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Cyclodextrins (CDs) are cyclic oligosaccharides that form water-soluble inclusion complexes of lipophilic mole-
cules. They are commonly used as pharmaceutical excipients. Recently it has been observed that CDs and CD
complexes self-assemble in aqueous solutions to form transient clusters, nanoparticles and small microparti-
cles. The critical aggregation concentration (cac) of the natural aCD, BCD and yCD in pure aqueous solutions
is about 25, 8 and 9 mg/ml, respectively. The cac of 2-hydroxypropyl-B-cyclodextrin (HPBCD), that consists of
a mixture of isomers, in pure aqueous solutions is significantly higher or about 118 mg/ml. Formation of guest/
CD complexes can increase or decrease the cac value. Due to the transient nature of the CD clusters and
nanoparticles they can be difficult to detect and their presence is frequently ignored. However, formation of such
particulate matter in aqueous CD solutions can lead to erroneous analytical results and product rejections during
drug manufacturing. On the other hand, they have also given rise to formation of novel drug delivery systems

with exceptional properties.

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides, formed by a-1,4
linked glucose units, with a somewhat lipophilic central cavity and
hydrophilic outer surface (Table 1, Fig. 1). They are frequently
referred to as enabling excipients that can, for example, increase
aqueous solubility of poorly soluble compounds, increase both
chemical and physical stability of drug products, and increase drug
bioavailability. In other words, CDs can enable pharmaceutical
formulations of biologically active compounds during preparation
of marketable drug products. Recently it has been shown that
CDs can self-assemble to form aggregates in aqueous solutions
(Loftsson et al. 2019; Zagami et al. 2019). Here the obstacles and
advantages that formation of such CD aggregates can generate in
drug delivery are discussed.

Three natural CDs (i.e. the unsubstituted or parent CDs) and four
CD derivatives are currently used in marketed drug products as
enabling excipients (Table 1). The natural CDs (i.e. aCD, fCD

and yCD) and their complexes have somewhat limited solubility in
water. Random substitution of their external hydroxy functions (i.e.
formation of HPBCD, SBEBCD, RMBCD and HPyCD) increases
their solubility and that of their complexes. Thus, the natural CDs
are mainly used in solid dosage forms while the CD derivatives are
used in drug preparations that are aqueous solutions.

In general, topically or orally administered drugs have to permeate
some lipophilic biomembranes to enter the body and produce
desired therapeutic effects, and only dissolved drug molecules are
able to permeate the membranes. Most often biomembranes such
as mucosa contain aqueous exterior (e.g., mucus) and in general
drug permeate the membranes via passive diffusion where the
gradient of dissolved drug molecules is the driving force. The
permeation barrier consists of not only the lipophilic membrane
but also the aqueous exterior. For drug permeation through the
barrier the drug must be somewhat water-soluble to dissolve in the
aqueous exterior and, at the same time, somewhat lipophilic to be

Table 1: Cyclodextrins (CDs) currently used in marketed pharmaceutical products

Cyclodextrin glll\j:;::fll;li()tis‘ . MS? (1;:1‘;13) (r?fjg?% 41) Pharmaceutical applications in marketed products
a-Cyclodextrin (aCD) 6 - 972.8 145 Solid dosage forms and parenteral solutions.
B-Cyclodextrin (BCD) 7 - 1135 18.5  Solid dosage forms (e.g., tablets and suppositories).
2-Hydroxypropyl-pCD (HPBCD) 7 0.65 1400 >600 Aqueous solutions (e.g., eye drops and IV solutions).
Sulfobutylether BCD sodium salt (SBEBCD) 7 0.9 2163 >500  Aqueous solutions (e.g., IV and IM solutions).
Randomly methylated BCD (RMBCD) 7 1.8 1312 >600 Aqueous solutions (e.g., eye drops and nasal spray).
v-Cyclodextrin (yCD) 8 - 1297 232 Aqueous IV solution.

2-Hydroxypropyl-yCD (HPyCD) 8 0.6 1576 >500 Aqueous solutions (e.g., eye drops and IV solution).

! Number of glucose units forming the cyclic CD molecule.

2 The molar degree of substitution (MS) is defined as the average number of substituents that have reacted with one glucopyranose repeat unit.

* Molecular weight (MW) of the unhydrated CD.
S, 18 the solubility in pure water at room temperature (Dodziuk 2006, Szejtli 1988)
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able to permeate the membrane. Chemical penetration enhancers,
such as ethanol, dimethyl sulfoxide and benzalkonium chloride,
enhance drug permeation by disrupting the structure of the lipo-
philic membrane barrier and, thus, facilitate permeation of both
lipophilic and hydrophilic drug molecules through the membrane
(Dragicevic and Maibach 2015). CDs on the other hand enhance
the concentration of dissolved drug molecules in the aqueous
exterior, thereby increasing the concentration gradient over the
membrane barrier (Loftsson and Brewster 2011). CDs have a
negligible effect on the bioavailability of hydrophilic drugs but
can have significant effects on the bioavailability of lipophilic and
poorly-soluble drugs (Loftsson et al. 2016). The ability of drug/
CD complexes to aggregate and form nanoparticles can result in
site specific drug delivery such as topical drug delivery to the hair
follicles (Konradsdottir et al. 2009).
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Fig. 1: The structure of the unsubstituted CD showing the primary and secondary
HO-groups located at the external rims of the molecule.

2. Self-assembly of cyclodextrins

According to their truncated conical shape, CDs are able to form
host-guest inclusion complexes by including a hydrophobic moiety
or a whole guest molecule into their hydrophobic central cavity
(Fig. 2). Occasionally guest molecules form hydrogen bonds with
the hydroxy groups at the rim of the CD cavity resulting in non-in-
clusion guest/CD complex formation (de Jesus et al. 2012; Loftsson
et al. 2004). Those hydroxy groups can also form intermolecular
CD-CD hydrogen bonds leading to self-assembly of dissolved CD
molecules, that is formation of CD aggregates. CD complexes (i.e.
inclusion and non-inclusion complexes) and self-assembled CD
aggregates most often coexist in aqueous media but the currently
applied analytical techniques do not readily detect these aggre-
gates and, thus, their formation is most often neglected. The size
of natural CD aggregates in aqueous solutions is about 140 to 300
nm. The size depends on the type of CD, the CD concentration,
temperature and excipients present in the aqueous media. Further-
more, the methods applied to detect the aggregates can have effect
on their size and size distribution. Applying dynamic light scat-
tering (DLS) the size of the CD aggregates has been reported to
be about 200 to 300 nm and the studies show that the aggregate
size increases as a function of CD concentration (Coleman et al.

Host Guest Guest/Host Inclusion Complex

Fig. 2: Formation of guest (e.g., drug) — host (i.e. CD) inclusion complex.
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1992). CD solutions passed through 0.22 um membrane filter show
monodisperse aggregates while the unfiltrated CD solutions show
two populations, a monomeric CD population (or non-aggregates
which has mean hydrodynamic diameter of less than 1 nm) and
a population of CD aggregates (Gonzalez-Gaitano et al. 2002;
Wu et al. 2006a). Studies of formation of yCD aggregates and
their hydrodynamic diameter, applying diffusion measurements,
indicate that there is no clear relationship between their size
and the aggregate formation tendency (Ribeiro et al. 2008). In
aqueous solutions, an equilibrium exists between aggregates and
unaggregated CD molecules but unaggregated CD molecules are
dominating. In pure aqueous CD solutions the mass of aggregates
is about 0.8% in 12 mM aqueous aCD solution (Gonzalez-Gaitano
et al. 2002), 0.0011% in 10 mM BCD solution (Wu et al. 2006b)
and 0.02% in 12 mM yCD solution (Szente et al. 1998). Further-
more, CD aggregates will dissociate when CD-CD H-bonds are
disrupted, for example, through ionization or substitution of the
OH-moieties or by addition of chaotropic agents to the aqueous
complexation media. When pH of an aqueous BCD solution is
greater than 12.5 or greater than 10 for that of a yCD solution, the
hydrodynamic diameter of aggregates dramatically decreases due
to the ionization of OH groups (Coleman et al. 1992). Substitution
the BCD’s OH-moieties with methyl- or hydroxypropyl groups
results in significant decrease in the aggregate size (Coleman et
al. 1992; Gonzalez-Gaitano et al. 2002). Presence of chaotropic
agents, such as urea or potassium thiocyanate, in aqueous CD
solutions interferes with formation of hydrogen bonds resulting
in decreasing aggregate diameter of yCD (Szente et al. 1998) and
HPBCD (Héusler and Miiller-Goymann 1993). These observations
indicate that CD aggregates are formed by intermolecular H-bonds.
The shapes of CD aggregates have been studied by various micro-
scopic techniques. Spherical aggregates have been observed in
aqueous aCD and yCD solutions by transmission electron micros-
copy (TEM) (Polarz et al. 2001; Wu et al. 2006a). Morphological
variations of BCD aggregate have been determined using TEM at
cryogenic temperature (Cryo-TEM). When concentration of BCD
increases, morphology of aggregates changes. Polyhedral aggregates
forming a branched structure, larger globular particles and sheet-like
aggregates have been observed in aqueous 3, 6 and 12 mM BCD
solutions, respectively. The large bidimensional sheets observed
in aqueous 12 mM BCD solutions become entangled to form long
fibers and folded lamellaes upon sonication (Bonini et al. 2006a).
The tendency of CDs to self-assemble to form aggregates is
described by the critical aggregation concentration (cac) that is
defined as the lowest CD concentration at which aggregates can
be detected under some specific conditions (e.g., temperature)
(Fiilop et al. 2015). The cac of the natural aCD, BCD and yCD
in pure aqueous solutions and ambient temperature is about 25,
8 and 9 mg/ml, respectively (Saokham et al. 2016; Sd Couto et
al. 2018c). Due to its low aqueous solubility (Table 1) BCD has
a high tendency to form aggregates (i.e. BCD has the lowest cac
value). Upon storage, aqueous yCD solutions become opalized and
in some cases precipitation of yCD is observed (Szente et al. 1998).
The cac of 2-hydroxypropyl-p-cyclodextrin (HPBCD), a randomly
substituted derivative of BCD, in pure aqueous solutions is about
118 mg/ml (S4 Couto et al. 2018a) indicating the influence of
random substitution of the BCD OH-moieties on the aggregation
tendency. The presence of urea is reported to increase the cac value
of aCD and yCD (S4 Couto et al. 2018b). Formation of guest/CD
complexes can increase or decrease the cac values. Since transient
CD aggregates are formed through hydrogen bonding of proton
atoms located outside the CD cavity, self-assembly tendency
decreases or increases upon guest/CD inclusion complex forma-
tion that can either hinder or facilitate intermolecular hydrogen
bonding between CD molecules (Saokham et al. 2018a; Saokham
and Loftsson 2015; Jansook et al. 2010b).

3. How to detect CD nano-aggregates?

Self-assembly of CD molecules can decrease their ability to form
inclusion complexes with drugs, and since the natural CDs have a
stronger tendency to aggregate than their derivatives this effect can
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Fig. 3: TEM micrographs of nanoaggregates drug/CD complexes; hydrocortisone
(a), amphotericin B (b), cyclosporin A (c).

be more dominating in their case (Wu et al. 2006a; Messner et al.
2010). Thus, it is important to know how the aqueous complex-
ation media and external factors such as temperature affect
the aggregation. Aggregation of BCD was investigated by cac
measurements by Bonini et al. (2006b). The presence of aCD or
yCD aggregates can be determined by simple visual observations,
such as by the solution turbidity (Koichiro et al. 1983; S4 Couto et
al. 2018b). Turbid CD solutions can become clear upon filtration
only to be become turbid again upon storage (Szente et al. 1998).
Formation of such particulate matter in aqueous CD solutions are
frequently unacceptable in pharmaceutical products, for example
in parenteral solutions. However, the formation of nano-size aggre-
gates (diameter commonly between 20 and 300 nm) can enhance
CD solubilization of water-insoluble drugs through formation
of micellar-like structures or CD superstructures. The most
common methods to detect nano-size aggregates of CDs and their
complexes are dynamic light scattering (DLS) and transmission
electron microscopy (TEM). Other methods include measurements
of conductivity, osmolality, viscosity, surface tension, mass spec-
trometry, nuclear magnetic resonance, and the permeation through
semi-permeable membranes. The principles, the advantages and
the limitation of these methods have previously been reviewed
(Messner et al. 2010; Jansook et al. 2018b).

DLS determines the hydrodynamic radius of the particles. DLS
studies have shown that, in general, there are two size populations
in aqueous CD solutions representing the monomeric CDs with
diameter of less than 1 nm and small self-assembly of CD mole-
cules ranging from 10-90 nm to a few hundred nm (Bonini et al.
2006b; Coleman et al. 1992; Gonzalez-Gaitano et al. 2003; He et
al. 2008; Kashapov et al. 2017; Huang et al. 2019). In case of drug/
CD complexes, three size populations are frequently observed in
aqueous solutions, including large aggregates with diameter that
can be from 100-500 nm to a few thousand nm (Muankaew et al.
2014; Do et al. 2017). TEM analysis has been used to support the
DLS results. In general, TEM images show somewhat smaller
aggregate sizes than DLS (Fig. 3). In aqueous solutions the particle
size and the size distribution depend on the CD concentration, and
factors such as media composition and temperature. Lucio et al.
(2017) used DLS to measure the aggregate size in glibenclamide
saturated CD solutions at various CD concentrations. At low CD
concentrations (<5 mM) unimodal population was detected that
corresponded to the monomeric CDs, while at higher CD concen-
trations bimodal distribution was observed corresponding to the
monomeric CDs and small aggregates with a mean diameter of
around 50 nm (Lucio et al. 2017). DLS data and TEM studies have
shown that when thermal methods (i.e. autoclaving or sonication
under heating) are applied during preparation of ternary drug/
CD/polymer complexes an enhanced drug solubility is obtained
through the formation of polymer stabilized drug/CD nanoaggre-
gates (Jansook et al. 2018a).

Garnero et al. (2010) investigated aggregate formation in pure
aqueous HPBCD solution and a solution containing the trimetho-
prim/HPBCD complex by conductivity measurements. The cac
was determined by observing the specific conductivity change as
a function of HPBCD concentration. The negative deviation from
linearity demonstrated formation of HPBCD aggregates which
occurred above the cac value. '"H NMR spectroscopy can be used
to determine the CD aggregate formation from the chemical shift
data. The chemical shift is then plotted as a function of the inverse

Pharmazie 75 (2020)

total CD concentration. Applying this method the cac value was
determined from the intersection of the linear portions of the plot
at the concentration above and below the inflection region (Duan
et al. 2005; Garnero and Longhi 2007). Another suitable method
for detection of CD aggregates is osmolality measurements with
activity coefficient determinations. Deviation of the activity coeffi-
cient from ideality indicates CD aggregate formation (Jansook et al.
2010a). S4 Couto et al. (2018d) studied various techniques to detect
the formation of CD aggregates. They found that both viscosity
and surface tension determinations were unsuitable cac while the
permeation study was the most reliable method for detection of the
transient CD aggregates. The formation of aggregates increased
with increasing CD concentration. The apparent cac values of aCD
and BCD solutions were determined by this technique and shown
that BCD has higher tendency to form aggregates than aCD (Sa
Couto et al. 2018d). Jansook et al. investigated and demonstrated
that the permeation flux profiles deviated from the linearity due
to self-assemble of drug/CD complexes (Jansook and Loftsson
2009, Jansook et al. 2010a). Messner et al. (2011) estimated the
fraction of aggregated complexes in saturated hydrocortisone/CD
solutions by drug permeation through semipermeable membranes
of different molecular weight cutoff (MWCO). Furthermore, they
proposed some aggregation mechanisms and concluded that aggre-
gation of CD molecules and the CD complexes is spontaneous and
highly dynamic (Messner et al. 2011; Do et al. 2017).

4. Pharmacokinetics and toxicological considerations

CDs that are currently used in drug products are relatively large
(molecular weight from about 1000 to just over 2000 Da) and
hydrophilic (LogP__  between -17 and -6) and, thus, do not
readily permeate lipophilic biomembranes such as mucosa. The
pharmacokinetics of CDs is similar to those of low molecular
weight dextrans (Loftsson et al. 2016; Jansook et al. 2018b;
Loftsson 2015). After oral administration CDs are digested by
bacteria in the gastrointestinal tract or, in case of the natural yCD,
by human o-amylase with only minor amounts being absorbed
intact. The oral bioavailability of CDs that are currently used in
pharmaceutical products is generally below 2% (Jansook et al.
2018b). Only RMBCD has higher oral bioavailability or as high as
12% (Loftsson and Brewster 2011). After intravenous administra-
tion the hydrophilic CDs (e.g., HPBCD and SBEBCD) are rapidly
excreted unchanged with the urine with a half-life of less than 2
h. Also, due to their very hydrophilic nature these CDs have rela-
tively small volume of distribution or less than 0.2 L/kg.

According to the European Medicines Agency (EMA), CDs are
safe to use as excipients in pharmaceutical products (EMA 2017).
However, like other carbohydrates CDs at high oral doses (more
than 1 g/kg/day) may cause diarrhea. The parent CDs (i.e. the
natural oCD, BCD and yCD) are listed as generally regarded as
safe (GRAS) by the US Food & Drug Administration (US FDA),
while SBEBCD and HPBCD are accepted as Inactive Pharmaceu-
tical Ingredients. In marketed drug products the total daily dose of
orally administered aCD, BCD, yCD and HPBCD are 6, 0.5, 10 and
8 g/kg/day, respectively (Loftsson and Brewster 2010). Although
some studies have indicated that CDs can irritate mucosa, suppos-
itories containing high doses of BCD and HPBCD do not irritate
rectal mucosa in human and rabbit studies, respectively (Irie
and Uekama 1997). Various studies in humans have shown that
CDs are as safe as other natural oligosaccharides. Patch tests in
human volunteers have shown that BCD does not induce irrita-
tion or allergic dermatitis. Moreover antigenicity, mutagenicity
and topical irritation studies show that HPBCD is safe (Irie and
Uekama 1997). In an ophthalmic preparation, aCD at concen-
tration higher than 4% caused superficial epithelial toxicity in
rabbit cornea. Although a topical administration of 5% randomly
methylated BCD (RMBCD) to the eye has been shown to cause
conjunctival and corneal irritation in rabbits, there is an eye drop
product containing RMBCD on the market (Clorocil®, Oftalder,
Portugal) (Loftsson and Stefdnsson 2002). Solutions containing
10% SBEBCD (Irie and Uekama 1997) and 12.5% HPBCD (Stella
and He 2008) have been shown to be non-toxic and non-irritating in
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Table 2: Some examples of recently drug delivery formulation containing CD nano- (diameter commonly between 50 and 300 nm), microaggregates

(diameter commonly between 1 and 10 pm) and investigated results

Targeted drug

Drug CD Final formulation A Preparation method Results
delivery

Curcumin HPYCD Aqueous solution Topical Shaking Curcumin/HPyCD was detected deeper into the epidermal cell.

(Konradsdéttir et al. 2009)
BCD/EDA Aqueous solution Ocular Solvent evaporation The formulation improved corneal permeation and 3 h accumulative

flux. (Liu et al. 2020)

Dexamethasone  yCD, HPyCD Suspension Ocular Heating The formulation showed to deliver drug to vitreous humor and retina
in rabbits. (Loftsson et al. 2007, Jansook et al. 2010a)

Irbesartan yCD, HPyCD Suspension Ocular Heating Self-aggregation was found, and increased permeation flux observed
in the unionized inclusion complexes (Muankaew et al. 2014,
Jansook et al. 2015)

Dorzolamide yCD, HPyCD Suspension Ocular Heating The formulation enhanced drug delivery to the posterior segment of

Aqueous gel Chemically crosslinking the eye.(Jansook et al. 2010c)

The formulation gave mucoadhesive effect and improved drug
delivery into the eye. (Moya-Ortega et al. 2012)

Voriconazole NR aqueous solution Ocular lyophilization The formulation enhanced corneal penetration better than chitosan
based formulation and liposome. (Gelfuso et al. 2019)

Vancomycin BCD/OLA Nanovesicles NR Inclusion complex suspension The formulation could prolong the time of drug exposure to bacteria.
(Salih et al. 2020)

Doxorubicin BCD/PEG Aqueous solution NR Solvent evaporation Provide sustained release effect and increase antitumor activity.
(Li et al. 2020)

Paclitaxel HPBCD Nanosphere Intravenous Chemically crosslinking Formulation enhanced drug transportation. (Tan et al. 2016)

suspension

Triamcinolone HPBCD/PLGA Suspension Ocular Quasi-emulsion solvent evaporation  Improve corneal penetration by increasing dispersion in the tear

acetonide film. (Li et al. 2019)

Warfarin BCD/chitosan Aqueous solution Transdermal Chemically crosslinking Increase stratum corneum fluidity and enhanced drug permeability.
(Khalil et al. 2012)

Epalrestat BCD, MEBCD Suspension Transdermal Cogrinding The formulation containing BCD derivatives showed strong

Diclofenac HPBCD/compritol ATO

888

Solid lipid nanoparticles  Colon

Hot homogenization

enhancement of drug permeation through hairless mouse. (Furuishi
etal. 2017)

CD improved entrapment of drug and dissolution rate resulting in
enhanced permeation performance. (Spada et al. 2012)

EDA = ethylene diamine; PEG = poly ethylene glycol; OLA = oleylamine
NR = not reported

rabbit eyes. Intravenous administration of aCD, fCD and RMBCD
has resulted in some renal toxicity even at relatively low dose indi-
cating that they are not suitable for parenteral products (Stella and
He 2008). High doses of parenterally administered yCD caused
slightly impairment of renal function in rats but no degenerative
changes in kidneys were observed and the vacuolization was fully
reversible after treatment (Donaubauer et al. 1998). Unlike the
natural BCD, modified fCDs such as SBEBCD and HPBCD are
considered safe to use in parenteral formulations at doses as high
as 16 and 14 g/day, respectively. Intravenous administration of 250
mg/kg/day of HPBCD and SBEBCD for 21 days and 6 months,
respectively, is safe in humans older than 2 years (Lee et al. 2015,
Tolbert et al. 2015).

In general, CD aggregates are transient structures that are in
dynamic equilibrium with monomeric CDs and CD complexes
and, thus, CD aggregates do not affect the pharmacokinetics and
toxicology of CDs after parenteral administration. This is due to
the fact that the aggregates rapidly dissociate upon media dilution
such as upon mixing with blood plasma. However, formation of
CD aggregates can affect drug distribution upon topical admin-
istration where little or no dilution occurs such as upon dermal
application or topical administration to the eye.

5. Drug delivery

Therapeutic drug efficacy depends mainly on the drug concentra-
tion at the target site. In our body, mucus layers (i.e. the aqueous
exterior layer of mucosa) are serving as the first protective physical
barrier against microorganisms and toxic substances and is as well
a diffusion barrier for drug absorption into the body. Mucin is its
main component and gives mucus the viscous gel-like property
(Leal et al. 2017). CDs can act as mucus permeation enhancers for
topical and oral drug delivery (Srichana et al. 2001; Francois et al.
2003). The theoretical background on how CDs and their inclusion
complexes enhance drug permeation across biomembranes has
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been described by several authors (Brewster et al. 2007; Dahan et
al. 2010; Loftsson 2012). Formation of CD aggregates has been
associated with the permeation enhancement effect of CD as those
small CD clusters can form inclusion complexes with free drug
molecules in aqueous solution. This boosts the amount of solubi-
lized drugs that are ready to permeate the mucus layer (Saokham
et al. 2018b). Interestingly, the drug/CD complex nanoparticles
and microparticles have been shown to be more effective drug
permeation enhancers than the individual inclusion complexes
(Loftsson 2014). In addition, the particles can result in controlled
drug release (Salustio et al. 2011) and increased drug residence
time at the site of delivery (Table 2). Accordingly, CD aggregates
tend to behave more like nanosystems rather than true solutions.
However, it should be noted that not all CD aggregates result in
enhanced drug permeation. For example, large CD aggregates and
hydrophobic CDs may prevent drug release from drug formula-
tions (Nguyen et al. 2016).

Drug delivery systems containing CD aggregates can be classi-
fied into two main groups: 1) nanoparticles and microparticles
consisting of aggregated CDs and/or inclusion complexes (Messner
et al. 2010; Gudmundsdottir et al. 2014) and 2) CD-based formu-
lations containing those aggregates as well as other components
such as polymers, fatty acids and metals (Alvarez-Lorenzo et al.
2017; Menezes et al. 2019). In the latter group, formulations are
most frequently designed for some specific targeted drug delivery.
Regarding to CD types, natural CDs and their derivatives are
generally selected to produced formulations in the first group.
For instance, aqueous curcumin/HPyCD formulation targets the
hair follicles due to spontaneous formation of curcumin/HPyCD
nanoparticles (Konrddsdéttir et al. 2009). A voriconazole/CD
formulation has displayed enhanced corneal penetration, in
comparison to voriconazole/chitosan and liposomal formulations
(Gelfuso et al. 2019). A microparticle eye drop formulation
containing dexamethasone/yCD complex nano-aggregates has
been shown sustained drug release and enhanced drug delivery
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into the eye by enhancing dexamethasone delivery through
the aqueous tear film that acts as aqueous diffusion barrier to
topical drug delivery to the eye (Loftsson and Stefansson 2007;
Jansook et al. 2010a). Similar results were observed in the case
of dorzolamide/CD (Jansook et al. 2010c) and irbesartan/CD eye
drop formulations (Muankaew et al. 2014; Jansook et al. 2015).
Similar technology was used to enhance cyclosporin A delivery
into eye tissues after topical administration (Jéhannsdottir et al.
2015). These observations can be explained by the enhanced
drug bioavailability obtained by formation of drug/CD complex
aggregates. CDs are also used as building blocks for nanoparticle
and microparticle drug carriers of some novel morphology. For
examples, CD-based nanogels for ocular drug delivery was investi-
gated by Moya-Ortega and co-workers and shown to enhance drug
absorption (Moya-Ortega et al. 2013). The incorporation of inclu-
sion complexes into a polymeric hydrogel network provides for
high drug loading formulation. BCD/PEG aggregates synthesized
by Li et al. (2020) have shown to improve antitumor drug delivery
and activity. The micelle-like structures and liposomes composed
of amphiphilic CD have exhibited sustained drug release and
enhanced drug delivery to the targeted tumor (Zerkoune et al.
2014). Self-assembled nanoparticles of CD-grafted polymers as
gene delivery system has also been reported by several authors
(Fan et al. 2011; Lu et al. 2020). Some recent drug delivery formu-
lations that are based on aggregated CDs and their permeation
effect are summarized in Table 2. For more information readers
are referred to couple recent publications (Conte et al. 2016; Ben
Mihoub et al. 2018).

6. Conclusions

CDs and drug/CD complexes self-assembly to form transient
nanoparticles and small microparticles. Formation of such particu-
late matter in aqueous CD solutions can lead to erroneous analyt-
ical results and product rejections during drug manufacturing.
However, they have also given rise to formation of novel drug
delivery systems with exceptional properties.
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