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Preface

Since Villiers first described “cellulosine” in 1891 and Schardinger laid out the
fundamentals of cyclodextrins (also known as cycloamyloses) in the early nineteenth
century, the chemistry of cyclodextrin (CD) and its congeners has continuously
attracted interest from the scientific community worldwide. This valuable scaffold
has numerous potential applications, including in solar cells, semiconductors,
super-capacitors, polymers, drug delivery, sensors, ligands, nanotechnology, bio-
medicine, agriculture, dyes, food technology, cosmetics excipients, textiles, and
the pharmaceutical industry, in addition to its role in the environmental, biological,
supramolecular, and analytical horizons. The most distinctive signature of CDs

is their capability to form inclusion complexes with a variety of small molecules
through host-guest supramolecular interactions.

This book deals with core concepts and new perspectives on CDs. Chapter 1 describes
the historical background of CDs along with their physiochemical characteristics, as
well as provides a short overview of their diverse applications. Chapter 2 discusses the
fundamental concepts of CDs, including their structure, properties, and host-guest
interactions with a particular emphasis on molecular dynamics in addition to drug
delivery uses. Chapter 3 highlights recent advancements in sensing diverse biologically
important small molecules by CDs through colorimetric, fluorescence, electrochemical,
and potentiometric responses. Chapter 4 describes the inclusion chemistry of various
organic dyes with CDs. Finally, Chapter 5 focuses on CD-based polymers (both natural
and synthetic) in solution as well as in gel states.

I am grateful to all the chapter authors for their excellent contributions. I also express
my sincere thanks to my wife Saba Khan and my lovely daughters Naira Khan and
Samaira Khan. Finally, I am also thankful to my family members, relatives, colleagues
and friends for their continuous motivation and encouragement without which this
book would not have been possible.

Rashid Ali

Department of Chemistry,
Faculty of Natural Sciences,
Jamia Millia Islamia,

New Delhi, India






Chapter1

Introductory Chapter: Historical
Background — Fundamental
Structural and Physiochemical
Properties of Cyclodextrins (CDs)

Rashid Ali

1. Introduction

The discovery, by Antoine Villiers, of the biosynthetic cyclic oligosaccharides-based
seminatural products consisting of 6, 7, and 8 chiral glucose units, arranged in a donut
shape and connected via a-1,4-gycosidic bonds, is generally symbolized as a-, -, and
y-cyclodextrins (or ACDs, BCDs, and GCDs), respectively. They seem to be the most
investigated macrocyclic host molecules in the realm of supramolecular chemistry—
a study of the noncovalent interactions. Naturally, they are being obtained from
the enzymatic degradation of one of the most indispensable polysaccharides, that
is, potato starch in the bacteria (Figure 1) [1]. Sometimes, they also dubbed as the
enzyme-modified starch derivatives. These macrocyclic systems comprise the lipo-
philic inner cavities as well as hydrophilic outer surfaces of the particular interest.
Interestingly, the cyclodextrins (CDs) are produced “hundreds-of-thousands” of tons
every year by means of environmentally friendlier, simple yet effective techniques
and methods. The CDs belong to a family of “cage molecules” in which the core of
their structures is unruffled of a very stable hydrophobic cavity, having the distinc-
tive property of encapsulating the hydrophobic entities by virtue of the invaluable
host-guest supramolecular interactions. The driving strengths that operate in the
inclusion complex formation are van der Waals and electrostatic interactions besides
the hydrogen bonding forces. Generally, the complex formation by the CDs depends
on the shape and size of the cavities of CDs, chemical nature of the guests, expulsion
of the high-energy H,0O molecules, and CD-CD aggregation. More importantly, their
vibrant properties can easily be altered significantly through their ability of forming
the inclusion complexes and also by means of their apposite functionalizations, as
they contain a groups of primary as well as secondary hydroxyl functionalities at the
two rims (Figure 2) [2]. The chemical structures of the most popular cyclodextrins,
i.e. a-, p-, and y-CDs, are depicted in Figure 3. As shown in Figure 3, the CDs have
“truncated cone shape” rather than the perfect cylindrical structures because of
the chair conformations of the glucopyranose units present in these types of cyclic
systems. The toroidal structure of the CDs contains a panel of secondary hydroxyl
groups on the wider rim, whereas the primary hydroxyl groups are present at the
narrower rim side. The hydrophobic cavity is clearly displayed with an arrow inside
the truncated cone as displayed in Figure 3. On the other hand, different structural
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Figure 1.

Parent as well as the modified CDs of the pharmaceutical importance: [RAMERB: randomly methylated p-CD;
HP-p-CD: hydroxy propyl p-CD; HE-p-CD: hydroxy ethyl p-CD; DIME-S-CD: heptakis-2,6-dimethyl-p-CD;
TRIME-f-CD: heptakis-2,3,6-trimethyl)-f-CD].
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Figure 2.
Various possible functionalization sites to generate a variety of modified CDs.

and physiochemical properties of the cyclodextrins are tabulated in Table 1—just to
provide a quick glance to the readers so as to compare and have adequate knowledge
of about these versatile parameters.

Remarkably, their unique “molecular encapsulation” signatures had already been
immensely exploited in a myriad of industrial products, technologies, and analytical
services as well. The fascination toward the researchers and industrialists worldwide
could be inspected from their diverse potential applications in pharmacy, dyeing,
food, medicine, biology, biomedicine, biotechnology, beverage industry, organic solar
cells (OSCs), nanotechnology, environmental protection, wastewater treatment,
conducting polymeric materials, semiconductors, supercapacitors, agrochemistry,
remediation, “cosmetology and hygiene,” catalysis, drug carriers, and ligands engi-
neering, besides their usage in the chiral chromatographic separations (Figure 4)
[3]. Moreover, the CDs had also been used as the crucial “bricks” in assembling the
vital supramolecular architectures of the meticulous importance, such as catenanes,
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Figure 3.
Structures of a/p/y-CDs (top), and wrong and correct pictures of CDs (bottom,).
S.no. Characteristics and properties a-CD p-CD v-CD
1 Number of glucopyranose units 6 7 8
2 Molecular weight (g/mol) 972 1135 1297
3 Internal diameter (A) 47-52 6.0-64 75-83
4 External diameter (A) 14.6 154 175
5 Height of torus (A) 7.8 78 7.8
6 Volume of the cavity ) 174 262 427
7 Solubility in water at 25°C (%, w/w) 145 185 233
8 Partial molar volumes in solution (mL mol ™) 611 703.8 801.2
9 Crystal form (from water) Hexagonal Monoclinic Quadratic
plates parallelograms prisms
10 Diffusion constant at 40°C 3443 3.224 3.000
11 pK (by potentiometry) at 25°C 12,332 12,202 12,081
12 Surface tension (mN/m) — 71 71
13 50% hemolysis (mM) — 53 8.5
14 Hydrolysis by A. oryzae a-amylase Negligible Slow Fast
15 Melting temperature limits (°C) 255-265 255-260 240-245
16 Water content of the crystal (wt. %) 13.5-14.5 10.2 8.13-177
17 Cavity diameter inner (nm) 0.47-0.53 0.60-0.65 0.75-0.83
18 Cavity diameter outer (nm) 146 1.54 1.75
Table 1.

Different structural as well as physiochemical properties of the cyclodextrins.
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Figure 4.
Pictorial vepresentation of diverse potential applications of the CDs.

rotaxanes, polyrotaxanes, supramolecular polymeric assemblies, and so forth [4].
Commercial products entailing the CDs, used in our daily lives, are displayed in
Figure5 [5]. In this particular book based on the CDs, we intended to showcase the
new frontiers in this emerging arena with an intention to aware the readers where this
wonderful field presently stands, and where it might go in years to come, though fully
matured. We anticipated that this new package in the form of book based on the CDs
chemistry would be much informative to the researchers working in both academia
and industry. Surely, it will also be very helpful to the undergraduate and postgradu-
ate students in addition to the young minds planning to enter into the ever-booming
area of research.

@ Pharmacy
g &medicine

Cosmetics
Household 4 & hygiene

Textile

i
s

Figure 5.
Different commercial products consisting of the CDs in our daily-based lives.
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2. Historical backgrounds of CDs

Noticeably, until mid-1970s, a-, B-, and y-CDs were accessible only in small
amounts, and they were contemplated as only the “laboratory curiosities.” Because
of their presumed toxicity and their high prices in addition to the unavailability of
adequate knowledge, their industrial potentials were totally masked at that time.
Although CDs have been well known for more than 130 years, they only truly “took
off” in 1980s when for the first time “applications of the CDs” in pharmaceutical and
food industries were successfully revealed. This progress was made by the produc-
tion of the a-, p-, and y-CDs on an industrial scale, and these systems were fruit-
fully achieved in extremely pure form in 1984. Freudenberg’s research team in 1936
proposed the cyclic structures for both a- and p-dextrins, and in 1953, his group had
published the first ever patent in this field related to the pharmaceutical formulations
[6]. Remarkably, the low cost of these cyclic polysaccharides vastly impacted their
long range developments, particularly that of the -CD.

Nomenclature: During the groundbreaking discovery of the CDs in 1891 by A.
Villiers (1854-1932), a France chemist and pharmacist, the CDs were dubbed as “cel-
lulosine” because of their similar properties (i.e. nonreducing, crystalline, resistant
to the acid hydrolysis, and water-soluble) as cellulose. Soon after these findings,

F. Schardinger, the so-called “Founding Father of the CDs,” identified the naturally
occurring a- and f-CDs, and at that time denoted them as ‘Schardinger sugars’ but
later on famed as cyclodextrins. Whereas, French in 1942 recommended Schardinger’s
dextrins as the cycloamyloses. On the other hand, the y-CD was discovered by the
research team of Schardinger in the year 1948. Moreover, Cramer in 1956 introduced
and described the notion for inclusion complexes. The metal complexes involving
CDs were achieved by means of the monotosylation approach in 1990s [7].

Timeline history: Noticeably, in a beautiful review published by G. Crini [1], his-
tory of the CDs was divided into five vital periods: (1) discovery by Villiers and the
characterization chemistry by Schardinger in the period of 1891-1911; (2) the 25 years
period (1911-1935) of doubt and disagreements (between Pringsheim and Karrer),
but at that time Pringsheim from Germany was the leading researcher in this particu-
lar arena and demonstrated that CDs formed stable aq. complexes with numerous

85 143 258 422 1060 2620
et 0 | |

Figure 6.
Increasing number of publications on the CDs from the year 1955 to 2020.
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substances of particular interest; (3) research explorations in the time period of
1935-1950; (4) the important period of maturation, i.e. 1950-1970, when notions
become fully fledged, and in this period of time, the CDs had been structurally as
well as chemically characterized, besides many more novel complexes were effec-
tively studied; (5) historical landmarks—a period of diverse potential applications
of CDs (i.e. since 1970s to the till date) in which the massive work has successfully
been accomplished by a plethora of research groups globally. Importantly, at present,
innumerable patents and research articles and books had already been published,
and a lavish scientific literature has already been built up, accounting the wonderful
chemistry of these beautifully simple yet much effectual supramolecular architec-
tures. The research publications appeared in the scientific literature, in a time period
of 1955-2020, are diagrammatically displaced in Figure 6 [8].

3. Applications of CDs in drug delivery

Interestingly, cyclodextrins which are undoubtedly very effective complexing
agents, and denoted with the different synonyms like cyclic oligosaccharides,
cycloamyloses, cavitron, cycloglucan, cellulosine, and Schardinger sugars, are also
invaluable from the drug delivery perspectives. These multipurpose CDs have also
successfully found applications as drug delivery systems in nanoparticles, microcap-
sules, liposomes, oral drug delivery, nasal drug delivery, parenteral drug delivery,
rectal drug delivery, peptide and protein delivery, dermal/transdermal delivery,
and controlled drug delivery. Herewith, as can be inspected from Table 2, various
approved and marketed drugs available in different countries worldwide are
tabulated [9].

Name of drugs Administration route Trade name Marketed in

a-Cyclodextrin

Alprostadil (PGE1) Intravenous Prostavastin, Europe, Japan, United
Caverject, Edex States

Cefotiam hexetil HC] Oral Pansporin T Japan

Limaprost Oral Opalmon, Japan
Prorenal

p-Cyclodextrin

Benexate Oral Ulgut, Lonmiel Japan
Dexamethasone Derma Glymesason Japan
Iodine Topical Mena-Gargle Japan
Nicotine Sublingual Nicorette Europe
Nimesulide Oral Nimedex, Europe
Mesulid
Nitroglycerin Sublingual Nitropen Japan
Omeprazole Oral Omebeta Europe
Dinoprostone (PGE2) Sublingual Prostarmon E Japan
Piroxicam Oral Brexin Europe
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Name of drugs Administration route Trade name Marketed in

2-Hydroxypropyl-p-
cyclodextrin

Cisapride Rectal Propulsid Europe
Hydrocortisone Buccal Dexocort Europe
Indomethacin Eye drops Indocid Europe

Itraconazole Oral, intravenous Sporanox Europe, United States
Mitomycin Intravenous Mitozytrex United States
Randomly methylated

P-cyclodextrin

17B-Oestradiol Nasal spray Aerodiol Europe
Chloramphenicol Eye drops Clorocil Europe
Sulphobutylether

P-cyclodextrin

Voriconazole Intravenous Vfend Europe, United States
Ziprasidone maleate Intramuscular Geodon, Zeldox Europe, United States

2-Hydroxypropyl-y-
cyclodextrin

Diclofenac sodium Eye drops Voltaren Europe

Table 2.
Approved and marketed drug-CD complexes in different markets worldwide.

4. Concluding remarks with future perspective

In this way, the chemistry of CDs is fully ripped, but there are always rooms to be
occupied for newer advancements. I personally believe that the CDs will continue to
garner the deepest interest from the scientific community across the world for several
years in future, and that the newer potential applications of the CDs have yet to be
exposed.

Remarkably, in the past few decades, the CDs have been catapulted into the
distinction due to their enzyme mimic, catalysis, drug encapsulation, complexation,
and molecular recognition behavior, etc. Moreover, they have also been attractively
involved in the purification, polymerization, stabilization of the products, chemi-
cal treatment, food preservation, and other industrial processes. Finally, because of
their chiral nature, selective modifications in their structures might further exploit
their potential uses in modern asymmetric synthesis, molecular switches, molecular
recognition, chiral separations, etc. Last but not least, because of their nontoxic
character in addition to having the capabilities of complex formation with a varied
vitamins, flavors, essential oils, perfumes, etc., they definitely have a gifted future in
health-related products as well as biodegradable materials.
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Chapter?2

Cyclodextrins: An Overview
of Fundamentals, Types,
and Applications

Rimsha Yousaf, Fizza Abdul Razzaq, Sajid Asghay,
Muhammad Irfan, Ikvam Ullah Khan and Syed Haroon Khalid

Abstract

Cyclodextrins are one of the most interesting pharmaceutical excipients with
substantial theoretical and applied impacts in pharmaceutical industry. Even though
the chemical foundation of these macrocyclic molecules was laid more than 100 years
ago by Villiers and Schardinger, it was not until recently that cyclodextrins have been
regarded as a subject of numerous potential pharmaceutical applications including
inclusion complexation. This particular chapter discusses the fundamental concepts
of cyclodextrin chemistry, structure, properties, and host-guest interaction with a
special focus on molecular dynamics. Further in this regard, applications of cyclodex-
trins and numerous drug delivery approaches including novel lipid-based nanosys-
tems are also highlighted.

Keywords: cyclodextrins, properties, solubility, drug molecules, inclusion complexes

1. Introduction

In general, cyclodextrins (CDs) comprise sugar molecules, which are combined
together in the form of rings. The sugar molecules that specifically constitute cyclo-
dextrins are “Glucopyranosides,” that is, glucose molecules arranged in pyranose
configuration. The first indication to a substance that is eventually identified as
cyclodextrin was reported in 1891 after Villiers isolated a crystalline substance while
working on enzymatic digestion of starch. After Villiers, Schardinger studied these
crystalline substances and described the essentials of cyclodextrin molecules known
to us in detail [1].

Chemically, cyclodextrin molecules are cyclic oligosaccharides consisting of
alpha-1->4 linked D-glucopyranose units. Depending upon the number of glucopy-
ranosides, cyclodextrin molecules can be categorized as alpha a (6), beta p (7), and
gamma y (8) cyclodextrins, respectively (Figure1) [3].

As complicated as they sound, the CDs are comparatively easy to constitute. Like
discussed above, cyclodextrins are typically obtained by treating starch with a variety
of enzymes notably amylase or glucosyl transferases. Similar to the enzymes, sources of
starch can also be variable resulting in particular ratio of a, §, and y cyclodextrins [4].

1 IntechOpen
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Figure 1.
Chemical structure of the a-, f-, and y-cyclodextrins [2].

Furthermore, the CD molecules are large, but owing to stoichiometric constraints, it is not
possible to acquire smaller CD molecules having less than six glucopyranosides residues.
In contrast, those with higher glucose residues have been reported though concerns such
as poor yield, and limited complexing ability renders them unacceptable for pharmaceutical
use [5].

1.1 Structure and properties of cyclodextrin

In terms of structure, CDs have basket or truncated cone-like structure in which
diameter of the inner cavity is a function of the glucopyranose units as shown in
Figure 2 [8]. The spherical arrangement of glucose units with secondary OH groups
on wider end of the rim and primary OH groups on narrower end of the rim imparts
it basket-like shape since the ability of primary OH groups to freely rotate decreases
the diameter of the cavity at one end. Moreover, H-atoms bonded to CH group as well
as OH groups form the external and hydrophilic exterior surface. In comparison to
rims, internal cavity presents the hydrophobic microenvironment as it is surrounded
with carbon and ether oxygen [9].

As cited earlier, there are three kinds of cyclodextrin, that is, Alpha a, Beta p, and
Gamma y also known as first or parent generation CDs. Due to the presence of sugar
backbone in their framework, they can also be identified as cycloamyloses or dextrins
[10, 11]. As far as the physicochemical properties are concerned, all the cyclodextrin
molecules are large, hydrophilic, stable in basic media, hydrolyzable in acidic media,

H
0]
HO
0”0

~

Lipophilic cavity Alfa-D-Glucopyranoside Unit

n

HO OH

O - o 7 units 8 units

/ — 146 A — — 154A 17.5A

HO OH

Alfa Cyclodextrin Beta Cyclodextrin Gamma Cyclodextrin

Figure 2.
Schematic diagram of shape and dimensions of parent cyclodextrin [6, 7].
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Property Alpha Beta Gamma
Glucose subunits Hexa Hepta Octa
Synonyms Cyclo-hexaamylose Cyclo-heptaamylose Cyclo-octaamylose
Height (alfadex) (betadex) (gammadex)
79 79 79

Cavity diameter 4.5-5.3 6-6.5 75-8.3
External diameter 4.6 154 175
Solubility 14.5 1.85 232
Molecular weight 972 1135 1297

Table 1.

Important characteristics of parent cyclodextrin [7].

and similar in their ability to modify the physical, chemical, and biological features of
drugs by yielding inclusion complexes (Table 1) [12].

The aqueous solubility of natural CDs and their complexes are known to be
restricted, especially in case of -CD, despite the fact that they are hydrophilic. This
is owed to comparatively strong molecular bonding in CDs in their crystal state.
Furthermore, significant number of intermolecular hydrogen bonds between second-
ary OH groups in the -CD structure makes it stiff and inhibits the overall hydration.
Interestingly, substituting any OH-group even by, for example, methyoxy group, can
dramatically enhance the solubility. Nonetheless being less bulky, parent cyclodex-
trins exhibit lower molecular weight relative to their derivatives [13].

1.2 Derivatives of the CDs

Given the lower aqueous solubility, numerous scientists tried to prepare and
evaluated a variety of derivatives of the CDs of medicinal interest. The CDs derivatives
can be produced by polymerizing or substituting the methyl, carboxymethyl, ethyl,
hydroxyethyl, sulfabutyl, or even saccharides. Bonding various functional groups
causes chemical alterations into the main and secondary OH groups of the parent CD
molecules [13, 14]. These derivatizations are carried out to achieve the following goals:

* To improve the solubility.
* To enhance the host-guest association or fitting.
* To stabilize the guest and lessen its reactivity and movement.

Remarkably, till date, a myriad of CD derivatives have successfully been produced
and analyzed, yet only a small number including methylated, hydroxy alkylated, and
ether substituted derivatives have been employed in studies involving novel pharma-
ceutical applications [15].

1. Methylated derivatives can be prepared by randomly methylating any secondary
OH group in C2, C3, or C6 locations or by selectively methylating all second-
ary OH groups of C2 position and primary OH groups of C6. In relation to the
natural CDs, methylated ones exhibit altered physical, chemical, and struc-
tural characteristics. Solubility of methylated CD is also substantially greater;
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however, the solubility is inversely proportional to the temperature as it dimin-
ishes when temperature rises.

2.Similarly, hydroxyl alkyl derivatives also offer higher aqueous solubility and are
one of the most extensively used derivative group. Preparation of hydroxy alkyl
derivatives typically entails non-selective condensation of hydroxy alkyl agents
in basic medium.

3.In contrast, ether derivatives reduce the solubility when OH groups are substi-
tuted by alkyl groups through ester or ether bond(s) [16, 17].

2. Effect of CDs on formulation properties

The most prominent attribute of the CDs is inclusion complexation, that is, the
capability to allow a therapeutic agent or more characteristically just the hydrophobic
portion of medicinal moiety into their internal cavity [18].

2.1 Mechanism of inclusion complexation

When water molecules are removed from the lipophillic cavity of cyclodextrins
(which is in an energetically unfavorable environment due to the nature of the
polar-polar interaction), the number of formed hydrogen bonds increases, and the
repulsive interaction between guest and aqueous environment decreases, whereas
the hydrophobic interaction increases as the guest molecule or lipophilic group with
size, shape, and polarity compatible with the CD structure exerts itself in central
cavity. As aresult, a complex (Figure 3) is formed in an aqueous solution [19, 20].

When a complex is formed, covalent bonds are neither formed nor broken, and
the drug molecules of complex as well as those of solution are in equilibrium. The
capacity of guest to interact well with the host molecules to create a stable complex
determines the binding strength of thus formed complex. Other factors involved in
affecting this host-guest complexation mechanism are:

Incorporation of drug [ Lipophillic cavity| [Hydrophilic outer surface|
moiety into CD cavity

>
_d BEC

Drug molecule Cyclodextrin Inclusion complex of drug

and cyclodextrin

Figure 3.
Schematic illustration of the drug-CD inclusion complexation [2].
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1. Steric factor—which is based on the proportion of the CD to drug size and/or
on specific functional group of active component. If the active component is too
big, it will not fit inside the cavity adequately. Moreover, the dimensions of these
molecules also important in this aspect on the basis of dimension smaller com-
pounds or those having aliphatic chain will form complex with the alpha cyclo-
dextrin and those having higher molecular weight, for example, steroids will be
accommodated by gamma cyclodextrin. On the other hand, heterocyclic as well
as aromatic compounds will form complex with the $-CDs [21].

2. Besides the steric, thermodynamic interaction among various CD components,
the host molecule is another important determinant. In order for complexation
to take place, a favorable driving force that can draw the host molecule into the
CD cavity is necessary. This thermodynamic force is attributable to the unique
toroid or cone-like structure of the CDs [2].

3. Structure of substitution added to derivate CDs.
4. Places, where substitution are made within the molecule.
5.Finally, the degree of substitution

2.2 Types of complexes

It is crucial to measure the stability or dissociation constant of complexes, since
they are an indicator of how a compound’s physicochemical characteristics change
after inclusion. The phase solubility method proposed by Connors and Higuchi [22] is
most extensively used analytical procedure in this regard as shown in Figure 4, which
is known as phase solubility profile.

Connors and Higuchi categorized complexes by examining the influence of
solubilizer or ligand concentration on drug or substrate solubility. If by increasing
the solubilizer or ligand concentration, there is a rise in substrate solubility, then the
solubility profile is said to be A-type. Three additional profiles, thatis, Ap, A, and Ay
make up A-type profile. The A;, profile shows that solubility increases linearly with

s AL
An
Bsg

.

-

Concentration of dissolved drug

Concentration of cyclofdextrin

Drug D¥scovery Today

Figure 4.
A and B-type phase solubility profile and their subtypes [23].
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ligand concentration or solubilizer concentration. Ap type shows an isotherm with
significant deviation but in a positive way implying proportionality but only at higher
quantities. On the other hand, Ay profile also exhibits deviation but is a negative way
implying no proportionality even at higher amounts. All three trends together show
that complexes formed are water-soluble. Type B profile on the other hand indicates
that the complex has restricted solubility. They are typically seen with parent CDs
especially with the -CD. They are also of two types, that is, Bs and Br [24].

Although inclusion complexes are expected to make up the majority of CD
complexes but non-inclusion complexes (complex aggregate) that can dissolve drug
through micelle formation can also form [2].

3. Applications of cyclodextrins

The exact potential of the CDs in the sector of pharmaceutical applications is
because of their capability to affect several properties influencing the behavior and
therapeutic outcomes of drugs. Cyclodextrins are typically employed to improve
the solubility, permeability, stability as well as adverse effects including irritation.
Generally, most of these applications are associated to their capability to form inclu-
sion complexes.

3.1 Solubility and dissolution enhancement

The most extensive use of the CDs is to improve the solubility of drug in aqueous
solutions. An increase in solubility also aids in improving bioavailability and hence
therapeutic efficiency. Cyclodextrins have the capability to form the inclusion com-
plexes, which increases the solubility and dissolution of drug molecules in the solid
state [25]. Even though solubilization effects of all the CD molecules can be found
throughout the literature, methylated CDs have the greatest potential of increasing
the solubility as they decrease the crystallinity of drugs, which also increases the
dissolution [26]. Although the influences of the CD complexation on it are extremely
empirical, yet a number of historical findings permit several inferences:

* Firstly, the poorer the water solubility of the drug, the superior the solubility
enhancement through the CD complexation.

* Secondly, derivatization of the CDs with reduced molar substitution offers the
better solubilization than derivatives with more molar substitutions.

* Thirdly, solubilizing ability of the CDs is entirely dependent on the charge
proximity to the cavity. Farther the proximity, better the ability.

* And lastly, it is feasible to increase complexation and consequently solubilization
by incorporating various polymers of the group.

3.2 Permeability across biological membrane

Remarkably, permeability across the biological membranes can be affected by sev-
eral factors, which include molecular weight, molecular structure in addition to the
partition coefficient. CDs have no part in increasing the permeation of hydrophilic
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drugs, but in CD complexation, free drug has the affinity to penetrate biological
membrane [27]. At this point, delivery across biological membrane is entirely depen-
dent on the drug formulation as well as the barrier. Delivery across barrier controlled
by water diffusion layers can be affected by cyclodextrins, but those across lipophilic
membranes are limited. The only exception to this barrier is inclusion of hydrophobic
cyclodextrins that can effortlessly cross the mucosa [28].

3.3 Higher photo- and thermal stability

Another important signature of these excipients is their influence on the chemical
stability of pharmaceuticals. Whenever any drug formulation has to be developed,
stability parameters and the factors affecting the stability parameters should be kept
in mind, and appropriate stability enhancers should be added as per the requirements.
CDs are widely known for their capability to reduce the effect of temperature, light, and
oxygen, thereby increasing the overall stability [29, 30]. Degradation of the product in
the presence of light can lead to the several adverse effects. Higher photo stability was
found when a complex of CD and vitamin E was formed. Apart from the protective
effect of CD stability, studies are also important to discover the degree to which any
formulation can be prevented from the excipient mediated degradation [31].

3.4 Improved drug safety

When CDs increase the solubility, dissolution, and bioavailability of the drugs
[28], it means that drug will have the required residence time in the body and will not
stay longer, thus reducing the risks of toxic effects [32]. A research was conducted on
an anti-viral drug ganciclovir combined with CD, and it was found that toxic effects
of the drug were reduced and efficacy was significantly improved. Similarly, irritation
caused by both intravenous and ophthalmic products can also be reduced by CDs [33].

3.5 Control of drug release

CDs having ethyl group and acyl group have the potential to prolong drug release
[34]. One alternative for controlling drug release is to utilize the epithelial surface of
GIT in which per-Obutanoyl $-CD is known for its mucoadhesive property. HP-$-CDs
are being utilized for their gel forming property, thus can extend the release of drug.
In controlled drug delivery systems, osmotic pumps are widely utilized as they are
unique and provide the uniform concentration of drug in the systemic circulation
[35]. Advanced forms of extended delivery systems can be developed by joining the
CD conjugates with respective release formulations. This effect was seen when keto-
profen having -CD was combined with ketoprofen, and this formulation was added
in CD conjugates, which provided a repeated release profile [36, 37].

4. Drug delivery approaches
4.1 Drug delivery by oral route
Drug delivery by oral route has traditionally been the most prevalent option for

designing delivery systems. Drug release in oral delivery system may be controlled
by dissolution, diffusion, pH, or osmosis [38]. The usage of CDs in an oral delivery
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system is to increase the rate at which dissolution occurs—forming inclusion com-
plexes with CD aids in increasing the solubility of drugs and hence transport of drugs
across aqueous phase to lipid membrane in GIT [39]. The hydrophobic derivatives of
CDs are mostly employed to accomplish this goal. In case of buccal and sublingual
routes, rapid increase in drug concentration can also be achieved by complexation;
however, in order to exhibit the therapeutic effect, drug must need to get released
from the complex. For sublingual route, it is a little bit difficult since the amount of
saliva as well as contact time is limited [40].

Cyclodextrins especially hydrophobic ones, that is, ethylated CDs, are also very
important in achieving site-specific or sustained drug release. Additionally, cyclo-
dextrins have productively been utilized in matrix tablets as well as osmotic pumps to
control the drug release [41].

4.2 Ocular drug delivery

The primary treatment of an ocular aliment is mainly topical application of drug
as aqueous solution. The current findings ascertain that cyclodextrin molecules are
helpful components in ocular preparations, since they can enhance the solubility, sta-
bility, and consequently bioavailability of the ophthalmic formulations [42]. Among
the CDs, hydrophilic cyclodextrins, mainly SB #-CD and HP $-CD, are reported to
be most compatible and nontoxic [43]. It is well known that only a small amount an
ophthalmic drug can actually reach systemic circulation, but increasing the avail-
ability of a drug at corneal surface through the CD complexation can easily enhance
ocular bioavailability of hydrophobic drugs [44].

4.3 Nasal drug delivery

In order to have systemic absorption, drug must have optimum solubility in nasal
fluids. Moreover, an optimum nasal formulation also must not have any effect on the
defensive functions of cilia in respiratory tract. Both hydrophilic and hydrophobic
CDs are the highly employed in this regard, as they can enhance the solubilization as
well as the permeation, correspondingly. Besides, they are highly effective in small
concentration and stereotypically inert from toxicological perspective [45, 46].

4.4 Transdermal drug delivery

Stratum cornea serves as the main barrier in the delivery of drugs through the
skin. Various penetration enhancers are often employed to enhance the delivery across
the barrier. Owing to the hydrophobic properties, cyclodextrins have the ability to
deliver across water diffusion layer; however, if absorption is dependent on the lipo-
philic barrier solely, CDs are unable to deliver the drug dermally. Therefore, suitable
selection of an aqueous vehicle is highly important [32, 47].

4.5 Novel drug delivery

Captivatingly, CD and its derivatives have been employed to develop the novel
systems having supramolecular architectures such as micelles [48], nanosponges [49],
nanoparticles [50], nanovesicles [51], etc., to build the functional platforms. Among
these delivery systems, lipid nanocarriers are arguably the most common nanoma-
terials, which are used in association with modified CDs. Being biodegradable and
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biocompatible, these systems offer versatile advantages including targeted delivery,
stability, and co-drug loading (i.e., both hydrophobic and hydrophilic). In addition,
they also exhibit superior efficacy and pharmacokinetics [52]. Conducive studies on
the lipid nanosystems including parent and derivated CDs have proven the suitability
of this approach to enhance the bioavailability of numerous pharmaceutical formula-
tions; hence, continually increasing its implications in different disorder, for instance,
diabetes [53], hypertension [54], cancer [55], and many other ailments.

5. Conclusions

It is evident from the data given here that cyclodextrins due to their distinctive cone-
like structure and unique properties can provide an excellent option to address various
issues regarding drug and its delivery. CDs have been introduced successfully in phar-
maceutical industry because of their unique property of forming dynamic inclusion
complexes, thus improving the solubility, dissolution, bioavailability, and release profile
of numerous drugs. The effectiveness of different CDs in improving the therapeutic
potential of drugs depends upon both the type of guest molecule and the CD as they can
influence types of the complexes formed. According to Connor and Higuchi, complexes
can be A-type, B-type, and even non-inclusion type, such as complex aggregation.

Apart from traditional drug delivery system, recent research on CD-based nano-
systems has grown as the CDs are biocompatible and can nicely serve as the platform
for the formulation and pharmacokinetic efficiency without raising the risks.
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Chapter 3

Cyclodextrin-Based Sensors for the
Recognition of Small Molecules

Ishfaq Ahmad Rather, Ahmad Hasan and Rashid Ali

Abstract

Owing to the selective recognition ability, exceptional biocompatibility, water
solubility, non-toxicity, economically inexpensive, commercial availability, and easy
functionalization, cyclodextrins (CDs) act as the main building blocks for the creation
of beautifully simple yet much effective supramolecular architectures of fundamental
interest. Over the past few decades, CDs have engrossed a noteworthy interest in the
scientific community because of their usage in the development of chemical sensors
via molecular recognition phenomenon. Bearing the delightful sensing capability of
CDs in mind, herewith, we envisioned to disclose the recent developments in the
sensing of diverse biologically significant small molecules by CDs through colorimet-
ric, fluorescence, electrochemical, and potentiometric response. Sensing events and
corresponding distinguishing optical features in cyclodextrin-based monomers,
dimers, clusters, and nano-assemblies have been elaborated in detail. The authors are
of the opinion that this chapter will offer new dimensions to supramolecular sensors in
general and CDs-based sensors in particular.

Keywords: cyclodextrins, host-guest interaction, molecular recognition, small
molecules, colorimetric and electrochemical sensors

1. Introduction

Basically, the host-guest non-covalent interaction is the major subtopic of supra-
molecular chemistry, which succors us to realize the recognition of guest entities,
particularly through non-covalent supramolecular interactions [1, 2]. In recent years,
the supramolecular host molecules, such as cyclophanes, crown ethers, cryptands,
calix[n]arenes, calix[n]pyrroles, cucurbiturils, and cyclodextrins, have drawn an
enormous interest of the scientific community worldwide because of their exceptional
signatures, particularly molecular recognition and sense of specific analytes, and still
much new chemistry with these old macrocycles is to be explored [3-7]. Among the
above-mentioned host architectures, the naturally occurring cyclodextrins (CDs) are
regarded as most essential by virtue of their selective recognition capability, excep-
tional biocompatibility, water solubility, non-toxicity, economically inexpensiveness,
commercial availability, and easy-functionalization [8]. With the aid of host-guest
chemistry, the CDs have found a range of applications in various fields of science and
technology viz. supramolecular self-assemblies, material sciences, pharmaceutical
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chemistry, biochemistry, polymer chemistry, electronics, catalysis, and nanotechnol-
ogy, besides biotechnological and chemical industries [9-11]. Remarkably, CDs have
also been employed as the bricks in building frequent supramolecular structures of
particular interest, such as polyrotaxanes, rotaxanes, catenanes, and supramolecular
polymeric materials [12].

The CDs are cyclic oligosaccharides-based seminatural products, mostly compris-
ing of 6—8 units (a-, f-, & y-cyclodextrins) of glucose connected through a-1,4-
gycosidic linkages to generate the torus-shaped molecules portrayed by a hydrophilic
surface and hydrophobic central cavity (Figure 1) [8]. Notably, CDs having glucose
units less than six are too much strained for existence, while the CDs containing more
than eight glucose units are readily soluble and very difficult to isolate. With an
increase in the number of glucopyranose units from six to eight, the inner cavity
diameter also increases from 0.44 to 0.83 nm. In particular, the inner cavity diameter
of 0.44 nm in a-CD is suitable to capture benzene molecule, whereby $-CD (0.62 nm)
holds an appropriate cavity to encapsulate the naphthalene molecule, and impor-
tantly, the y-CD (0.83 nm), can easily occupy the larger guest molecules viz. fullerene
[13, 14]. The shape of these CDs resembles like a bucket and hence offers a narrow
and large entrance on opposite sides. Typically, it has been revealed that there exist
primary OH-moieties on the side of narrow cavities and they have got recognition as a
primary face. On the front, secondary OH moieties are present on the side of a large
cavity and are generally dubbed as the secondary face. It is by virtue of these primary
and secondary OH groups that these CDs are selective toward the inclusion of guest
entities of particular importance. As a matter of the fact, both primary and secondary
OH groups arrange themselves on the outer side of two recognized faces, and the
whole inside cavity of these CDs becomes a hydrophobic microenvironment. The
hydrophobicity of the inner cavity in turn is responsible for the inclusion of typically
hydrophobic guests in aqueous media [8]. Importantly, over the passage of time,
selective methods for ease functionalization of CD-scaffold are being proposed
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Figure 1.
Chemical structures and the 3D-pictorial representation of different CDs.
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constantly in order to enhance the recognition properties of CD-based supramolecular
hosts toward analytes [15].

As can be straightforwardly inspected from the scientific publications appearing in
the literature, the domain of chemical sensors in general and CD-based sensors in
particular are rapidly progressing and strengthening their roots in various aspects of
our day-to-day life besides bringing a revolution in diverse arena of science and
technology [16]. Keeping these facts in mind and also to expose the importance of
sensory materials based on CDs; in this meticulous review chapter, we indented to
highlight the recent developments in addition to the conceptual background of CD-
based chemical sensors. Hopefully, the readers will enjoy this draft and will for sure be
further to explore these old yet new types of macromolecular platforms to an
advanced level.

2. Chromophore-appended cyclodextrins as classical chemical sensors

Among a variety of chemical sensors, the optical chemosensors are truly interest-
ing and advantageous [17]. This can be ascribed to the fact that optical variations viz.
color, absorption, and/or emission developing after the recognition of the targeted
guest analyte by a typical host molecule are most of the time directly visible through
naked eye. In these optical chemosensors, chromophores are attached with basic
sensing scaffolds in order to utilize their optical variation, impending for the deter-
mination of successful recognition/sensing event [18].

Keeping in consideration, the fact that microenvironment of the utilized chromo-
phores offer changes in color as well as fluorescence pattern, and to get optimum
output, researchers globally have functionalized the CDs with a variety of dyes besides
the fluorescent moieties [19, 20]. Using chromophore-appended CDs, the detection of
a range of hydrophobic guest molecules inside the hydrophobic cavities has exten-
sively been studied in recent years. However, a plethora of chromophore-appended
CDs have been constructed and their sensing activities have also been accomplished
by several research groups worldwide. But, the pioneering work in this field has been
revealed by Ueno and teammates; they reported many CD-based fluorescent chemical
sensors through the installation of diverse fluorophores (dansyl, pyrene, anthracene,
etc.) in CDs via flexible linker [21, 22]. By means of this rigid spacer, no self-inclusion
complex formation has been noticed. This in turn exposes the fluorophore to a
hydrophilic environment and leads to the fluorescence quenching of the CDs. Conse-
quently, the addition of hydrophobic guest leads to its inclusion in the hydrophobic
cavity of CDs, thereby bringing the appended fluorophore to a more hydrophobic
environment in comparison with the free state of CD-fluorophore conjugates. Hence,
enhancement in the fluorescence leads to the “turn-on” fluorescence response
(Figure 2b) [21].

On the other hand, the same group has also constructed various colorimetric
indicator dyes (viz. phenolphthalein, methyl red, p-nitrophenol, alizarin yellow)
appended CD-based chemosensors, wherein the dye moiety is included in the hydro-
phobic cavity of CDs and generates the self-inclusion complex well isolated from the
exterior aqueous hydrophilic media [23-25]. In this self-inclusion complex state, the
color changes of the appended dye moiety through protonation/deprotonation-
assisted pH variation are suppressed (Figure 3). The consequent addition of compet-
itive hydrophobic guest molecule leads to the segregation of appended dye moiety
from the interior of CD hydrophobic cavity to the exterior hydrophilic environment.
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Figure 2.
Pictorial representation of the turn-off (a) and turn-on (b) fluorescent CD-based chemical sensors developed by
Ueno and co-workers.
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Figure 3.
Schematic representation of the p-methyl ved appended CD chemical sensor.

In this manner, the appended dye moiety displays normal color variations upon
changing the pH through the protonation or deprotonation tactic (Figure 3) [26, 27].
Sulfur dioxide is widely used as a preservative and antioxidant in the food and
beverage industries. Thus, constructing sulfur dioxide sensors is of utmost signifi-
cance in food and analytical chemistry. In this regard, Levine and co-workers have
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Schematic depiction of chemical reaction involved in the attachment of B-CD (2) with Whatman filter paper.
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modified the Whatman filter paper with -CD (2) and manganese in order to develop
a colorimetric sensor for sulfur dioxide in an aqueous solution (Figure 4) [28]. It has
been revealed that the developed sensor is sensitive (limit of detection up to 33 ppm),
practical, and broadly applicable in the rapid detection of sulfur dioxide via naked eye
color change. Besides, the redox reaction of the manganese has been found
responsible for the perceived naked eye color variations and other UV-Vis spectral
variations. For practical applications, these studies pave the way toward the
construction of CD-based novel sulfur dioxide sensors for their employment in
beverage and food industries.

3. Metallocyclodextrin-based chemical sensors

The metallocyclodextrin-based CDs have been developed by various research
groups and utilized in the field of chemical sensors [29, 30]. To this line, ligands
consisting of the metal binding sites, for example, crown ether, diethylenetriamine-
pentaacetate (DTPA), and ethylenediaminetetraacetate (EDTA), have successfully
been reported. Noticeably, among the various metal ions, lanthanide metal ions (Eu**
& Tb**) are primarily used in the fabrication of metallocyclodextrin-based chemical
sensors by virtue of the fact that they exhibit strong fluorescence and also showed the
longer lifetimes [31]. Out of various sensing mechanisms, absorption energy transfer
emission (AETE) has been found responsible for the sensing of metallocyclodextrins.
This sensing mechanism preliminary involves the excitation of light harvesting guest
molecule via absorption of photon energy followed by the transfer of energy to a
photoactive metal ion (Eu**/Tb**) and subsequent emission from these metal ions. It
has been revealed that the complexes of Eu** and Tb*" ions with the appended CDs
viz. crown ether-CD (19) and DTPA-CD (20) conjugate display slight fluorescence in
aqueous solution due to dearth of aromatic hydrocarbons acting as light-harvesting
groups (Figure 5) [32]. However, the addition of aromatic guest/light-harvesting
molecules, such as benzene, toluene, and biphenyl, leads to the inclusion of these
molecules into the inner hydrophobic cavity of metallocyclodextrins, thereby
displaying fluorescence enhancement via AETE, and, hence, offers a unique approach
to develop the turn-on fluorescent chemical sensors (Figure 5). On the other hand,
Reinhoudt and teammates have constructed -CD dimer (22) in which two -CD units
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Emission

Figure 5.

Diagrammatic illustration of crown ether appended CD (19), DTPA appended CD (20), and EDTA linked §-
CD dimer (22). Moreover, the mechanistic overview of AETE sensing phenomenon involving light harvesting guest
molecules is also shown.

are linked through EDTA (Figure 5) [33]. From the experimental studies, it has been
noticed that the complex formation occurs between 22 and lanthanide metal ions,
which upon the addition of biphenyl-linked adamantane dimer results in the inclusion
of adamantyl ends in the hydrophobic cavities of f-CD dimer (22). Consequently,
AETE has been noticed from the biphenyl group of adamantane dimer to the lantha-
nide metal ion complexed with #-CD dimer (22). In this way, the overall lanthanide
metallocyclodextrin-based assembly functions like a turn-on fluorescent chemical
sensor. Additionally, polypyridine, as well as hepta bipyridine, appended CDs forms
the complexes with lanthanide metal ions and acts as the chemical sensors toward
targeted guest molecules via AETE sensing phenomenon [34, 35].

Liu et al. have studied the transition metal cation ligand-appended CDs as fluores-
cent chemical sensors [36]. They have synthesized #-CD dimer (23) in which two g-
CD units are joined through the biquinolino subunits (Figure 6), and by virtue of this
group, f-CD dimer (23) forms a complex with Cu(II) transition metal ion. Upon the
resulting addition of steroid guest molecule, a 1:1 sandwich-type inclusion complex
was formed, displaying the enhancement in fluorescence and hence acting as an
efficient fluorescent chemical sensor. Moreover, the same group has also synthesized
quinoline functionalized $-CD-based selective fluorescent sensor (24) for Zn(II) ion,
among several other interfering metal ions, such as Ca(II) and Mg(II) (Figure 6). For
real-world uses, the sensor (24) might prove highly valuable as an imaging agent for
Zn(1I) in living cells or tissues [37]. In a separate report, Yang et al. have established a
selective and sensitive f-CD-based fluorescent sensor (25) for the recognition of Zn
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Figure 6.
General structures of p-CD dimer (23) connected by the biquinolino group, quinoline functionalized B-CD sensor
(24) for Zn(1I) ion and alkylated p-CD/tetraphenylporphyrin-based 2:1 host-guest complex (25).

(II) ion (Figure 6). The developed fluorescent sensor (25) is composed of alkylated j-
CD and tetraphenylporphyrin units in the stoichiometric ratio of 2:1. In this case,
fluorescent enhancement has been revealed upon the selective complexation of Zn(II)
with meso-tetraphenylporphyrin among various other interfering metal ions in aque-
ous medium [38].

4. Cyclodextrin-based supramolecular systems as chemical sensors

Design and construction of the supramolecular architectures utilizing CD units as
the key building blocks have attracted an increasing curiosity in the development of
chemical sensors [39, 40]. In comparison with CD monomers, the covalently coupled
CD-dimers and CD-trimers possess bigger hydrophobic cavities to accommodate the
large guest molecules, which make them ideal candidates for chemical sensing. In this
context, Ueno and co-workers have reported the -CD dimer fluorescent sensor (26)
in which the two -CD moieties are linked through a primary face via dansyl group
and used it to recognize steroids (Figure 7) [41]. The fluorescence quenching in the
dansyl moiety has been observed upon the inclusion of steroid guest molecules in the
hydrophobic cavities of 26. This is due to the fact that steroid inclusion into hydro-
phobic cavity brings about the exclusion of dansyl moiety from hydrophobic space to
aqueous hydrophilic media. In another event, Reinhoudt’s group constructed -CD
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Figure 7.
Pictorial representation of the fluorescent B-CD-based dimers (26 and 27) and trimers (28 and 29).

dimer-based fluorescent sensor (27), in which the two $-CD subunits are linked
through secondary face via a dansyl moiety (Figure 7) and also revealed different
host-guest geometries in comparison with 26 [42]. On the other hand, Kikuchi et al.
reported the f-CD linear trimer-based fluorescent sensor (28) consisting of two
dansyl moieties as linkers between three #-CDs, which in turn signifies the sensing
event through host-guest chemistry with bile acids viz. cholic acid, lithocholic acid,
and deoxycholic acid (Figure 7) [43]. On the other hand, Sasaki et al. have fabricated
permethylated f-CD-based fluorescent cyclic trimer (29) in which $-CD units are
bridged through biphenyl moieties (Figure 7). From the experimental studies, it was
revealed that 29 strongly captures an anthracene derivative possessing two alkyl
chains and signifies the binding event via fluorescence modulations [44].
Interestingly, sensing conjugates of CDs with macrocyclic hosts employing coop-
erative molecular recognition phenomenon have also been fabricated by various
researchers across the world. In this context, Hayashita and teammates have devel-
oped a highly selective hybrid molecular conjugate (30) between y-CD and pyrene
crown ether [45, 46]. It has been noticed that in the presence of K* ion, the emission
of pyrene monomer disappears, resulting in excimer emission due to the formation of
a 2:1 host-guest sandwiched complex between crown ether and K* ion (Figure 8a).
While, Tong et al. have fabricated a conjugate sugar sensing system (32) between f-
CD and pyrene attached boronic acid fluorophore (Figure 8b) [47]. Fluorescence
enhancement has been noticed upon the sensing of sugar moiety by conjugate system
(32) as can be inferred from Figure 8b. On the other hand, Kaneda et al. have
constructed a sensing molecular conjugate (35) between methylated a-CD and crown
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Schematic representations of CD-based molecular sensing conjugates (a) molecular conjugate (30) of y-CD with
pyrene crown ether, (b) molecular conjugate (32) of B-CD with pyrene-functionalized boronic acid, and (c)
molecular conjugate (35) of methylated o-CD with crown ether-functionalized azo-phenyl dye.

ether functionalized azo-phenyl dye (Figure 8c) [48, 49]. Interestingly in aqueous
media, a prominent color change was noticed upon the addition of 1° or 2° alkylamines
to the conjugate sensing system (35). However, in aqueous solution, no such color
changes were observed upon the addition of 3° alkylamine to 35. The reason for color
change is ascribed to the fact that 1° or 2° alkylamines are strongly bonded to crown
ether moiety of 35 and their lipophilic alkyl tails construct a strong complex with the
CD framework (Figure 8c).

The research group of Anderson has used y-CD and [2]rotaxane (possessing stil-
bene axle and terphenylenedicarboxylic acid stoppers) for the preparation of a unique
chemosensor 38 (Figure 9) [50]. It has been revealed that the stilbene axle of [2]
rotaxane offers hydrophobic floor to y-CD cavity and hence leads to an increase in its
affinity to 1000-fold for appropriate guests (39) in comparison with simple y-CD (3).
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Fluorescence change

Figure 9.
Schematic illustration of y-CD and [2] rotaxane-based chemosensor (38) depicting sensing of a guest molecule
(39) via fluorescence change.

Moreover, stilbene axle of [2]rotaxane also acts as a fluorophore—signifies the sensing
event through fluorescence change between chemosensor 38 and suitable guest
molecule 39 (Figure 9).

5. Cyclodextrin-based electrochemical sensors

Owing to the chief and portable instrumentation, rapid analysis, and high selec-
tivity, as well as sensitivity, in recent years, electrochemical sensing has engrossed a
significant courtesy in the recognition of biomolecules and environmentally hazard-
ous pollutants [51-53]. Cyclodextrin-based functional materials have proven to be
highly useful in the domain of electrochemical sensing in past decade [54, 55]. These
functional materials mainly include CD-based carbon nanomaterials: carbon
nanotubes (CNTs), graphene, and conducting polymers. Nowadays, developing the
CD-based conducting polymers for the purpose of electrochemical sensing is consid-
ered a hot subject of research interest [56]. This is due to the fact that CD-based
conducting polymers pasted on electrodes via electrooxidation process of monomers
offer high stability, good catalytic ability, and electronic features [57]. To this regard,
Bouchta et al. have fabricated gold electrode with poly(3-methylthiophene)-based y-
CD through electropolymerization process for the electrochemical determination of
dopamine, chlorpromazine, 3,4-dihydroxyphenyl alanine, etc. [58]. On the other
hand, Luong and co-workers have doped a diamond electrode with boron and
sulfobutylether functionalized $-CD along with a composite film of polypyrrole and
poly (N-acetyltyramine) for the selective electrochemical determination of neuro-
transmitter dopamine among other interfering analytes, such as ascorbic acid and uric
acid [59].

In the context of CD-based carbon nanomaterials, Huang’s research group has
modified glassy carbon electrode (GCE) by single-walled CNT (SWCNT) and pyrene
functionalized f-CD (42) in order to determine the 3,3,4,4’-tetrachlorobiphenyl (41)
via electrochemical impedance method (Figure 10). It was noticed by the authors that
the pyrene moiety aids in attaching the 42 onto the SWCNT (43) sidewall through x-
n-stacking interactions, and the guest molecule 41 gets encapsulated by the hydro-
phobic cavity of 42 [60]. Furthermore, they also reported the electrochemical sensing
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Figure 10.
Schematic illustration of n-n-stacking adsorption of pyrene functionalized p-CD (42) onto the side wall of
SWCNT (43) along with the structure of 3,3',4,4'-tetrachlorobiphenyl (41) guest molecule.

of p-nitrophenol using same SWCNT (43)-based pyrene functionalized -CD
nanohybrids. The nanohybrid traps p-nitrophenol in the hydrophobic cavity of
42 with high selectivity and sensitivity with a detection limit of 0.00086 uM [61].
Recognition of chiral enantiomers via CD-based electrochemical sensors is of
immense importance in the medical and pharmaceutical sciences [62]. Yang and co-
workers have recently modified the surface of GCE by hydroxypropyl -CD grafted
cellulose, multi-walled CNTs (MWCNTs), and copper ions in order to develop a
sensitive electrochemical sensor for the recognition of chiral enantiomers of trypto-
phan (D-Trp/L-Trp) [63]. It has been perceived that the fabricated electrochemical
sensor has higher affinity toward L-Trp in comparison with the D-Trp (Figure 11).
Additionally, the developed electrochemical sensor has been successfully utilized to
monitor the quantity of D-Trp in racemic mixture. These studies thus pave the way
toward the development of realistic chiral platforms for the recognition of diverse
chiral molecules. On the other hand, a f-CD-based sensitive electrochemical sensor for
the recognition of endocrine disrupting agent known as bisphenol A, in an aqueous
solution, has been reported through the pasting of MWCNT's (46) and graphene
oxide (48) on screen-printed carbon electrode (SPE) (Figure 12) [64]. This versatile
system follows a diffusion-controlled mechanism in the sensitive electrochemical
sensing of bisphenol A in drinking water with a detection limit of up to 6 nM. These
studies thus offer a promising role in the determination of water quality via bisphenol
A monitoring.
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Figure 11.
Schematic illustration of electrochemical vecognition of the chiral enantiomers of tryptophan (Trp) via
hydroxypropyl B-CD-based electrochemical sensor.

Deionized water

Figure 12.
Schematic illustration for the development of bisphenol A electrochemical sensor via modification of SPE with (-
CD and graphene oxide-functionalized MWCNTs.

Over the past several years, diverse CD-based potentiometric sensors working
through electrochemical means have fruitfully been developed, which find significant
applications in medicine, agriculture, environmental monitoring, pharmaceutical
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sciences, and industries [65, 66]. In this context, Lenik and teammates have developed
functionalized f-CDs-based potentiometric sensors for the determination of useful
pharmaceutical drugs known as naproxen and ketoprofen. It has been observed that
the guest naproxen molecule is partially or completely encapsulated within the cavity
of host functionalized $-CD [67, 68]. On the other hand, Amorim et al. have also used
functionalized f-CDs in the fabrication of potentiometric sensors for psychiatric drug
molecules viz. diazepam and midazolam [69]. On the other hand, Khaled’s research
group has fabricated carbon paste electrodes with -CD based polyvinyl chloride in
order to determine diverse acetylcholine derivatives viz. butrylcholine,
acetylthiocholine, and acetylmethylcholine [70].

6. Cyclodextrin-based polymers as chemical sensors

Due to widespread applicability of z-conjugated polymers in electrolumines-
cence, light-emitting diodes (LEDs), electrical conductivity, and chemical sensors,
researchers are curious worldwide to explore fine-tuning of their electrical and
optical properties by virtue of stimuli, such as pH, metal ion, and redox reactions
[71]. In this context, Harada’s research group has constructed #-CD functionalized
poly(phenylene ethynylene)-based z-conjugated fluorescent polymer (49), which
is water soluble and displays blue fluorescence in DMF and green fluorescence in
aqueous solutions (Figure 13) [72]. Upon the addition of a competitive guest
molecule known as 1-adamantanecarboxylic acid (51) to 49-based intermolecular
aggregates (50), fluorescence color variation from green to blue was observed by
the authors (Figure 13). This can be ascribed to the fact that 1-adamantane-
carboxylic acid (51) complexation with #-CD units of 49 results in the dissociation
of various intermolecular z-stacking interactions of polymeric backbone. In fact,
the repulsive interactions between the anionic counterparts of 1-adamantane-
carboxylic acid (51) hinder the polymeric chains to come into the aggregation. By
adding electron-accepting adamantane-functionalized viologen derivative (53) to
the z-conjugated fluorescent polymer (49), large fluorescence quenching was seen
due to the formation of inclusion complex between f-CD moiety of polymer (49)
and adamantane group of viologen derivative (53). Further, the host-guest
interaction, assisted in upholding viologens on the polymeric side chain, results in
an adept electron transfer between polymeric backbone to viologen unit of 54
(Figure 14).

As coumarin and pyrene scaffolds are of great importance, owing to their vital role
in biological systems and sensing arena as well [73]. In this regard, Ueno’s group has
synthesized f-CD-peptide hybrid polymeric conjugate (55), having pyrene as a donor
moiety and coumarin as an acceptor one (Figure 15) [74, 75]. The coumarin moiety is
encapsulated within the hydrophobic cavity of #-CD and thus offers strong fluores-
cence to the hybrid polymeric conjugate (55) via fluorescence resonance energy
transfer (FRET) from donor pyrene unit to acceptor coumarin unit (“FRET-ON”
response). It has been remarked that the addition of competitive guest molecule,
namely hyodeoxycholic acid (56), leads to the decrease in fluorescence by virtue of
the exclusion of coumarin moiety from inside of the -CD hydrophobic cavity to
outside. This, in turn, leads to the association between coumarin and pyrene
units and offers the “FRET-OFF” response (Figure 15) [74]. Inouye and Fujimoto
have developed methylated f-CD-DNA hybrid polymeric conjugate (58) sensor
for porphyrin derivatives (Figure 16) [76]. They observed that 58 captures
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Figure 13.
Schematic illustration of fluorescence color variation from green to blue upon addition of 1-adamantanecarboxylic
acid (51) to the intermolecular aggregates (50).

meso-tetraphenylporphyrin sulfonate (59) in a 2:1 stoichiometric ratio. This, in turn,
induces the formation of DNA duplex structure and results in excimer emission
(Figure 16).

On the other hand, quite recently, Badiei and co-workers have established a -CD-
based cross-linked polymer, the CD-nanosponge (62) with pyromellitic anhydride
(61) cross-linker for the selective and sensitive detection of diclofenac among various
other interfering analytes, such as ibuprofen, morphine, amphetamine, and codeine
(Figure 17) [77]. For diclofenac, they have observed a detection limit of 0.92 uM and
linear range of 1—33 pM. Interestingly for real-world applications, the established
p-CD-based fluorescence probe has the utility to determine the concentration of
diclofenac in commercially accessible pharmaceutical tablets.

7. Cyclodextrin-nanocarbon hybrids as chemical sensors

Over the past several decades, carbon nanomaterials for instance carbon
nanotubes, fullerene and nanodiamonds, and other polyaromatic hydrocarbons
because their unique electrical, structural, and mechanical properties have riveted a
significant interest of the researchers across the globe to meet the challenge of
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Schematic depiction of fluorescence quenching upon the addition of adamantane functionalized viologen derivative
(53) to m-conjugated fluovescent polymer (49).
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Figure 15.
Schematic representation of hyodeoxycholic acid (56) assisted structural variation of p-CD-peptide hybrid
polymeric conjugate (55).

constructing the CD-based sensors through hybridization with carbon nanomaterials
[78-81]. In this context, Fujita and Yuan et al. have reported a f-CD-fullerene hybrid
conjugate (63), which has the ability to quench the fluorescence of rhodamine B (64),
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Schematic representation of guest (59) assisted structural vaviation of methylated p-CD-DNA hybrid fluorescent
polymeric conjugate (58).
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Figure 17.
Schematic illustration of B-CD based cross-linked polymer (62) with pyromellitic anhydride (61) acting as cross-linker.

after its capture in the hydrophobic cavity of 8-CD (Figure 18) [82]. On the other
hand, Harada and co-workers have constructed pyrene-functionalized f-CD-SWCNT
hybrid conjugate (67) and utilized it in the development of stimuli-responsive supra-
molecular hydrogel (Figure 19). It has been observed that the addition of sodium
adamantane carboxylate as a competitive guest leads toward the conversion of a gel to
sol [83]. Remarkably, the Stoddart’s group has decorated pyrene-functionalized $-CDs
on SWCNT hybridized with field-effect transistors (FETSs) in order to sense typical
organic guest molecules viz. 1-adamantanol, sodium cholate, 1-adamantane carboxylic
acid. It was observed that the FET characteristics of these hybrid nano-conjugates are
highly sensitive and dependent on the association constants between f-CDs and com-
petitive organic guest molecules [84].

8. Cyclodextrin-nanoparticle hybrids as chemical sensors

In recent years, scientific community has exploited the unique property of gold
nanoparticle aggregation in the design and construction of various optical sensory
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Figure 18.
Schematic illustration of fluorescence quenching of rhodamine B (64) via the p-CD-fullerene hybrid conjugate (63).
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Figure 19.

Schematic depiction of the formation of pyrene functionalized p-CD-SWCNT hybrid conjugate (67).

devices where the sensing mechanism is perceived through color variation from red to
purple/blue. In this regard, Kaifer and teammates have constructed -CD
functionalized gold nanoparticles (68) and noticed that the addition of ferrocene
dimer (69) as a competitive guest to colloidal solutions of 68 primarily results in a red
shift followed by the precipitation of a red solid (Figure 20) [85, 86]. These observa-
tions were not perceived in case of addition of ferrocene in methanol. This indicates
that the ferrocene dimer operates as a linker between diverse gold nanoparticles, and
hence helps in their aggregation. This aggregation in turn offers a color change, which
signifies the sensing event with typical guest molecules. The same group also utilized
the y-CD in combination with gold nanoparticles for the sensing of well-known car-
bon nanomaterial known as fullerene (Cgo) through aggregation phenomenon [87]. In
another event, Tang et al. constructed a highly selective as well as sensitive glucose
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Schematic view of B-CD functionalized gold nanoparticles (68) aggregation upon addition of ferrocene dimer (69).
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Schematic illustration of FRET on/off mechanism opevating in nanobiosensor (71) constructed from concanavalin
A fabricated CdTe (QDs) and thiolated B-CD functionalized AuNps.

nanobiosensor (71) in serum, which operates through FRET between concanavalin A
fabricated CdTe quantum dots (QDs; energy donors) and thiolated $-CD
functionalized gold nanoparticles (AuNps) acting as energy acceptors (Figure 21)
[88]. Quite recently, Bindu and co-workers have functionalized gold nanoparticles by
the -CD in order to detect heavy metal ions in aquatic realm. Captivatingly, the
sensitivity of the developed f-CD-gold nanoparticle hybrid conjugate toward copper
was found to be 1.788 mM [89]. Elgamouz and teammates have functionalized silver
nanoparticles by $-CD to develop a nanoprobe having the ability to encapsulate
creatinine through the colorimetric response. The established $-CD-silver
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Figure 22.
Schematic representation of the detection of H,O, via p-CD-AgNP-based nano colorimetric probe (73).

nanoparticle (AgNP)-based nano-colorimetric probe (73) has successfully been
applied in the detection of reactive oxygen species viz. H,O, in human urine samples
by these authors (Figure 22) [90].

9. Conclusions and outlook

In summary, this chapter discusses the conceptual background as well as evolu-
tionary developments of chemical sensing in cyclodextrin-based monomers, dimers,
clusters, and nano-assemblies with a detection limit up to pM/nM level. The sensing
event of various guest molecules via optical and electrochemical signatures on CD-
based sensors endows them characteristics and features, which have been elaborated.
In fact, the domain of CD-based chemical sensors has established its firm ground in
supramolecular chemistry, biochemistry, polymer chemistry, pharmaceutical chemis-
try, and nanotechnology. Utilizing the fundamental principles and concepts of chem-
istry in combination with CD-based chemistry, diverse novel chemical sensors having
high sensitivity, high functionality, and wide versatility have been constructed for
analytes of typical interest. The authors are of the view that this chapter will offer new
dimensions to CD-based chemical sensors and may guide the readers to develop a
better understanding of cyclodextrins.
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Chapter 4

Cyclodextrins as Supramolecular
Hosts for Dye Molecules

Olga Fedorova and Yuri Fedorov

Abstract

Cyclodextrins possess a hydrophobic cavity due to which they are suitable for
inclusion of various organic dyes. The complex formation between CDs and dyes has
been employed to affect the photophysical and photochemical characteristics of
organic dyes such as fluorescence enhancement, charge and proton transfer, energy
transfer, photochromic transformations and intramolecular excimer/exciplex forma-
tion. This fundamental approach has also potential nanotechnological application in
creation of optoelectronic devices. Thus, the fluorescent hybrid nanomaterials
consisting of supramolecular assemblies of cyclodextrins with fluorescent dyes can be
considered as multivalent scaffolds for the construction of various devices applicable
in science and technology, in fluorescence spectroscopic and microscopic techniques
providing high sensitivity and imaging of cells with high resolutions. In some cases,
fluorescent hybrid materials composed of CD-dye complexes have been successfully
used instead of the fluorescent organic molecules in sensing and bioimaging studies.

Keywords: organic dyes, cyclodextrin, complex formation, fluorescence,
photophysical properties, photochromism

1. Introduction

Cyclodextrins (CDs) present oligosaccharides (between 973 and 2163 Da)
composed from D-glucopyranose units (Figure 1) [1]. CDs are commonly classified
as a-, B- and y- CDs containing six, seven and eight glucopyranose units, respectively
[2-4]. Cyclodextrins may include molecules whose size and polarity are compatible
with their lipophilic interior cavity. The interaction forces participated in
complexation are dipole-dipole interaction, electrostatic interaction, van der Waals
interaction, dispersion forces, hydrophobic interaction, and conformational strain
reduction [5, 6].

Complexation reactions involving cyclodextrins are important for two purposes:
research investigations of the molecule interactions with cyclodextrin, and applied
technologies (pharmaceutical chemistry, food, cosmetic, chemical synthesis and
catalysis) [7-9]. It is important to note that the ability of cyclodextrins to bind guest
molecules in their cavities has been used to affect the photochemical and
photophysical properties of organic dyes, such as enhancement of fluorescence and
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n =6 (a-CD), 7 (B-CD), 8 (y-CD)

Figure 1.
Structures of a-, p- and y- CDs.
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Figure 2.
Structure of dye DPO-f-CD complex.

phosphorescence, intramolecular charge transfer, intermolecular hydrogen bonding,
intramolecular excited proton transfer, intermolecular excimer/exciplex formation.
[10-16].

2. Effect of CD-dye complex formation on dye photophysical properties

For dye possessing high extinction coefficient and large difference in dipole
moment between ground and singlet excited state, the photo-induced charge transfer
(ICT) can be proposed. For such dyes, fluorescence quantum yield and singlet excited
state lifetime are sensitive to the polarity of the solvent. Also dye-solvent interaction
such as hydrogen bonding can be realized for polar dyes [17]. 4-(p-N,N-Dimethyl-
aminophenylmethylene-2-phenyl-5-oxazolone (DPO) is the polar dye demonstrated
ICT upon photoirradiation. The blue shift found in the emission spectrum of dye DPO
on adding p-CD points that the molecule is buried in the hydrophobic cavity of §-CD
(Figure 2). In the resulting dye complex, restrictions on molecular movement appear,
which causes the processes of nonradiative deactivation. Thus, restrictions on the
motion of the dye molecule in the complex with p-CD lead to a noticeable increase in
the fluorescence quantum yield. In this work, it was shown that the dye DPO in ICT
excited state becomes more polar which results in destabilization of CD-DPO com-
plex.

Similar effect on fluorescence has been shown upon complex formation of 2-
styrylbenzothiazole containing 15-crown-5 ether fragment (CSB) with
hydroxypropyl--CD (HP-B-CD) (Figure 3) [18]. The fluorescence quantum yield of
CSB is enhanced by 5 times in HP-B-CD relative to water. CSB in the HP-B-CD cavity
takes place very probably along the molecular axis with a nearly anti-parallel
dipole-dipole orientation.
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HP-§-CD dipole moment

CS5E dipole moment

Figure 3.
Structure of dye CSB-f-CD complex.

Figure 4.
Structures of dyes 1, 2.

Optical characteristics of ketocyanine dye molecules 1, 2 (see Figure 4) are
dependent on the immediate environment [19]. Thus, in an alcohol solvent, the
anisotropy of dye fluorescence is inferred. The dyes are only slightly soluble in water.
Increased solubility in f-CD indicates dye—p-CD interaction. As shown by investiga-
tion of B-CD - ketocyanine dyes 1, 2 complexes, the strong dye—p-CD interaction is
accompanied by high values of fluorescence anisotropy. The dyes 1, 2 interact through
the carbonyl part with hydroxyl groups in $-CD, such interactions are important for
stabilization of complex.

The complex formation of 4-amino-2,5-dimethoxybenzanilide (Blue RR (FBRR))
and 4-amino-5-methoxy-2-methylbenzanilide (violet B, FVB) with hydroxypropyl-a-
cyclodextrin (HP-a-CD) and HP-B-CD was studied in [20]. FVB and FBRR in HP-a-
CD demonstrated lack of complexation probably due to smaller cavity size. The deep
penetration of the FVB/FBRR in HP-B-CD than that of HP-a-CD may be due to the
difference in size, also the strong hydrogen bonding of the alcoholic OH on the CD
ring with the CONH group of the guests was suggested. The dual fluorescence of both
dyes was observed through the normal emission around 350 nm and the very low
TICT band around 455 nm. Upon addition of HP-a-CD, the emission slightly
increased, and the intensity ratio of the TICT band and the normal band Ia/Ib was the
same. When the concentration of HP-a-CD increased, the Ia/Ib ratio decreased. It has
been shown that FVB/FBRR TICT radiation significantly affects the formation of
inclusion complexes with different geometries. The explanation was done in terms of
differences in the internal diameters of both CD cavities, as well as the change in
charge distribution in FVB and FBRR in CD complexes.
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3a-CD

Figure 5.
Structures of complex between dye 3 and a-, p-, y-CDs.

1-Methyl-4-(4-aminostyryl) quinolinium iodide 3 forms inclusion complexes with
a,p,y-cyclodextrins in the ground and excited states (Figure 5) [21]. The fluorescence
quantum yields (Qg) were 0.043 in water, 0.06 in y-CD, 0.08 in a-CD, and 0.38 in -
CD. The increase in the fluorescence Qg indicates better accommodation of the dye in
B-CD compared to the other cavities. The fluorescence spectra showed an additional
band at longer wavelength in case of y-CD. This may be attributed to an excimer of
two adjacent 3 molecules.

The interesting observations have come out when Coumarin dye forms the com-
plex with electron transfer (ET) with N,N-dimethylanyline (DMA) in DMF [22]. The
ET occurs in a contact ion pair between Coumarin and DMA. It was also found that
the ET rate decreases in a polar solvent medium. This happens because the hydrogen
bonds between the Coumarin and DMA are partially broken due to the presence of
solvent molecules between the reactants. Coumarin dye in DMF binds to cyclodextrin
molecule to form 1:1 and 2:1 complexes through hydrogen bonding. ET process
between Coumarin-CD complex and DMA was not observed (Figure 6).

Dual fluorescence (from TICT and plane molecule) of 4-dimethylaminoben-
zonitrile (DMABN) has been studied in a-cyclodextrin (x-CD) complex [23].
DMABN molecules are located in two different positions inside the a-CD cavity

N(CH
N(CH) Ik HE, A
ET Sy

i p-CD
Cumarin dye N, N-dimethylanyline (DMA)

Figure 6.
Structures of complexes between Cumarin dye, DMA and p-CD.
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= u-CD

Figure 7.
Structures of complexes between DMABN and a-CD.

(Figure 7). The first position is when the dimethylamino group of the DMABN
molecule is headed towards the larger rim of the a-CD cavity. In this position, amino
group is in a slightly polar and slightly rigid environment. In the second position, the
dimethylamino group of the DMABN molecule is headed towards the smaller rim of
the a-CD cavity. In the second position, amino group is in the least polar and most
rigid environment. The intensities of both plane and TICT fluorescence bands are
enhanced in both types of complexes with a-CD. However, the fluorescent band of
plane molecule is more enhanced upon complex formation with a-CD than those of
TICT band.

It has been known that the molecule methyl o-hydroxy-p-dimethylaminobenzoate
(MHDMAB) demonstrates triple fluorescence i.e., the normal-locally excited state
emission, IF(LE), the intramolecular proton-transfer tautomer emission, IF(IPT), and
twisted intramolecular charge-transfer emission, IF(TICT) [24]. It was found that o-
and p-cyclodextrins affect both emission modes LE and TICT of the fluorescence
spectrum of MHDMAB in aqueous solution (Figure 8) [24]. This study showed that
MHDMAB in a-CD and p-CD formed both 1:1 and 1:2 inclusion complexes. The
photophysical behavior of MHDMAB is modified significantly upon encapsulation of
the dye inside p-CD cavities. The short-wavelength emission band of MHDMAB in

OH,
H3C\I\=I/CH3

HO

o 0---H,0
i
CH,

OH,
MHDMAB

Figure 8.
Structures of complexes between MHDMAB and f-CD.
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water is increased as the concentration of p-CD increases, also new emission bands at
450 nm (IPT) and 525 nm (TICT) appeared. The time-resolved experiments gave the
fluorescence decay time of the fast component originating from the emission of the
hydrogen-bonded complex (MHDMAB-H,0), whereas the decay times of the slow
component are related to the fluorescence from IPT and TICT states.

The irradiation of bisstyryl dye 4 with 335 nm light causes the light absorption by
the neutral 4-styrylpyridine fragment. The irradiation results in the fluorescence of
the positively charged part of the bisstyryl dye in the region of 550 nm (see Figure 9).
Thus, RET from the neutral to the charged part occurs in dye 1 [25]. The experiments
have shown that, in the presence of CB and formation of complex 3@HP-p-CD, it does
not affect the efficiency of the resonant energy transfer process, while binding to CB
[7] molecules or simultaneously to HP-$-CD and CB[7] molecules reduce the effi-
ciency of FRET. The observed effect can be explained by the fact that the optical
characteristics of styryl fragments also noticeably change during CB[7] encapsulation,
and the mutual arrangement of styryl fragments in supramolecular complexes also
changes.

Supramolecular systems containing porphyrinoid compounds are of great interest
due to such characteristics as high molar absorption in the ultraviolet and visible
regions of light, easily changing properties, high chemical stability, and long lifetime
of the first excited singlet state [26]. In some porphyrin and phthalocyanine macro-
cyclic systems, CDs provide the desired supramolecular architecture [27]. Thus, in the
porphyrin-CD complexes obtained by Kuroda et al. [28] and Lang et al. [29], electron
transfer was discovered. A similar process was found in complexes of
adamantaneamine-modified porphyrins with mono-6-p-nitrobenzoyl-f-cyclodextrin
[30]. Detailed steady-state and time-resolved fluorescence measurements revealed
two pathways for electron transfer: dynamic quenching occurring between free
donors and free acceptors in solution, and static quenching between donors and
acceptors bound in a supramolecular complex.

Other research groups investigated supramolecular assemblies which were com-
posed not only of porphyrins but also of other porphyrinoids, for example, phthalo-
cyanines [31]. One of the most interesting examples was presented as self-assembled
complexes containing tetra(p-sulfophenyl) porphyrin (TPPS) and permethylated-p-
CD, conjugated axially to phthalocyanine or subphthalocyanine molecules [31]. The
efficient energy transfer from the photoexcited phthalocyanine to a free-base por-
phyrin occurred comparable to the values found for multiporphyrin arrays linked
with covalent bonds.

550nm

hv 335nm (\O/\ y
(0] (o} SN

A/\\\\/@[o 0:©_\L_ -

N K/o\) 4

HP-3-CD 4 CB[7]

Figure 9.
Complex CB[7] @4@HP-p-CD.
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3. Effect of CD-dye complex formation on the dye photochromism

Photochromism is the reversible photoinduced transformation of molecules.
Photochromic molecules have been extensively applied as components of nonlinear
devices, optical memories, and optical switches [32-34]. To extend the range of
commercial applications, photochromes are typically introduced in different
materials, including cyclodextrins (CDs) [35-37].

The aim of the work [38] was to study the complex formation of crown-containing
styrylheterocycles 5, 6 with modified cyclodextrin HP-B-CD in aqueous solutions. The
investigation of the photochemical reactions of these compounds proceeding in the
cavity of cyclodextrin has been carried out (Figure 10). It was shown that the process
of complex formation causes a significant increase in solubility and results in an
intensive luminescent response of styrylheterocycle molecules. In such complexes, the
reversible E-Z photoisomerization is taking place in aqueous media. The photoisome-
rization does not cause the destruction of 1:1 complexes, staying guest molecules
encapsulated. In opposite, encapsulated 1:2 complex was not found in Z-form.

The same styryl dyes 5, 6 have been exploited as photoactive guests in three-
component systems containing both HP-B-CD and cucurbit[7]uril (CB[7]) host mole-
cules [39]. The formation of complexes E-5 and E-6 with HP-B-CD occurs with
constants logKy; = 3.58 and logKy; = 3.04 correspondently (Figure 11). Starting from
the E-5, E-6, the phototransformation under light (> 320 nm) is observed and
includes two consecutive photochemical reactions, an E-Z isomerization reaction and
a 1-aza-1,3,5-hexatrienic electrocyclic reaction in which the formation of C-N bond
was observed. The cyclic product gives stable heteroaromatic cations as a result of
elimination of the hydride with atmospheric oxygen (products 7, 8 (Figure 11). The
physicochemical analysis of the phototransformation showed that the formation of
Z-isomer can occur in HP-B-CD, whereas the formation of heteroaromatic cations 7, 8
leads to the destruction of HP-B-CD complex (Figure 11). The presence of CB[7] in
the 5 or 6 solution causes the formation of novel complexes 5-CB[7] or 6-CB[7]. Thus,
a three-component system involving styryl dye and both HP-$-CD and CB[7] hosts
can be switched on by the synchronous host-guest complexation of dye with HP-3-CD
or CB[7] by phototransformation of the dye component.

The a-cyclodextrin [2]-rotaxanes have been obtained with alkane-, stilbene-
(Figure 12) and azobenzene-based axles with different substituents [40-43]. The
rotaxanes based on azobenzene and stilbene derivatives were found to demonstrate

Y = o e

Photoisomerization of complexes 5, 6 with HP-f-CD.

Figure 10.
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Figure 11.
Photochemical transformation in three-component systems containing both HP-p-CD, CB[7] and photoresponsive
dye 5 or 6.
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Figure 12.
Structure of a-cyclodextrin [2]-rotaxanes based on stilbene derivatives.

photochemically induced reversible mutual conversion between its trans- and cis-iso-
mers, resulting in the moving of the cyclodextrin back and forth along the axle. The a-
cyclodextrin [2]-rotaxanes behave as a molecular shuttle. This type of light-powered
rotaxane exhibits favorable repeatability and presents a novel light-driven molecular
machine.

Chen et al. [44] obtained that phthalocyanine containing azabenzene moiety in
trans form can easily enter into a-CD, but in cis form azobenzene moiety is not planar
what prevents host-guest interaction between phthalocyanine and a-CD (Figure 13).

Mulder et al. studied dithienylethene-tethered p-CD dimers in which the irradia-
tion with UV light caused photochemical ring-closure reaction [45]. Tetra(p-
sulfophenyl)porphyrin (TPPS) was used as a guest for the interaction with
dithienylethene-tethered p-CD. It was found that the alternation of UV and visible
light irradiations caused a reversible release and uptake of porphyrin.

Synthesis of cyclodextrin polymers using cross-linking agents has been described
in literature [46]. Such substituted by CD polymers are called cyclodextrin-based
nanosponges [46]. Using this approach, a series of photochromic polymers were
prepared by forming various spiropyran (SP) inclusion complexes in the CD cavities
of the p-CD polymer (CDP) (Figure 14) [47]. The p-CD is not able to include the SP,
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Figure 13.
Structure of a-cyclodextrin complex with phthalocyanine containing azabenzene moiety.
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Photochromic transformation of SP to PM and structure of p-CD polymer (CDP).

whereas the photomerocyanine form (PM) can bind with $-CD. Indeed, the
decolouration rate of PM forms is decreased in the presence of B-CD. Consistent with
experimental UV/VIS spectra, the quantum chemical calculations provided valuable
insight into the substituent and CDP effects on the PM decolouration process. It was
found that kcppm/kpm ratio is larger than 20, k is constant of decolouration. Thus,
NO,-SP and Br-SP exhibit slower decolouration rates in 3-CD than alone SP because
the narrow p-CD cavity hinders deep inclusion of the bulky naphthopyryl moiety.

4. CD-dye complexes in biology and medicine

CD systems have been extensively studied in biology and medicine, because CD
counterpart acts like a comparable protein structure, providing the proper environ-
ment and arrangement of the substrates. In some cases, the processes taking place in
these systems mimic those occurring in living organisms.

A novel approach towards controlled ligand—-DNA interactions has been developed
based on supramolecular complex of dye 9 and HP-B-CD [48]. Dye 9 is not able to
coordinate with DNA (Figure 15). The irradiation of encapsulated 9 caused the
electrocyclic transformation to product 10 which could not be able to be bound with
HP-B-CD but easily interacts with DNA. Thus, the process begins with photoinduced
in situ generations of a DNA ligand from the encapsulated styryl heterocycle,
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Figure 15.
Association and redistribution equilibria of ligands 9 and 10 in the presence of hosts.
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continues with the association of the ligand with the nucleic acid, and ends with the
removal of the bound ligand from the DNA binding site using CB[7]. Despite the
simultaneous presence of several host molecules, HP-$-CD, CB[7] and DNA, each step
of the transformation cascade is not affected by the presence of other components. It
is important to note that the phototransformation of precursor 9 into DNA
intercalator 10 inside the cyclodextrin cavity significantly increases the biocompati-
bility of the method.

Molecules like cyclodextrins can be applied to solve both the solubility and the
toxicity of the fluorescent dyes using in fluorescence imaging techniques to visualize
and monitor specific biological targets or processes in living systems. Thus,
Alexandru Rotaru and co-authors demonstrated a low level of fluorescent dye 11
toxicity (Figure 16) by the formation of cyclodextrin inclusion complex resulting in
the successful application in cell staining [49]. Applications of this type of compound
are limited due to high toxicity and water solubility problems. The addition of f-CD to
dye 11 solutions in ratio of 3:1 results in dye being soluble in water. Also, fluorescent
indolizinyl-pyridinium salt/B-cyclodextrin inclusion complexes demonstrated absence
of cytotoxicity. Due to found in experiments cellular permeability, long-lived intra-
cellular fluorescence and selective accumulation within acidic organelles, the dye 11
can be identified as remarkable candidate for intracellular labelling of acidic organ-
elles (lysosomes or mitochondria).

Nanosponges prepared based on p-cyclodextrin and diphenyl carbonate have the
capacity to interact with small molecules in their matrix [50]. Flavonoid quercetin was
loaded into such nanosponges (Figure 17) [51]. The dissolution of the quercetin
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Figure 16.
Structure of fluorescent dye 11.
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Figure 17.
Structures of quercetin and nanosponge.

Figure 18.
Complex of substituted p-CD dimer and Fe(II) TPPS.

nanosponges was significantly higher compared with the pure drug. The stability of
encapsulated quercetin nanosponge was markedly improved. In addition, the antioxidant
activity of the quercetin in composition of nanosponges was higher than pure quercetin.

Supramolecular ensembles of porphyrinoid-CD are formed both through covalent
binding and through the formation of inclusion complexes [27]. Such systems are
biomimetics that mimic the natural breakdown of carotenoids [52], cytochrome P450
mediated hydroxylation [53], and oxygen binding by hemoglobin [54].

The system reversibly bound O, was proposed by Zhou and Groves [55], it is based
on self-assembly of the Fe(II)-tetra(p-sulfophenyl)porphyrin (Fe(II)TPPS) and $-CD
derivative having pyridylmethyl moiety and PEG groups. Pyridyl moiety served as a
ligand for Fe(II)TPPS and PEG chains spanned over the porphyrin surface,
protecting the second binding site. The binding of O, and CO was proved by optical
method.

Another analytical method has been used by Koji Kano and his coworkers [56].
Their systems contained substituted $-CD dimers and Fe(II)TPPS (Figure 18).
4-Sulfonatophenyl groups of porphyrins were embedded in p-CD moieties of the
dimer, whereas the pyridine linker coordinated the Fe(II) central ion. The hydropho-
bic environment within the Fe(II) ionic centre of the supramolecular complex was
crucial for the efficient O, binding, this is why the affinity of such complexes to O, is
high and stabilities of O, adducts are significant.

63



Cyclodextrins - Core Concepts and New Frontiers

Porphyrinoids are widely used as photosensitizers in photodynamic therapy
(PDT), the PDT method is a promising way to treat cancer. Complexation with CD
improves the photosensitizing properties of porphyrinoids since an increase in their
quantum yield of singlet oxygen is observed in such complexes. This fact is of great
importance for PDT [27]. The complex formation with HP-B-CD improves the effi-
cacy of PDT for the treatment of G361 malign melanoma by using zinc-tetra(p-
sulfophenyl) porphyrin ZnTPPS4 [57]. Thus, after 24 h incubation of cell cultures
with 10 ' M ZnTPPS4 and 1 mM HP-B-CD, the cells were irradiated for 7.5 min at the
total irradiation dose of 12.5 ] cm™~* which gave rise to DNA damage.

Innovative drug delivery system was proposed based on gold nanoparticles cov-
ered by cationic poly(cyclodextrin) (P(CD+)) and alginate (alg—) layers [58].
4-Hydroxy-tamoxifen was placed in the nanocapsules’shell via inclusion with the
cyclodextrin cavities. It was also demonstrated that 4-hydroxy tamoxifen can be
efficiently delivered to podocytes in vitro using CD-containing nanocapsules as car-
riers.

Tetrazines functionalized with adamantane groups and naphthalimide antennas
can form supramolecular complex with p-cyclodextrin (-CD) in aqueous solutions
[59]. The organic anchoring groups and the tetrazine itself fit well the requirements
for cavity cyclodextrin inclusion. This approach was applied for development of bio-
sensors with electrochemical and fluorescence properties [60]. Tetrazine derivatives
were immobilized at the electrogenerated polypyrrole-B-CD film through the host-
guest interactions between tetrazine derivatives and p-CD. This new original
molecular architecture allows the immobilization of glucose oxidase modified by p-CD
(Figure 19). The absorption band at 425 nm in UV-Vis spectra recorded for ITO

Figure 19.
ITO electrode covered by assembly containing glucose and naphthalimide fragment.
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electrodes belonging to naphthalimide fragment confirmed the formation of assem-
bly. The oxidation of glucose in presence of oxygen with the concomitant production
of H,0, was investigated by electrochemistry. The prepared electrodes were thus
maintained at 0.7 V in presence of glucose to detect, through its oxidation, the
enzymatically generated H,0,.

5. Conclusion

The examples of complexes of photoactive compounds with CD container mole-
cules presented in this chapter are hybrid materials created by combining two (or
more) different elements of a different nature. In this context, they can be considered
as a very large and heterogeneous class of materials. Such materials include molecular
and supramolecular assembled materials, polymers, or nanosized objects, nanostruc-
tured and hybrid architectures with organic or biological characteristics. Such organic
hybrid systems combine particular properties of the components, which explains the
wide range of properties exhibited by the systems and the great possibilities in the
development of methods for their synthesis.

Organic hybrid materials composed of cyclodextrin receptors and photoactive
components, provide a great opportunity for improving of photophysical characteris-
tics, increasing functionality, and extending the field of application. Supramolecular
functionalization of photoactive CD molecules, which play the role of platforms for
the immobilization of bioelements such as enzymes, antibodies, nucleic acids (DNA,
RNA, microRNA), and other functional groups, is of great importance for the manu-
facture of analytical devices for biosensors. This approach can also be used to obtain
novel hybrid organic photoactive materials.
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Cyclodextrins as Bricks for Tuning
Polymer Properties
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Abstract

Cyclodextrins are natural cyclic oligosaccharides with a cone shape delimiting
a hydrophobic cavity. The rims of cyclodextrins can be functionalized in order to
improve their properties. Based on this, cyclodextrins can be linked to polymer
chains, which further allows the tuning of the polymer properties. This review
describes the methods of polymer functionalization with cyclodextrins and highlights
the changes in the physicochemical properties of these materials. This chapter is
focused on polymers in solution and in gel states. Cyclodextrin-based polymers are
evaluated by various physicochemical methods, such as rheology, calorimetry, and
spectroscopy (electron paramagnetic resonance, fluorescence, nuclear magnetic reso-
nance (NMR), Fourier transform infrared (FT-IR), etc.). Both natural and synthetic
polymers are considered in this chapter.

Keywords: cyclodextrin-based polymer, synthesis, rheological behavior,
EPR spectroscopy

1. Introduction

Cyclodextrins (CDs) are natural compounds, obtained by the enzymatic modification
of starch [1], that consist of at least six glucopyranose units linked by a-1,4 glycosidic
bond. They have a truncated cone shape delimiting a relatively hydrophobic cavity
and two polar rims bearing primary hydroxyl groups (the narrow rim) and secondary
hydroxyl groups (the broader rim) [2]. The main feature of CDs is the formation of
noncovalent complexes through host-guest interaction, which is, in fact, a summation of
several noncovalent steps and overall represents an entropically driven process [3]. The
host-guest interactions are determined by different factors, such as size, shape, charge,
or polarity of the molecular actors involved [4]. This type of complexation has been
extensively documented since the discovery of CDs, especially for low-molecular-weight
compounds, by using a variety of physicochemical methods depending on the properties
of the guest molecules [5-7]. These methods refer to nuclear magnetic resonance (NMR),
UV-Vis, and fluorescence spectroscopies, as well as calorimetric methods. Although these
molecules were reported at the end of the 19th century, the explosion of their applications
started in the eighth decade of the 20th century [8]. CDs can be involved in the formation
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of noncovalent interactions with polymers, giving rise to special types of assemblies
known as rotaxanes or pseudorotaxanes [9, 10].

The other feature of CDs is the presence of numerous primary and secondary
hydroxyl groups that allow a facile derivatization in order to obtain new molecules
that can be used as building blocks for large assemblies. Owing to the difference in
reactivity of the primary and secondary groups, it is possible to control the function-
alization, which ensures a selectivity of this process. The easiest way to synthesize
monoderivatives is by obtaining monotosylated CD, especially for §-CD. This
synthesis was studied in detail. A few syntheses are available in order to obtain pure
CDs monotosylated at the primary hydroxyl rim that can be used further as bricks
for preparing other derivatives. Monotosylated CD can be easily obtained in aqueous
alkaline solution in good yields [11]. This derivative will be easily transformed further
into amines [12] or thiols [13] that can be modified through maleimides or iodoacet-
amides [14]. There are also strategies describing the functionalization of primary and
secondary rims that can allow obtaining of large supramolecular assemblies. It can be
taken into account that the functionalization of the secondary rim is more difficult
than the modification of the primary rim, as the hydroxyls that mark the larger rim
require a strong base to become activated. In the review of Liu et al., different ways
to functionalize CDs at the secondary rims are described [15]. This method has been
used to introduce sensing groups that allow studying supramolecular complexes
of CDs by electron paramagnetic resonance (EPR) spectroscopy or fluorescence
spectroscopy [14, 16]. The applications of these functionalization reactions will be
referred in the cases discussed in this chapter.

In this review, we will focus on the two main features of CDs: to generate large
supramolecular assemblies through host-guest interactions and to use functionaliza-
tion in order to improve the properties of polymeric systems by the incorporation of
host CD units. The polymeric systems taken into discussion refer to polyrotaxanes and
pseudorotaxanes, the particular cases of sliding gels, the pluronic gels, and the func-
tionalization of various synthetic and natural polymers with CD units. An important
part will be focused on noncovalent and covalent hydrogels containing CD units.

2. Noncovalent interactions between polymers and cyclodextrins

Rotaxanes are supramolecular structures consisting of at least one ring threaded
through an axial molecule, with the particularity that the dissociation of this assem-
bly is hindered by bulky groups at the ends of the axial molecule [17]. CDs may play
the role of a ring that is lined up on a polymer chain. The general procedures for the
synthesis of polyrotaxanes involve two pathways: the threading followed by rotaxina-
tion and the slippage of CD over a bulky group (Figure 1). These methods are used for
the preparation of CD-based pseudorotaxanes and rotaxanes in aqueous media [18].
The formation of pseudorotaxanes is dependent on the relation between the sizes
of the CD cavity and polymeric chain. Thus, a-CD will generate polyrotaxanes and
pseudopolyrotaxanes with polyethylene glycols and polyamines [19, 20], while p-CD
with polypropylene glycols [21] and y-CD with polyvinyl alcohol [22], which often
leads to gel systems. The endcapping of polyethylene glycols with bulky substituents,
such as bis(3,5-dinitrobenzoyl) and bis(2,4-dinitrobenzoyl), will favor the formation
of polyrotaxanes with y-CD [23].

Many water-soluble polymers act as nonionic surfactants by self-association
in micelles that are sensitive to temperature and the presence of other molecules.
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Figure 1.
Schematic representation of CDs and pseudopolyrotaxanes.

CDs can form inclusion complexes with nonionic surfactants from the Triton X or plu-
ronic classes. In the case of Triton X, a-CD can complex the polyethylene chain, while
B-CD complexes the nonpolar head (the iso-octylphenyl and phenyl groups) [24]. CDs
can also modify the critical micelle concentration or are able to disrupt the micelles
due to the complexation of polymers or surfactants [25]. As an example, the Triton
X-100 nonionic surfactant, consisting of a short chain of polyethylene glycol and an
aromatic nonpolar head, is able to form micelles at concentrations higher than 2.2 mM
[26]. CDs can form inclusion complexes with this molecule with different geometries
and stoichiometries depending on the CD size. Using isothermal titration calorimetry
(ITC) measurements, it was possible to evaluate the binding constants for §-CD and
v-CD by assuming a stoichiometry of 1:1 and 1:2 for §-CD and of 1:1 for y-CD, both
involving the complexation of the nonpolar surfactant head. Conversely, in the case of
a-CD, the complexation was supposed to be through the formation of pseudorotaxane
by the inclusion of the polyethylene chain, assuming 1:5 stoichiometry, although the
ITC data were not conclusive [27]. The interaction of f-CD with Triton X-114 led to
the formation of larger aggregates involving hydrogen bonds with $-CD. This has been
studied as a function of p-CD concentration and temperature, and it was observed
that, at higher f-CD concentration, a transition from micelle to vesicle occurred. This
effect is different from the more common effect of CDs on surfactant aggregation [28].
The effects of various CDs on the micellization and gelation of pluronics have
also been reported. For such systems, changes in micellar concentration, in gela-
tion, as well as changes of the hydration layer around the polymer chains during
phase transition, when CDs are placed among polymeric chains, can be the result of
pseudorotaxane formation [29-33]. Being water soluble, CDs will be more probable
to target the region of the micelles placed at the water interface. Two studies involv-
ing EPR and fluorescence spectroscopies along with rheological and tube inversion
methods explore the effect of 2-hydroxypropyl-p-CD on the micelle-to-gel phase
transition of pluronic F127 [34, 35]. It was revealed that the spectral parameters of
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Figure 2.
Representation of the micelle-to-gel transition in F127/HPB systems (A), variation of hyperfine splitting constant
with temperature (B) and variation of EPR spectra of spin probe with temperature (C) in F127 system [35].

molecular probes (commercially available spin probes, spin-labeled CDs, CDs labeled
with fluorophores, or dual molecular probes) deviate from the linear dependence
with temperature (Figure 2), thus indicating that the macroscopically observed phase
transformation is related to changes at the nanoscale level. The results also led to the
conclusion that the presence of CDs at the used concentrations does not induce micel-
lar rupture but determines an increase in the micellar water content, which suggests
an increase of the micellar size and excludes the formation of pseudopolyrotaxanes.

Figure 3.
Schematic representation of the supramolecular network of a sliding gel.
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Rotaxanes and pseudorotaxanes generate networks that lead to the formation
of hydrogels. A particular case refers to the formation of supramolecular networks
named sliding gels that are characterized by mobile or sliding crossing points. A clas-
sical sliding network results from the intermolecular crosslinking of a-CD/polyethyl-
ene glycol pseudorotaxanes (Figure 3) [36-38]. The crossing points are, thus, mobile,
and this will determine a mobility of the overall network. These gels are formed by
linking CD units that belong to different chains.

The properties of these sliding gels can be described by topological parameters
such as the complexation degree (number of CD units on a polymer chain), the
crosslinker fraction (defined as the ratio of the mole number of crosslinker on the mole
number of CDs), and the interactions between the swelling solvent and the constitutive
parts of the network [39]. In many cases, the sliding motion depends on the swelling
solvent, as well as on other factors such as the pH. For instance, in the case of pseu-
dorotaxanes formed between a triblock copolymer consisting of polyethylene amine/
polyethylene glycol/polyethylene amine, and a-CD, with crossing points obtained in
the presence of 1,10-carbonyldiimidazole, the gel properties are dependent on the
pH value [40].

3. Cyclodextrins covalently attached to polymeric chains

This section aims to summarize new research that has emerged in the past few years
on materials composed of synthetic or natural polymers to which CD derivatives have
been chemically attached. The polymers discussed here were chosen considering the
extensive investigations and applications in pharmaceutics and biomedicine as drug
excipients, biocompatible alternative materials in tissue engineering, contrast enhanc-
ers, molecular recognition models, etc. To achieve novel and/or enhanced properties of
these classes of compounds, the functionalization with different CD units is employed.
To covalently attach CDs onto polymer chains, multiple types of crosslinking agents
(citric acid, epichlorohydrin, aldehydes, carbodiimides, and amines) can be used. In
recent years, polymers functionalized with CD units have been studied for the devel-
opment of a variety of polymeric networks [41, 42]. Moreover, the polymeric material
based on CD units can be modulated in such a way to form nano/micro/macroparticles,
gels, micelles, coating films, or fibers [43-45]. Many studies in this regard are per-
formed using chitosan, mostly due to its remarkable biological properties, including
antimicrobial activity, nontoxicity, biocompatibility, and biodegradability, and at the
same time to the possibility to functionalize it [46, 47].

For instance, Campos et al. took this advantage and appended -CD on chitosan
nanoparticles in the presence of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
(EDC) and N-hydroxysuccinimide (NHS), thus developing a potential carrier for
botanical pesticides [48]. A green-assembly strategy to obtain p-CD-chitosan func-
tionalized graphene oxide hydrogels in the presence of sodium ascorbate has been
reported, with application as recyclable decontaminants in wastewater treatment
[49]. Both simple polymers and polymer mixtures are favorable to the attachment
of CD units, as demonstrated by the research of Hardy et al. regarding the complex
formed between chitosan and alginate for the release of piroxicam [50]. The research
revealed that CD appending on chitosan generates a decrease in the number of amino
groups, thus modulating the alginate complexation. In a recent study, alginate has
also been functionalized with either host units (n-alkyl amine CD derivatives) or
guest units (adamantane) [42]. In this particular case, the grafting procedure was
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performed in aqueous media in the presence of EDC and N-hydroxysulfosuccinimide
(NHSS). The properties of the gel obtained by mixing the two types of alginates in the
presence of Ca”" ions were influenced by the host-guest interaction and the length of
the alkyl chain of the §-CD derivatives. Thus, by mixing the decorated alginates with
CD and adamantyl units, materials suitable for encapsulating both large molecules
and small species can be obtained. In addition, the functionalization of alginate with
units of -CD derivatives by using Cu(I)-catalyzed azide-alkyne cycloaddition click
reaction led to materials with good drug release properties [51]. The same procedure
was used in another study, showing that the grafting degree of $-CD on alginate can
be controlled and modulates the release/uptake of the model molecule methyl orange
[52]. In addition, a composite based on sodium alginate grafted with p-CD using
epichlorohydrin and NaOH was successfully obtained for the first time and used

as a matrix in the immobilization of Arthrobacter simplex cells for cortisone acetate
biotransformation [53].

Not only natural polymers were grafted with CD derivatives, but also synthetic
ones. In this regard, the polyacrylic acid was modified by attaching a CD derivative
(2-aminoethyl)amino-deoxy-p-CD) [54]. The study targeted to obtain the self-
assembly of -CD and adamantyl moieties covalently linked to polyacrylate networks
for application in controlled complexation and release of ethyl orange, methyl orange,
and methyl red. Another study developed a multistimulus responsive supramolecular
hydrogel based on host-guest and electrostatic interactions between f-CD dimer and
methoxy-azobenzene molecules grafted on polyacrylic acid [55]. The obtained mate-
rials showed thermo-, photo-, and pH-responsive behavior determining a reversible
sol-gel transition.

Chabalala et al. described the grafting of f-CD molecules on polyacrylonitrile
using citric and sulfuric acids as crosslinkers [56]. The nanofiber membranes pro-
duced by the electrospinning method were used for the adsorption of bromophenol
blue and atrazine. Mono-(6-ethylenediamine-6-deoxy)-p-CD was appended in the
presence of EDC/NHS crosslinking agents onto the external surface of a plasma
separation membrane based on polyvinylidene fluoride [57].

4. Polymer gels containing cyclodextrins

Polymers containing CDs have the ability to form supramolecular hydrogels
mostly due to host-guest complexation or by the inclusion of linear polymeric chains
into host cavities [58]. The latter leads to the formation of pseudorotaxanes. Literature
data show that, unlike p-CD, o and y-CD are able to generate interactions favorable to
the obtaining pseudorotaxanes [59]. However, in particular cases, pseudorotaxanes
were prepared using f-CD and polylactic acid or polypropylene glycol [60, 61].

Several studies regarding host-guest interactions in hydrogel systems are reported
in the literature [60, 62, 63]. By appending host and guest units to the polymer
chains, one can modify and control their behavior in solutions and obtain gel systems.
This strategy ensures conditions for the creation of topological crosslinks based on
host-guest interactions, which have the advantage of being reversible and movable.
Host and guest units can be grafted on the chains of numerous polymers (hyaluronic
acid [64, 65], carboxymethyl cellulose [66, 67], sodium alginate [42, 68], polyacrylic
acid [55, 69, 70], polyvinyl alcohol [71, 72], polymethyl vinyl ether-alt-maleic acid
[73, 74], poly-N-isopropylacrylamide [75], and polyethylene glycol [76]). These
supramolecular gels find use in the medical field for drug delivery, tissue culture, and
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medical treatments [77, 78]. Depending on the desired application, hydrogels formed
by host-guest interactions can be generated in several ways. Therefore, CD having the
role of guest molecules can be grafted separately on polymer chains and mixed with
polymers bearing guest grafts to form supramolecular assemblies [41, 60].

The formation of alginate gels in the presence of divalent cations was monitored
by EPR spectroscopy considering the changes in the dynamics of spin-labeled alginate
chain [79]. In a recent study, we showed that the functionalization of alginate with
CD (as host) or adamantane (as guest) influences the properties of ionotropic gener-
ated gel in the presence of Ca** ions [42]. As a consequence, polymer functionaliza-
tion and subsequent interactions between the appended host and guest units change
the morphology of the resulting xerogels (Figure 4).

In fact, the derivatization, together with the host-guest interactions, has an impact
on the rheological properties, i.e., the hydrogels made from a mixture of adamantane-
functionalized and CD-functionalized alginates presented higher storage and elastic

'\/\/\ Mblock  —@ adamantane
B-CD
/'\/\/\ G block —* spin label @

Figure 4.
Schematic representation of ionotropic gelation of functionalized alginates. SEM images of alginate xerogels: (a)
nonfunctionalized alginate and (b) alginate functionalized with CD and adamantane units [42].
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Figure 5.
(a) Viscoelastic properties and (b) EPR spectra of alginate hydrogels functionalized with -CD or adamantane
units [42].

moduli values (Figure 5a). Appending the paramagnetic moieties to these functional-
ized alginates allows evidencing the changes at the molecular level of the dynamic

of the overall motion (Figure 5b). All these findings led to the conclusion that the
presence of host-guest interactions can modulate the features of alginate hydrogels.

The polymerization of the inclusion complex is another technique that can be used
to obtain CD-based hydrogels. Ikura et al. approached the free-radical copolymeriza-
tion of polyethyl acrylate crosslinked with peracetylated y-cyclodextrin methylacryl-
amide monomer and acrylate monomers and investigated the effect of the size of the
main chain monomers on the formation of movable crosslinking points [80]. Thus,
it was observed that the small polymer main chains penetrated the CD units and
acquired the role of movable crosslinking points in the hydrogel, whereas copolymer-
ization with bulky monomers leads to hydrogels without movable crosslinking points.

In aqueous media, host-capped polymers can be mixed with guest-grafted chains
to obtain hydrogels. Ionitd et al. showed that the reaction of isocyanate end-capped
polyethylene glycol with $-CD leads to the formation of a fibrous gel with covalent
network [81]. Moreover, by adding spin probes (e.g., TEMPO and adamantane-
TEMPO), it was possible to determine the extent by which gel fibers were affected
by hydrogen bonding interactions with solvent, crosslinks density, or temperature.
The study revealed that, at low temperature, ice crystallization is prevented inside the
gels, and this phenomenon is accompanied by the formation of supercooled water.

Another method to obtain hydrogels is the mixing of end-capped guest cross-
linkers with certain host-grafted polymers [41, 60]. A recent study has shown that the
multivalence effect within a polyethylene glycol-adamantane/p-CD-alginate system
can be quantified to create hydrogel-like cell matrices [82]. The complexation of CD
functionalized alginate with adamantyl end groups on polyethylene glycol chains
changed the valence of the system. Thus, a correlation could be observed between the
multivalence generated by the variation in the number of polyethylene glycol arms
and the strength of binding affinities inside the hydrogel.

A particular type of gel is formed between guest-grafted polymers that are
capable of forming multilayer vesicles and small host molecules grafted on different
polymeric chains. A good example is the gel formed by thiolated monolith polymers,
in which p-CD vesicles were introduced in order to formulate a hydrogel with pH-
responsive properties [83].

Polymeric gel formation can be described using rheological, viscosity, and
dynamic light scattering measurements. These methods provide global information
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on such systems. Spectroscopic methods, such as fluorescence, IR, or UV-Vis spec-
troscopy, are often used to describe changes in the organization of macromolecules
that are usually governed by noncovalent interactions [84]. In the particular case of
gel formation, electron microscopy techniques are used to evidence the gel fibers. An
interesting, powerful, but still rarely used approach in studying gels involves EPR
spectroscopy [34, 79, 81, 84, 85]. The EPR spectroscopy is suitable to study polymer
systems and gels as the method can provide insights into local, static, and dynamic
properties of these systems. This method can evidence nanoscale inhomogeneities in
polymers systems [86, 87].

By using spin-labeled CDs, it was possible to monitor the gel formation process,
while the diffusion of various spin probes can evidence the nonuniform properties of
covalent gels [81, 88, 89]. Other EPR studies explored the self-assembly of pluronic
F127 leading to gel phase as a function of temperature and concentration of CD
[34, 35] or the formation of supramolecular gels resulted by the assembly of low-
molecular-weight gelators [85].

5. Applications

Over the past four years, data from the literature indicate some comprehensive
reviews of CD-based polymer applications [63, 90-93]. The most common applica-
tions of these materials are in the field of drug delivery [60, 94, 95], biomedical
engineering [90, 96, 97], food industry [93, 98, 99], responsive adhesives [100, 101],
coatings [102, 103], sensors [104, 105], and environmental remediation [106, 107].

Table 1 exemplifies some of the most recent applications reported in the literature
on polymers functionalized with CD units.

Material Applications Ref.

B-CD-chitosan nanoparticles Carrier for carvacrol and linalool [48]

B-CD-chitosan/graphene oxide Removal of methylene blue [49]

hydrogel

B-CD-chitosan/alginate complex Encapsulation and release of piroxicam [50]

p-CD-alginate hydrogels Paclitaxel drug release [51]

B-CD-alginate gel beads Release of methyl orange [52]

p-CD-alginate Matrix for Arthrobacter simplex cell immobilization [53]

B-CD-polyacrylonitrile nanofiber Adsorption of bromophenol blue and atrazine from [56]
aqueous systems

B-CD Removal of malachite green [108]

polymer-tetrafluoroterephthalonitrile

p-CD Agent for monitoring endocrine disrupting chemicals [109]

polymer-tetrafluoroterephthalonitrile from water

p-CD based polymeric adsorbent Pollutants removal (rhodamine B, Congo red and [110]
cadmium ions) from wastewater

2-hydroxypropyl-p-CD-polyacrylic Removal of ibuprofen [111]

acid

B-CD-activated charcoal-Na alginate Removal of methyl violet, brilliant green, norfloxacin, [112]

magnetic beads ciprofloxacin and copper ions from aqueous systems
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Material Applications Ref.
B-CD-carboxymethyl chitosan Sensor for direct determination of manganese [113]
-CD-alginate-graphene oxide Injectable hydrogel for soft tissue engineering [114]
hydrogel

B-CD-epichlorohydrin-carboxymethyl Bioactive enhancement of cyanidin-3-glucoside [115]
chitosan

B-CD-polyurethane/chitosan Gentamicin sulphate drug release [116]
-CD-Fe;0,-chitosan nanoparticles Support for lipase immobilization [117]
B-CD-chitosan beads Support for keratinase immobilization [118]

Table 1.

Applications of polymers functionalized with p-cyclodextrin.

6. Conclusions and perspectives

The general lines of polymer functionalization with cyclodextrins and result-
ing changes of their properties have been reviewed in this chapter. These can be

applied for generating and studying other polymer-cyclodextrin systems. The EPR
spectroscopy can be used as a method for proving changes at nanoscale level in such
systems due to host-guest interactions occurring in polymer systems. The EPR data

can be linked with other experimental data provided by classical methods used to

characterize polymers in solution and in gel states, like rheology, electron microscopy

techniques, etc.
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