 6 and 25°C, using a constant volume of dye solution (10 mL) and a con-
stant dosage (1.00 g) of 3-CD/EPI polymer and of y-CD/EPI polymer. Experimental results
show that the amount of dye adsorbed onto adsorbent, q, (mg/g), increased with the increase
in initial concentration of dye. This behaviour was more evident in the case of (3-CD/EPI
polymer (Figure 7a), where the amount of dye adsorbed onto polymer at equilibrium, q,,
improved from 0.32 to 1.99 mg/g as the initial concentration of DB78 increased from 11.00 to
70.00 mg/L. In the case of y-CD/EPI polymer (Figure 7b), q, increased from 0.24 to 1.28 mg/g
when the initial concentration of dye was incremented from 11.00 to 70.00 mg/L. This occurs
because the increase in the initial concentrations of dye induces the optimisation of favourable
interaction raising the driving force, able to overcome the resistance to the mass transfer of
dye between the aqueous and the solid phase [41]. Furthermore, these measurements demon-
strate again the better adsorption ability of 3-CD/EPI polymer than y-CD/EPI polymer.

3.6. Effect of initial pH

To study the influence of pH on the adsorption of azo dye onto the two polymers, experiments
were carried out at pH 2, 6 and 11 with a contact time of 2 h. In Figure 8a and b are reported
the results respectively obtained with 3-CD/EPI and y-CD/EPI polymers. Generally, the initial
pH of solution plays a significant role in the chemistry of adsorbent and dye, however, in this
case, no significant changes in the adsorption process were observed at different pH condi-
tions. Indeed, for both polymers, when acid and basic conditions were used, no important
variations in the adsorption efficiency were observed. However, the highest percentage of dye
removal was obtained at pH 6. It is possible to suppose that at alkaline pH, the presence of
excess —OH ions compete with the anionic dye for the adsorption sites. Indeed, as the pH of
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Figure 7. Effect of initial dye concentration on the adsorption of DB78 onto polymers (1.00 g). Ten milliliters of dye
solution at increasing concentrations, from 11.00 to 70.00 mg/L, at pH 6 and temperature 25°C, were used. (a) Adsorption
measurements with 3-CD/EPI polymer and (b) adsorption measurements with y-CD/EPI polymer.
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Figure 8. Effect of initial pH on the adsorption of DB78 onto polymers (1.00 g). Ten milliliters of dye solution (55.00 mg/L),
at pH 2, 6, 11 and temperature 25°C, were used. (a) Adsorption measurements with 3-CD/EPI polymers and (b)
adsorption measurements with y-CD/EPI polymers.

the system increases, the number of negatively charged sites increases as well, and the num-
ber of positively charged sites decreases. A negatively charged surface site on the adsorbent
does not support the adsorption of anionic dye due to electrostatic repulsion [42]. On the other
hand, at low values of pH, the sulphonate groups of dye are protonated and the number of
positively charged sites increases, inducing again electrostatic repulsion. Therefore, all experi-
ments were performed at pH 6 that is the natural pH of DB78 aqueous solution.

3.7. Adsorption equilibrium isotherms

The adsorption isotherms of DB78 onto CD/EPI polymers were determined at pH 6 maintaining
the systems at constant temperature of 25, 50 and 80°C. Various quantities of adsorbent, from 0.05
to 1.00 g, were added to 10 mL of dye (80.00 mg/L) and the adsorption process was maintained
until the reaching of equilibrium state. The Langmuir and Freundlich values are listed in Table 2,
respectively and the value of the linear regression correlation coefficient R? is used to determine
the best-fit model. Based on R?, the results show that the adsorption process with both polymers
was better represented by Langmuir isotherm model than the Freundlich equation. The appli-
cability of Langmuir isotherm describes a monolayer and homogeneous adsorption of the dye
onto the surface of polymers, where the adsorption of each molecule onto the surface has equal
adsorption activation energy [31]. These results agree with a study, reported in the literature
[42], where some azo dyes have been removed by [-cyclodextrin-based polymers. Furthermore,
these measurements show that increasing the temperature from 25 to 80°C induced a higher
maximum adsorption capacity. Since the R, values were between 0 and 1, it possible to underline
that 3-CD/EPI and y-CD/EPI polymers are good and favourable adsorbent for DB78 removal.

3.8. Thermodynamic analysis

The thermodynamic parameters for the adsorption of DB78 dye wastewater on 3-CD/EPI and
v-CD/EPI polymers are summarised in Table 3. The negative values of AG® indicated that
the dye adsorption by these polymers is a spontaneous and a favourable process. Since the
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Polymers T (K) AG?° (k] mol™) AS° (J mol* K AHP° (k] mol™)
B-CD/EPI 298 -11.263 54.352 4.942

323 -12.622

353 -14.252
v-CD/EPI 298 -9.847 39.266 1.860

323 -10.907

353 -12.006

Table 3. Thermodynamic parameters.

obtained values of free energy change were in the range of -9.85 to —12.01 k] mol, for the
[-CD/EPI polymer, and in range of —=11.26 to —14.25 kJ mol™, for the y-CD/EPI polymer, it is
possible to affirm that the adsorption was principally physical. Indeed, some studies reported
that the adsorption is classified as physical adsorption when the AG® values range between —20
and 0 kJ mol™, and as chemical adsorption when AG® values range from -80 to 400 kJ mol™
[34]. The positive values of AS°, for both polymers, showed that the disorder of the systems
increased at the solid solution interface during the adsorption of DB78 on polymers. Also,
the AH® values for 3-CD/EPI and y-CD/EPI polymers were 4.94 and 1.86 k] mol”, respec-
tively. These positive values indicate that the adsorption followed an endothermic process as
in agreement with results derived from the isotherm measurements.

3.9. Thermal analysis

The thermal analysis of -CD/EPI polymer, y-CD/EPI polymer, and their respective poly-
mers loaded with DB78 was performed with differential scanning calorimetry (DSC) under
N, atmosphere with heating rate of 20°C/min. As shown in Figure 9a, the DSC thermograms
of p-CD/EPI polymer exhibited an endothermic peak at about 280°C [43]. After the interaction
of this polymer with DB78, the thermogram presented a double endothermic peak at about
250 and 280°C. Since the first signal corresponds to the decomposition temperature of the
only dye, it is possible to affirm that DB78 exhibits a thermal instability even after adsorption.
This result allows to hypothesise that the interaction between DB78 and the polymers did not
occur only in the internal cavities of cyclodextrins but also in the pores present on the external
surface of polymer. In Figure 9b, the DSC thermograms of y-CD/EPI polymer loaded with
DB78 were no longer exhibit the typical thermal decomposition phenomena, shown in the
thermograms of DB78 and y-CD/EPI polymer. It confirms the interaction between DB78 and
v-CD/EPI: the inclusion of the dye into the y-CD by weak forces stabilises both the adsorbent
and the adsorbate.

3.10. Morphologic study

CD-based polymers were observed by field emission scanning electron microscope (FESEM)
to examine their morphology. In Figure 10a and ¢, FESEM images of unloaded 3-CD/EPI and
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Figure 9. Thermograms obtained by DSC analysis. (a) Thermograms of DB78, 3-CD/EPI polymer and DB78 loaded
{-CD/EPI polymer and (b) thermograms of DB78, y-CD/EPI polymer and DB78 loaded y-CD/EPI polymer.

Figure 10. Scanning electron microscopy images of polymers. (a) Unloaded B-CD/EPI polymer, (b) DB78 loaded 3-CD/
EPI polymer, (c) unloaded y-CD/EPI polymer and (d) DB78 loaded y-CD/EPI polymer.
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v-CD/EPI polymers are respectively showed. It is possible to observe that these materials
presented a very porous, rough and irregular structure which cavities are able to adsorb the
DB78 molecules. Moreover, the presence of loaded dye molecules on polymers did not affect
significantly the morphology of the samples, as reported in Figure 10b and d, confirming the
weak and physical interaction of adsorption process.

4. Conclusion

Results of adsorption show that - and y-CD/EPI polymers exhibited good adsorption
properties towards azo dye Direct Blue 78 (Figure 11a) and the maximum efficiencies in dye
removal, performed at pH 6, 25°C, with an initial dye concentration equal to 11.00 mg/L and
using 1.00 g of adsorbents, were found to be about 99% for -CD/EPI polymer and about
97% for y-CD/EPI polymer, respectively. The proposed adsorption mechanism involved
several kinds of interactions such as physical adsorption in the polymer network, hydrogen
bonding and formation of inclusion complex due to the presence of CD molecules through
host-guest interactions. As illustrated in Figure 11b, this adsorption method allows, after 2 h
of treatment with polymers, to obtain clean water that could be reused in further industrial
processes of fabric dyeing. Furthermore, these polymers could be promising adsorbents for
industrial application due to their low cost of production and their possible recycling in
different adsorption cycles.

Figure 11. Adsorption of DB78 (11.00 mg/L) onto -CD/EPI polymer at pH 6 and at constant temperature of 25°C before
and after 2 h of treatment. (a) Image of 3-CD/EPI polymer before and after the adsorption process and (b) image of DB78
solution in presence of 3-CD/EPI polymer before and after the adsorption process.
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