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Abstract

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

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

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



136  Cyclodextrin - A Versatile Ingredient

1. Introduction

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

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

CDs and their derivatives such as methyl-BCD (m-BCD) (Figure 2) are known to significantly
remove organic pollutants from water systems via adsorption and inclusion complexation.
They can also be polymerized to form supramolecular structures with high surface areas [12].
The geometry of CDs demonstrates a hydrophobic cavity capable of inclusion complexation
with a wide range of pollutants [7, 13]. The ability of CDs to capture and form inclusion com-
plexes with other molecules in solution and their ability to be electrospun with ease as well
as other physicochemical properties render them ideal candidates for water treatment appli-
cations [7, 12, 14]. The release of water molecules from the hydrophobic cavity, coupled with
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Figure 1. Microscopic view of hollow-structured nanofibers (a and b) the as-electrospun nanofibers. (c and d) The images
of nanotubes at low and high magnification. The inset shows the surface and cross profile of the nanotube. Reproduced
with permission from [11].
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Figure 2. Schematic illustration of (a) BCD and (b) m-pCD.
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hydrogen bonding, charge transfer interactions, hydrophobic interactions, van der Waals
interactions, release of conformational strain and electrostatic interactions are the driving
forces for inclusion complexation through apolar-apolar interaction of CDs and the guest
compounds [12, 15]. It is for this reason that CDs are used in water treatment to remove EMPs
and various other pollutants as well as in medicine for drug delivery applications. Besides
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their use in nanofiber production, CDs and their derivatives have become popular in mem-
brane technology.

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

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

2. Fabrication methods of nanofibers

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

2.1. Polymer blend method

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

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

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

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

2.2. Seal/island cross-section conjugation

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

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

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

2.3. Electrospinning technique

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

tain properties. This can be achieved during electrospinning or by posttreatment methods
[36-38].

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

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

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

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

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

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

2.3.2. Polymer-free cyclodextrin nanofibers

As highlighted earlier, electrospinning cyclic polymers such as CDs is very challenging.
However, CDs can form aggregates in their concentrated solution via intermolecular hydro-
gen bonding and interactions resulting in chain entanglements making it possible to electro-
spin CDs [44, 52].
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Figure 7. (A) AFM image and (B) fiber axis cross-section profile of the MBCD nanofiber prepared in water. (C) AFM image
and (D) fiber axis cross-section profile of the MBCD nanofiber dissolved DMF. Reproduced with permission from [44].
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Figure 8. SEM micrographs revealing the concentration effect on electrospun phospholipids (a 35% and b 50%) and CD
nanofibers (c and d) at low and high concentrations. Reproduced with permission from [49].

Celebioglu and Uyar reported the first successful electrospinning of carrier polymer-free CD
nanofibers. In their report, highly concentrated solutions of methyl-BCD (140 and 160% w/v)
were prepared in water and DMF. Electrospinning these solutions yielded nanofibers with
diameter ranges of 20-100 and 100-1200 nm using water and DMF, respectively [44, 53]. At
concentrations lower than 140% w/v, beaded nanofibers were obtained. They also reported
another successful electrospinning of hydroxypropyl-BCD (HP-BCD) and HP-BCD inclusion
complex with triclosan. Bead-free HP-BCD and HP-BCD/triclosan were obtained at higher
concentrations of 160% w/v. Figure 9 shows the SEM images of polymer-free HP-BCD and
HP-yCD nanofibers dissolved in DMF and water [52]. Celebioglu used HP-3CD and HP-yCD
for the entrapment of volatile organic compounds (VOCs), aniline and benzene [45]. The
results indicated that CD nanofibers had better performances compared to powdered CDs,
while BCD nanofibers performed better than yCD nanofibers. The performance was depen-
dent on the type of CDs, solvent and VOC type. Therefore, electrospinning of CDs and CD
derivative nanofibers strongly depends on the type of CDs, solution concentration, solvent
used and intermolecular interactions [46]. In Table 1, we show electrospun CD nanofibers
prepared using different types of CD derivatives in different solvents without an additional
polymer being used and the effect on the fiber sizes thereof.

2.3.3. Copolymerized cyclodextrin nanofibers

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

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

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

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

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

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

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

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

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

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

2.3.4. CD nanofibers incorporated with nanoparticles

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

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

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

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

toluene treatment

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

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

nanofiber phenolphthalein
membrane

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

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

ethanol agent for Au nanoparticles

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

PVA chloroacetic acid

a, pand PET TFA and DMF Electrospinning 124-  Phenanthrene removal in [7]

vCDs 15.3 aqueous solutions

a, pand PS DMF Electrospinning 300- Enhancement of durability — [65]

YCD- 4250 and stability of fragrances

menthol IC

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

vCDs and chloroform  electrospinning 1580 and S. aureus)

a, pand Zein DMF Electrospinning 90-185 — [5]

vCDs

a, 3 and PMMA DMF Electrospinning 625- Molecular filters and water  [9]

vCDs 1024 treatment

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

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

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

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

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

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

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

3. Cyclodextrins in membrane technology

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

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

3.1. Mixed matrix membranes

Mixed matrix membranes (MMMs) are known for their high flux and low pressure drops.
MMM high flux capacity and selectivity are often a result of functionalized modifying agents
[87]. MMMs are used mostly for the removal of heavy metals, natural organic matter (NOM),
EMPs and disinfection by products such as trihalomethanes, haloacetic acids, trihaloacetal-
dehydes, haloacetones and trihalonitromethanes in water [88]. Adams et al. prepared MMMs
using polysulfone/BCD-polyurethane (PSf/BCD/PU) for the selective removal of Cd* ions
and improved structural properties of PSf MMMs. Upon studying their characteristics, it was
found that BCD-polyurethane enhanced the water sorption and hydrophilicity and achieved
70% removal of Cd** ions [18]. Adams et al. used the same material (PSf/3CD/PU) in 2014 to
study the effect of BCD/PU on the rejection of NOM and fouling resistance of PSf MMMs. It
was concluded that BCD/PU improved the effective pore sizes and molecular-weight cut-off of
PSf membranes due to their conical structure and larger pore sizes, which allows water mol-
ecules to pass easily [89]. Other workers used ceramic membranes modified with cross-linked
silylated dendritic polymers and CDs for the removal of organic pollutants in water. The modi-
fied membranes removed pollutants such as monocyclic aromatic hydrocarbons (93%), pesti-
cide (43%), polycyclic aromatic hydrocarbons (99%) and trihalogen methanes (81%). The high
removal percentage was attributed to the dendritic polymers and CDs [90]. Figure 14 shows
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Figure 14.SEM images comparing morphologies for (a) PSf and (b) PSf/3CD outside surface and cross-section.
Reproduced with permission from [91].
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comparison between PSf and PSf/BCD membranes and it is shown that CDs improved the
surface and cross-sectional morphology in terms of pore size dimensions and size distribution.

3.2. Thin film composite membranes

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

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

Figure 15. SEM images of (a) unmodified and (b) amine f-CD m-phenyldiamine TFC membranes. Reproduced with
permission from [95].
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Material Type Method Application Ref.
PSf-BCD-polyurethane MMM Phase inversion Nanofiltration for removal of Cd* ions [18]
BCD-polyurethane MMM Phase inversion Rejection of NOM (humic acid) [89]
Azo dye-modified MMM Polymerization and Detection of chloroform, [88]
BCD-epichlorohydrin phase inversion 1,3-dichloropropane, 1,2-dichloroethane,

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

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

BCD-polyurethane precipitation

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

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

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

and PES/m- polymerization

phenyldiamine/

amine-f-CDs

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

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

PA/diethylamino-BCDs polymerization studies

PEl/a, f and yCDs TEC Interfacial Organic solvent nanofiltration [93]
polymerization

PA/amino-a and CDs TEC Interfacial Rejection of NaCl [94]
polymerization

PA/diethylamino-o and
BCDs

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

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

4. Other applications of CD-based materials

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6. Characterization tools for CD materials

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

6.1. X-ray diffraction

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

6.2. Nuclear magnetic resonance

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

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

6.4. Ultraviolet/Visible spectroscopy

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

6.5. Fluorescence spectroscopy

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

6.6. Differential scanning calorimetry

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

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

6.8. Microscopic techniques

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

6.9. Other characterization techniques

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

7. Toxicology and safety of CDs and their derivatives

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

The newly discovered CD derivatives with better safety profiles have sparked a renewed interest
in the use of CDs, especially for those that will find way into human and animal bodies. For exam-
ple, HP-BCDs and sulfobutylether-3CDs are used in parental formulations in very high concentra-
tions [123, 129]. The concentration, type of administration and time of exposure play a critical role
in determining the level of toxicity and safety of CDs and their derivatives. It is therefore generally
thought that CDs and their derivatives can be safely used in membrane technology and other
applications without toxicological problems in case they leach out and be ingested by humans or
animals, especially in areas such as wound dressing, water treatment and air purification.

8. Challenges and perspectives

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

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

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

9. Conclusion

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

Acknowledgements

We gratefully acknowledge the University of South Africa (UNISA) and Ghent University.

Author details

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

*Address all correspondence to: nxumaen@unisa.ac.za

1 Nanotechnology and Water Sustainability Research Unit, College of Science, Engineering
and Technology, University of South Africa, Johannesburg, South Africa

2 Department of Green Chemistry and Technology, Ghent University Campus Kortrijk,
Belgium

References

[1] Petrovic M. Fate and distribution of pharmaceuticals in wastewater and sewage sludge
of the conventional activated sludge (CAS) and advanced membrane bioreactor (MBR)
treatment. Water Research. 2009;43(3):831-841

[2] Kasprzyk-hordern B, Dinsdale RM, Guwy AJ. The removal of pharmaceuticals, personal
care products, endocrine disruptors and illicit drugs during wastewater treatment and
its impact on the quality of receiving waters. Water Research. 2009;43(2):363-380

[3] Lin S, Juang R. Adsorption of phenol and its derivatives from water using synthetic res-
ins and low-cost natural adsorbents: A review. Journal of Environmental Management.
2009;90(3):1336-1349

[4] Gopal R, Kaur S, Ma Z, Chan C, Ramakrishna S, Matsuura T. Electrospun nanofibrous
filtration membrane. Journal of Membrane Science. 2006;281(1-2):581-586

159



160 Cyclodextrin - A Versatile Ingredient

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

KayaciF, Uyar T. Electrospun zein nanofibers incorporating cyclodextrins. Carbohydrate
Polymers. 2012;90(1):558-568

Lee KM, Lai CW, Ngai KS, Juan JC. Recent developments of zinc oxide based photocata-
lyst in water treatment technology: A review. Water Research. 2016;88:428-448

Kayaci F, Aytac Z, Uyar T. Surface modification of electrospun polyester nanofibers with
cyclodextrin polymer for the removal of phenanthrene from aqueous solution. Journal
of Hazardous Materials. 2013;261:286-294

Kayaci F, Umu OCO, Tekinay T, Uyar T. Antibacterial electrospun poly(lactic acid) (PLA)
nano fi brous webs incorporating triclosan/cyclodextrin inclusion complexes. Journal of
Agricultural and Food Chemistry. 2013;61:3901-3908

Uyar T, Balan A, Toppare L, Besenbacher F. Electrospinning of cyclodextrin functionalized
poly(methyl methacrylate) (PMMA) nanofibers. Polymer (Guildf). 2009;50(2):475-480

Chalasani R, Vasudevan S. Cyclodextrin-functionalized Fe,O,@TiO,: Reusable, magnetic
nanoparticles for photocatalytic degradation of endocrine-disrupting chemicals in water
supplies. ACS Nano. 2013;7(5):4093-4104

Zhuo M, Yang T, Fu T, Li Q. High-performance humidity sensors based on electrospin-
ning ZnFe,O, nanotubes. RSC Advances. 2015;5(84):68299-68304

Del Valle EMM. Cyclodextrins and their uses: A review. Process Biochemistry. 2004;
39(9):1033-1046

Prieto-Rodriguez L et al. Optimization of mild solar TiO, photocatalysis as a tertiary
treatment for municipal wastewater treatment plant effluents. Applied Catalysis B:
Environmental. 2012;128:119-125

Li J, Loh X]. Cyclodextrin-based supramolecular architectures: Syntheses, structures,
and applications for drug and gene delivery. Advanced Drug Delivery Reviews. 2008;
60(9):1000-1017

Loftsson T, Duehene D. Cyclodextrins and their Pharmaceutical Applicationns. Inter-
national Journal of Pharmaceuticals. 2007;329(1-2):1-11

Nthunya LN, Masheane ML, Malinga SP, Nxumalo EN, Mhlanga SD. Environmentally
benign chitosan-based nanofibres for potential use in water treatment. Cogent Chemistry.
2017;3(1):1-17

Nthunya LN et al. Greener approach to prepare electrospun antibacterial 3-cyclodextrin/
cellulose acetate nanofibers for removal of bacteria from water. ACS Sustainable
Chemistry & Engineering. 2017;5(1):153-160

Adams FV, Nxumalo EN, Krause RWM, Hoek EMV, Mamba BB. Preparation and char-
acterization of polysulfone/p-cyclodextrin polyurethane composite nanofiltration mem-
branes. Journal of Membrane Science. 2012;405-406(July):291-299



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

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

Ramaseshan R, Sundarrajan S, Liu Y, Barhate RS, Lala NL, Ramakrishna S. Functionalized
polymer nanofibre membranes for protection from chemical warfare stimulants. Nano-
technology. 2006;17(12):2947-2953

Li R et al. Preparation and antimicrobial activity of 3-cyclodextrin derivative copoly-
mers/cellulose acetate nanofibers. Chemical Engineering Journal. 2014;248:264-272

Kamiyama M, Soeda T, Nagajima S, Tanaka K. Development and application of high-
strength polyester nanofibers. Polymer Journal. 2012;44(10):987-994

Feng CX et al. Carbon nanotubes accelerated poly(vinylidene fluoride) crystallization
from miscible poly(vinylidene fluoride)/poly(methyl methacrylate) blend and the resul-
tant crystalline morphologies. European Polymer Journal. 2015;68:175-189

Jia YT, Gong J, Gu XH, Kim HY, Dong J, Shen XY. Fabrication and characterization of
poly (vinyl alcohol)/chitosan blend nanofibers produced by electrospinning method.
Carbohydrate Polymers. 2007;67(3):403-409

Hulicova D, Oya A. The polymer blend technique as a method for designing fine carbon
materials. Carbon. 2003;41(7):1443-1450

Hao X, Kaschta J, Pan Y, Liu X, Schubert DW. Intermolecular cooperativity and entangle-
ment network in a miscible PLA/PMMA blend in the presence of nanosilica. Polymer
(United Kingdom). 2016;82:57-65

Lodge TP, McLeish TCB. Self-concentrations and effective glass transition temperatures
in polymer blends. Macromolecules. 2000;33(14):5278-5284

Jiang N, Abe H. Miscibility and morphology study on crystalline/crystalline partially
miscible polymer blends of 6-arm poly(l-lactide) and poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate). Polymer (United Kingdom). 2015;60:260-266

Fenouillot F, Cassagnau P, Majesté JC. Uneven distribution of nanoparticles in
immiscible fluids: Morphology development in polymer blends. Polymer (Guildf).
2009;50(6):1333-1350

Roman C, Es Garcia-Morales M, Gupta J, Mcnally T. On the phase affinity of multi-
walled carbon nanotubes in PMMA:LDPE immiscible polymer blends. Polymer (Guildf).
2017;118:1-11

Panapitiya NP et al. Stabilization of immiscible polymer blends using structure directing
metal organic frameworks (MOFs). Polymer (Guildf). 2014;55(8):2028-2034

Wang Z, Liu X, Macosko CW, Bates FS. Nanofibers from water-extractable melt-blown
immiscible polymer blends. Polymer (United Kingdom). 2016;101:269-273

Zvetkov VL, Djoumaliisky S, Simeonova-Ivanova E. The non-isothermal DSC kinetics of
polyethylene tereftalate-epoxy compatible blends. Thermochimica Acta. 2013;553:16-22

Taguet A, Cassagnau P, Lopez-Cuesta JM. Structuration, selective dispersion and
compatibilizing effect of (nano)fillers in polymer blends. Progress in Polymer Science.
2014;39(8):1526-1563

161



162  Cyclodextrin - A Versatile Ingredient

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Wang S, Yu J, Yu J. Compatible thermoplastic starch/polyethylene blends by one-step
reactive extrusion. Polymer International. 2005;54(2):279-285

Celebioglu A, Vempati S, Ozgit-Akgun C, Biyikli N, Uyar T. Water-soluble non-poly-
meric electrospun cyclodextrin nanofiber template for the synthesis of metal oxide tubes
by atomic layer deposition. RSC Advances. 2014;4(106):61698-61705

Teo WE, Ramakrishna S. A review on electrospinning design and nanofibre assemblies.
Nanotechnology. 2006;17(14):R89-R106

Bhardwaj N, Kundu SC. Electrospinning: A fascinating fiber fabrication technique.
Biotechnology Advances. 2010;28(3):325-347

Huang D et al. Preparation of anatase F doped TiO, sol and its performance for photo-
degradation of formaldehyde. Journal of Materials Science. 2007;42(19):8193-8202

Huang ZM, Zhang YZ, Kotaki M, Ramakrishna S. A review on polymer nanofibers
by electrospinning and their applications in nanocomposites. Composites Science and
Technology. 2003;63(15):2223-2253

Li D, Xia Y. Electrospinning of nanofibers: Reinventing the wheel. Advanced Materials.
2004;16(14):1151-1170

Pattamaprom C, Hongrojjanawiwat W, Koombhongse P, Supaphol P, Jarusuwannapoo
T, Rangkupan R. The influence of solvent properties and functionality on the electro-
spinnability of polystyrene nanofibers. Macromolecular Materials and Engineering.
2006;291(7):840-847

Sapountzi E et al. One-step fabrication of electrospun photo-cross-linkable polymer
nanofibers incorporating multiwall carbon nanotubes and enzyme for biosensing.
Journal of the Electrochemical Society. 2015;162(10):B275-B281

Uyar T, Nur Y, Hacaloglu ], Besenbacher F. Electrospinning of functional poly(methyl
methacrylate) nanofibers containing cyclodextrin-menthol inclusion complexes. Nano-
technology. 2009;20(12):125703

Celebioglu A, Uyar T. Cyclodextrin nanofibers by electrospinning. Chemical communi-
cations (Cambridge, England). 2010;46(37):6903-6905

Celebioglu A, Sen HS, Durgun E, Uyar T. Molecular entrapment of volatile organic com-
pounds (VOCs) by electrospun cyclodextrin nanofibers. Chemosphere. 2016;144:736-744

Uyar T, Havelund R, Hacaloglu ], Besenbacher F, Kingshott P. Functional electrospun
polystyrene nanofibers incorporating a-, -, and y-cyclodextrins: Comparison of molec-
ular filter performance. ACS Nano. 2010;4(9):5121-5130

Bai ], Yang Q, Li M, Wang S, Zhang C, Li Y. Preparation of composite nanofibers contain-
ing gold nanoparticles by using poly(N-vinylpyrrolidone) and (-cyclodextrin. Materials
Chemistry and Physics. 2008;111(2-3):205-208

Cashion MP, Li X, Geng Y, Hunley MT, Long TE. Gemini surfactant electrospun mem-
branes. Langmuir. 2010;26(2):678-683



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

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

Mckee MG, Layman JM, Cashion MP, Long TE. Phospholipid nonwoven electrospun
membranes. Science. 2006,311(5759):353-355

Canbolat MF, Celebioglu A, Uyar T. Drug delivery system based on cyclodextrin-
naproxen inclusion complex incorporated in electrospun polycaprolactone nanofibers.
Colloids Surfaces B Biointerfaces. 2014;115:15-21

Uyar T et al. Cyclodextrin functionalized poly(methyl methacrylate) (PMMA) electro-
spun nanofibers for organic vapors waste treatment. Journal of Membrane Science.
2010;365(1-2):409-417

Celebioglu A, Uyar T. Electrospinning of polymer-free nanofibers from cyclodextrin
inclusion complexes. Langmuir. 2011;27(10):6218-6226

Celebioglu A, Uyar T. Electrospinning of nanofibers from non-polymeric systems:
Electrospun nanofibers from native cyclodextrins. Journal of Colloid and Interface
Science. 2013;404:1-7

Manasco JL, Saquing CD, Tang C, Khan SA. Cyclodextrin fibers via polymer-free electro-
spinning. RSC Advances. 2012;2(9):3778-3784

Celebioglu A, Uyar T. Electrospinning of nanofibers from non-polymeric systems:
Polymer-free nanofibers from cyclodextrin derivatives. Nanoscale. 2012;4(2):621-631

Celebioglu A, Aytac Z, Umu OCO, Dana A, Tekinay T, Uyar T. One-step synthesis of
size-tunable Ag nanoparticles incorporated in electrospun PVA/cyclodextrin nanofibers.
Carbohydrate Polymers. 2014;99:808-816

Yoon K, Hsiao BS, Chu B. High flux ultrafiltration nanofibrous membranes based on
polyacrylonitrile electrospun scaffolds and crosslinked polyvinyl alcohol coating.
Journal of Membrane Science. 2009;338(1-2):145-152

Wang ZG, Wang JQ, Xu ZK. Immobilization of lipase from Candida rugosa on electrospun
polysulfone nanofibrous membranes by adsorption. Journal of Molecular Catalysis B:
Enzymatic. 2006;42(1-2):45-51

Wang YH, Tian TF, Liu XQ, Meng GY. Titania membrane preparation with chemi-
cal stability for very hash environments applications. Journal of Membrane Science.
2006;280(1-2):261-269

Ma H, Hsiao BS, Chu B. Functionalized electrospun nanofibrous microfiltration mem-
branes for removal of bacteria and viruses. Journal of Membrane Science. 2014;452:446-452

Teng M, Li F, Zhang B, Taha AA. Electrospun cyclodextrin-functionalized mesoporous
polyvinyl alcohol/SiO, nanofiber membranes as a highly efficient adsorbent for indigo
carmine dye. Colloids and Surfaces A: Physicochemical and Engineering Aspects.
2011;385(1-3):229-234

Zhang W, Chen M, Diao G. Electrospinning (3-cyclodextrin/poly(vinyl alcohol) nanofi-
brous membrane for molecular capture. Carbohydrate Polymers. 2011;86(3):1410-1416

163



164  Cyclodextrin - A Versatile Ingredient

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Chen P, Liang HW, Lv XH, Zhu HZ, Bin Yao H, Yu SH. Carbonaceous nanofiber
membrane functionalized by p-cyclodextrins for molecular filtration. ACS Nano.
2011;5(7):5928-5935

Bazhban M, Nouri M, Mokhtari J. Electrospinning of cyclodextrin functionalized chi-
tosan/PVA nanofibers as a drug delivery system. Chinese Journal of Polymer Science.
2013;31(10):1343-1351

Uyar T, Hacaloglu J, Besenbacher F. Electrospun polystyrene fibers containing high tem-
perature stable volatile fragrance/flavor facilitated by cyclodextrin inclusion complexes.
Reactive and Functional Polymers. 2009;69(3):145-150

Kayaci F, Ertas Y, Uyar T. Enhanced thermal stability of eugenol by cyclodextrin inclu-
sion complex encapsulated in electrospun polymeric nanofibers. Journal of Agricultural
and Food Chemistry. 2013;61(34):8156-8165

Uyar T, Kingshott P, Besenbacher F. Electrospinning of cyclodextrin-pseudopolyrotax-
ane nanofibers. Angewandte Chemie International Edition. 2008;47(47):9108-9111

Fatin SO, Lim HN, Tan WT, Huang NM. Comparison of photocatalytic activity and cyclic
voltammetry of zinc oxide and titanium dioxide nanoparticles toward degradation of
methylene blue. International Journal of Electrochemical Science. 2012;7:9074-9084

Celebioglu A, Uyar T. Green and one-step synthesis of gold nanoparticles incorporated
into electrospun cyclodextrin nanofibers. RSC Advances. 2013;3(26):10197

Zhang X, Li X, Deng N. Enhanced and selective degradation of pollutants over cyclodex-
trin/TiO, under visible light irradiation. Industrial and Engineering Chemistry Research.
2012;51(2):704-709

Kim ID et al. Dye-sensitized solar cells using network structure of electrospun ZnO
nanofiber mats. Applied Physics Letters. 2007;91(16):163109

Lu P, Wu F, Deng N. Enhancement of TiO, photocatalytic redox ability by (3-cyclodextrin
in suspended solutions. Applied Catalysis B: Environmental. 2004;53(2):87-93

Yoon S, Nichols WT. Cyclodextrin directed self-assembly of TiO, nanoparticles. Applied
Surface Science. 2013;285(part B):517-523

Feng X, Shankar K, Varghese OK, Paulose M, Latempa TJ, a Grimes C. Vertically aligned
single crystal TiO, nanowire arrays grown directly on transparent conducting oxide
coated glass: Synthesis details and applications. Nano Letters. 2008;8(11):3781-3786

Feng J, Miedaner A, Ahrenkiel P, Himmel ME, Curtis C, Ginley D. Self-assembly
of photoactive TiO,-cyclodextrin wires. Journal of the American Chemical Society.
2005;127:14968-14969

Tachikawa T, Tojo S, Fujitsuka M, Majima T. One-electron oxidation pathways during
B-cyclodextrin-modified TiO, photocatalytic reactions. Chemistry: A European Journal.
2006;12(29):7585-7594



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

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

Zhao B, Chen H. Synthesis novel multi-petals ZnO nano-structure by a cyclodextrin
assisted solution route. Materials Letters. 2007;61(27):4890-4893

Yang X, Shao C, Guan H, Li X, Gong J. Preparation and characterization of ZnO nano-
fibers by using electrospun PVA/zinc acetate composite fiber as precursor. Inorganic
Chemistry Communications. 2004;7(2):176-178

Yang Y, Li X, Chen J, Chen H, Bao X. ZnO nanoparticles prepared by thermal decom-
position of a and P-cyclodextrin coated zinc acetate. Chemical Physics Letters.
2003;373(1-2):22-27

Rakshit S, Vasudevan S. Resonance energy transfer from beta-cyclodextrin-capped
ZnO:MgO nanocrystals to included nile red guest molecules in aqueous media. ACS
Nano. 2008;2(7):1473-1479

Yin J, Deng B. Polymer-matrix nanocomposite membranes for water treatment. Journal
of Membrane Science. 2015;479:256-275

Zhao S, Wang Z, Wang ], Yang S, Wang S. PSf/PANI nanocomposite membrane pre-
pared by in situ blending of PSf and PANI/NMP. Journal of Membrane Science.
2011;376(1-2):83-95

Ng LY, Mohammad AW, Leo CP, Hilal N. Polymeric membranes incorporated with
metal/metal oxide nanoparticles: A comprehensive review. Desalination. 2013;308:15-33

Yu X et al. High performance thin-film nanofibrous composite hemodialysis membranes
with efficient middle-molecule uremic toxin removal. Journal of Membrane Science.
2017;523(September):173-184

Song X, Liu Z, Sun DD. Nano gives the answer: Breaking the bottleneck of internal con-
centration polarization with a nanofiber composite forward osmosis membrane for a
high water production rate. Advanced Materials. 2011;23(29):3256-3260

Wu H, Tang B, Wu P. Preparation and characterization of anti-fouling [3-cyclodextrin/
polyester thin film nanofiltration composite membrane. Journal of Membrane Science.
2013;428:301-308

Pendergast MM, Hoek EMV. A review of water treatment membrane nanotechnologies.
Energy & Environmental Science. 2011;4(6):1946

Ncube P, Krause RWM, Mamba BB. Detection of chloroform in water using an azo dye
modified B-cyclodextrin-pichlorohydrin copolymer as a fluorescent probe. Physics and
Chemistry of the Earth. 2014;67-69:79-85

Adams FV, Nxumalo EN, Krause RWM, Hoek EMV, Mamba BB. Application of poly-
sulfone/cyclodextrin mixed matrix membranes in the removal of natural organic matter
from water. Physics and Chemistry of the Earth. 2014;67-69:71-78

Allabashi R, Arkas M, Hermann G, Tsiourvas D. Removal of some organic pollutants in
water employing ceramic membranes impregnated with cross-linked silylated dendritic
and cyclodextrin polymers. Water Research. 2007;41(2):476-486

165



166  Cyclodextrin - A Versatile Ingredient

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[101]

[102]

[103]

Choi SH, Chung JW, Priestley RD, Kwak SY. Functionalization of polysulfone hollow
fiber membranes with amphiphilic -cyclodextrin and their applications for the removal
of endocrine disrupting plasticizer. Journal of Membrane Science. 2012;409-410:75-81

Mbuli BS, Mhlanga SD, Mamba BB, Nxumalo EN. Fouling resistance and physicochem-
ical properties of polyamide thin-film composite membranes modified with functional-
ized cyclodextrins. Advances in Polymer Technology. 2017;36(2):249-260

Heng M et al. Tunable solvent permeation properties of thin film nanocomposite mem-
brane by constructing dual-pathways using cyclodextrins for organic solvent nanofil-
tration. ACS Sustainable Chemistry & Engineering. 2015;3(9):1925-1933

Mbuli BS et al. Modification of polyamide thin-film composite membranes with amino-
cyclodextrins and diethylamino-cyclodextrins for water desalination. Separation and
Purification Technology. 2013;120:328-340

Mbuli BS et al. Preparation and characterization of thin film composite membranes
modified with amine-functionalized B-cyclodextrins. Journal of Applied Polymer
Science. 2013;129(2):549-558

Krause RWM, Mamba BB, Dlamini LN, Durbach SH. Fe-Ni nanoparticles supported on
carbon nanotube-co-cyclodextrin polyurethanes for the removal of trichloroethylene in
water. Journal of Nanoparticle Research. 2010;12(2):449-456

Liu H, Cai X, Wang Y, Chen ]J. Adsorption mechanism-based screening of cyclodex-
trin polymers for adsorption and separation of pesticides from water. Water Research.
2011;45(11):3499-3511

Wang ZG, Wan LS, Liu ZM, Huang X]J, Xu ZK. Enzyme immobilization on electros-
pun polymer nanofibers: An overview. Journal of Molecular Catalysis B: Enzymatic.
2009;56(4):189-195

Gopal R et al. Electrospun nanofibrous polysulfone membranes as pre-filters: Particulate
removal. Journal of Membrane Science. 2007;289(1-2):210-219

Celebioglu A, Umu OCO, Tekinay T, Uyar T. Antibacterial electrospun nanofibers
from triclosan/cyclodextrin inclusion complexes. Colloids Surfaces B Biointerfaces.
2014;116:612-619

Dong C, Qian LY, Zhao GL, He BH, Xiao HN. Preparation of antimicrobial cellulose
fibers by grafting (-cyclodextrin and inclusion with antibiotics. Materials Letters.
2014;124:181-183

Subramanian S, Singireddy A, Krishnamoorthy K, Rajappan M. Nanosponges: A novel
class of drug delivery system review. Journal of Pharmacy & Pharmaceutical Sciences.
2012;15(1):103-111

Lezcano M, Al-Soufi W, Novo M, Rodriguez-Nunez E, Vazquez Tato J. Complexation
of several benzimidazole-type fungicides with a- and B-cyclodextrins. Journal of
Agricultural and Food Chemistry. 2002;50(1):108-112



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

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

Taylor MJ, Tanna S, Sahota T. In vivo study of a polymeric glucose-sensitive insulin deliv-
ery system using a rat model. Journal of Pharmaceutical Sciences. 2010;99(10):4215-4227

de Miranda JC, Martins TEA, Veiga F, Ferraz HG. Cyclodextrins and ternary com-
plexes: Technology to improve solubility of poorly soluble drugs. Brazilian Journal of
Pharmaceutical Sciences. 2011;47(4):665-681

Gupta SM, Tripathi M. A review on the synthesis of TiO, nanoparticles by solution
route. Central European Journal of Chemistry. 2012;10(2):279-294

Baudin C, Pean C, Perly B, Gosselin P. Inclusion of organic pollutants in cyclodex-
trins and derivatives. International Journal of Environmental Analytical Chemistry.
2000(April);77:233-242

Dardeer HM. Importance of cyclodextrins into inclusion complexes 2-preparation of
cyclodextrins 3-structure of cyclodextrins 4-cyclodextrin complexes. International
Journal of Advanced Research. 2014;2(4):414-428

Alsbaiee A, Smith BJ, Xiao L, Ling Y, Helbling DE, Dichtel WR. Rapid removal of
organic micropollutants from water by a porous P-cyclodextrin polymer. Nature.
2016;529(7585):190-194

Marques HMC. A review on cyclodextrin encapsulation of essential oils and volatiles.
Flavour and Fragrance Journal. 2010;25(5):313-326

Sapkal NP, Kilor VA, Bhursari KP, Daud AS. Evaluation of some methods for prepar-
ing gliclazide-f-cyclodextrin inclusion complexes. Tropical Journal of Pharmaceutical
Research. 2007;6(4):833-840

Chen Y, Liu Y. Cyclodextrin-based bioactive supramolecular assemblies. Chemical
Society Reviews. 2010;39(2):495-505

Wu H, Kong J, Yao X, Zhao C, Dong Y, Lu X. Polydopamine-assisted attachment
of B-cyclodextrin on porous electrospun fibers for water purification under highly basic
condition. Chemical Engineering Journal. 2015;270:101-109

Celebioglu A, Demirci S, Uyar T. Cyclodextrin-grafted electrospun cellulose acetate
nanofibers via “click’ reaction for removal of phenanthrene. Applied Surface Science.
2014;305:581-588

Mura P. Analytical techniques for characterization of cyclodextrin complexes in the solid
state: A review. Journal of Pharmaceutical and Biomedical Analysis. 2015;113:226-238

Mura P. Analytical techniques for characterization of cyclodextrin complexes in
aqueous solution: A review. Journal of Pharmaceutical and Biomedical Analysis.
2014;101:238-250

Rezende BA et al. Complexation with (3-cyclodextrin confers oral activity on the flavo-
noid dioclein. International Journal of Pharmaceutics. 2009;367(1-2):133-139

Maestrelli F, Cecchi M, Cirri M, Capasso G, Mennini N, Mura P. Comparative study of
oxaprozin complexation with natural and chemically-modified cyclodextrins in solution

167



168 Cyclodextrin - A Versatile Ingredient

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

and in the solid state. Journal of Inclusion Phenomena and Macrocyclic Chemistry.
2009;63(1-2):17-25

Bettinetti GP, Sorrenti M, Rossi S, Ferrari F, Mura P, Faucci MT. Assessment of solid-state
interactions of naproxen with amorphous cyclodextrin derivatives by DSC. Journal of
Pharmaceutical and Biomedical Analysis. 2002;30(4):1173-1179

Al-Marzouqi AH, Jobe B, Dowaidar A, Maestrelli F, Mura P. Evaluation of supercriti-
cal fluid technology as preparative technique of benzocaine-cyclodextrin complexes-
comparison with conventional methods. Journal of Pharmaceutical and Biomedical
Analysis. 2007;43(2):566-574

Ikeda Y, Kimura K, Hirayama F, Arima H, Uekama K. Controlled release of a water-
soluble drug, captopril, by a combination of hydrophilic and hydrophobic cyclodextrin
derivatives. Journal of Controlled Release. 2000;66(2-3):271-280

Lantz AW, Wetterer SM, Armstrong DW. Use of the three-phase model and headspace
analysis for the facile determination of all partition/association constants for highly

volatile solute-cyclodextrin-water systems. Analytical and Bioanalytical Chemistry.
2005;383(2):160-166

Loftsson T, Duchéne D. Cyclodextrins and their pharmaceutical applications.
International Journal of Pharmaceutics. 2007;329(1-2):1-11

Irie T, Uekama K. Pharmaceutical applications of cyclodextrins. III. Toxical issues and
safety evaluation. Journal of Pharmaceutical Sciences. 1997;86(2):147-162

Kaukonen AM, Kilpelinen I, Mannermaa JP. Water-soluble a-cyclodextrins in paedi-
atric oral solutions of spironolactone: Solubilization and stability of spironolactone
in solutions of a-cyclodextrin derivatives. International Journal of Pharmaceutics.
1997;159(2):159-170

Totterman AM, Schipper NG, Thompson DO, Mannermaa JP. Intestinal safety of water-
soluble beta-cyclodextrins in paediatric oral solutions of spironolactone: Effects on
human intestinal epithelial Caco-2 cells. The Journal of Pharmacy and Pharmacology.
1997;49(1):43-48

Jambhekar SS, Breen P. Cyclodextrins in pharmaceutical formulations I: Structure
and physicochemical properties, formation of complexes, and types of complex. Drug
Discovery Today. 2016;21(2):356-362

Szente L, Szejtli J. Highly soluble cyclodextrin derivatives: Chemistry, properties, and
trends in development. Advanced Drug Delivery Reviews. 1999;36(1):17-28

Gould S, Scott RC. 2-Hydroxypropyl-B-cyclodextrin (HP-BCD): A toxicology review.
Food and Chemical Toxicology. 2005;43(10):1451-1459



