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Abstract
Cyclodextrins (CDs) are abundantly explored in the field of medicines for the design of various types of drug delivery 
systems. They are cyclic oligosaccharides carrying α (1,4) glucopyranose units and able to build aqueous soluble inclusion 
complexes with various small and large drug molecules. These molecules have a unique structural feature and categorized 
into hydrophobic, hydrophilic and ionic derivatives. Villiers and Schardinger in 1891, first described the chemical nature and 
types of cyclodextrin. Cramer and co-workers in 1955 illustrated their latent to make water soluble inclusion complexes with 
various active components. These CDs molecules are used in pharmaceutical field practically and economically to improve 
the stability, solubility as well as bioavailability of drug molecules. In this review article physical characteristic, chemical 
nature and applications of different cyclodextrin and their derivatives in different drug delivery systems and toxicological 
effects are engrossed.
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Introduction and history

Now days, researches are aimed to improve the safety and 
efficacy of previously established and newly developed 
chemical entities. These chemical entities are obtained by 
some physical/chemical changes in the parent candidate and 
implementation of better formulation strategies that meet 
the specific needs [1]. In the past few years, development 
of therapeutics has been enormously explored and has wit-
nessed a tremendous development and progress in this area. 
Natural polymers obtained from different origins like micro-
bial (xanthan gum, dextran), plant (pectin, guar gum, psyl-
lium), algal (alginate), animal origin (chitosan, chondroitin) 
etc. have been massively explored as such and even after 
varied functionalization [2–5]. Polymers have a number of 
active groups, different molecular mass, variability in chemi-
cal composition, structure and properties that help in the 
synthesis of large number of derived polymers. The natural 
polymers are practically safe, non-toxic, abundantly avail-
able and biodegradable in nature. The presence of active 

groups on molecular chain makes them chemically and 
bio-chemically active which results in formation of various 
derivatives. A number of molecular, natural and synthetic 
macro and micro-carriers have been induced in the pharma-
ceutical design in order to meet controlled, sustained and 
immediate release of the drug to the specified targets [6–8]. 
The natural polymers carrying very large number of car-
boxyl, amino and hydroxyl groups which form non-covalent 
bonds with biological membrane and also aid in improving 
solubility of the active compound by forming complexes [9].

For designing drug delivery systems cyclodextrins plays 
an important role which have been known for over 100 years. 
The importance of cyclodextrins is increasing day by day 
because of its ability to modify the physicochemical prop-
erties of the guest molecules via the formation of inclusion 
complexes (Fig. 1a). The well known application of cyclo-
dextrin in various fields is to improve the solubility, bioavail-
ability and stability of the guest molecules [9].

Initially, French scientist Villiers (1891) isolated small 
quantity of crystalline product from 1000 g of starch. He 
has given its configuration (C6H10O5)2·3H2O and called 
this product “cellulosine” since the product didn’t have any 
reducing properties and seems to be opposing acid hydroly-
sis [8]. In 1903 and 1904, Schardinger was capable to isolate 
the crystalline products of dextrins A and B from the bac-
terial strain of Bacillus macerans which were additionally 
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related through their lack of reducing power [9]. Moreover, 
in 1948, the X-ray crystallography of γ-cyclodextrin and its 
capability to make inclusion-complexes with several active 
molecules were revealed [10–13]. Till the end of 1960, the 
different methods of preparation of cyclodextrins at labora-
tory scale and the existence of different cyclodextrins like α, 
β, γ andη CD was confirmed. Further, their various physical 
and chemical properties, structures, mode of preparation, 
industrial potential and toxicological properties have been 
studied by many researchers and it was recorded as success-
ful “new” pharmacological excipients [14–16].

Chemical structure and properties 
of cyclodextrins

Origin and nature

The chemical structures of CD look like a hollow trun-
cated cone with a hydrophobic centre (Fig. 1b) allowing 
the evolution of number of inclusion complexes with suit-
able guest molecules. CDs are achieved from starch and 
α-1,4-glucan substrates by transglycosylation (cyclization) 
reaction in the presence of cyclodextrin glucanotransferase 
(CGTase) enzyme [17]. CGTase is one of the members of 
family of amylase enzymes and is used in many reactions 
like coupling, disproportionation and hydrolytic reactions 
[18]. There are many cyclodextrins derivatives but α, β 

and γ-CDs are commonly used in pharmaceutical and food 
industry. The CDs composed of nine to twenty one glucose 
units and shows different chemical structure and properties. 
Moreover, due to variations in sizes and structural features 
of CDs it could found a novel host molecule in various nano-
biotechnological applications and molecular recognition in 
biotechnology [16, 19].

Nomenclature and shape

Lichtenthaler and Immel in 1994 has introduced a complete 
nomenclature, such as pre-α-CD later named as  cyclo-
α(1–4)-glucopentaoside and this nomenclature suggested for 
the minor derivatives of CDs, cyclic oligosaccharides and 
other derivatives. Frequently, industrially produced and 
practically important CDs (α, β and γ) are unambiguous and 
their symbols and nomenclature need not to be changed [20].

Based on the geometry of the cyclodextrin it have trun-
cate shape in which the wider part is formed with secondary 
hydroxyl groups (2&3) while the narrower side is formed 
by the primary hydroxyl group (6). The size and dimension 
of the cyclodextrin cavity depends upon the number of glu-
cose units. The cavity is creased via the hydrogen [H] atoms 
and glycosidic oxygen bridges. The lone pair (non bond-
ing) electrons of the glycosidic oxygen bridges are directly 
towards the inner side of the cavity with high electron den-
sity and lending to its Lewis base character. In cyclodextrin, 

Fig. 1   a Cyclodextrin-guest 
inclusion complex formation 
and b hollow truncated cone 
shape with hydrophobic cavity
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the specific positions of the active functional groups make 
it comparatively hydrophobic and the external parts are 
hydrophilic in nature. Moreover, the adjacent glucose units 
intra-molecularly linked by the 2 and 3-hydroxyl groups 
and form hydrogen bond ring [21, 22]. The crystal structure 
study showed that the CDs crystallized in two major kinds 
of crystal packing i.e. cage and channel structures. These all 
crystal structures of the cyclodextrins inclusion complexes 
acquire the ‘round’ shape with glucopyranose units due to 
the 4C1 chair conformation in the molecule [23].

Classification of cyclodextrins

The cyclodextrins are classified into two main categories 
that are natural and synthetic cyclodextrins. According to 
the first generation, three main types of natural CDs i.e. 
α, β and γcyclodextrin as shown (Fig. 2) carrying six, 
seven and eight α (1,4)-linked glycosyl units [24]. The 
physical and chemical properties of the cyclodextrins are 
shown in Table 1. Due to high reactivity of primary (1°) 
and secondary (2°) hydroxyl groups of cyclodextrins dif-
ferent derivatives of cyclodextrin have been synthesized 
by various  reactions like esterification, amination and 
etherification. The solubility of  the synthesized cyclo-
dextrin derivatives mostly depends upon the degree of 
substitution that differs from its parent cyclodextrin. Each 

and every derivative has a specific internal (hydrophobic) 
cavity volume and these alterations help to improve solu-
bility and stability towards light/oxygen as well as control 
the chemical activity of the guest molecules [23].

On the other hand, different  synthesized cyclodex-
trin derivatives are obtained by optimization of reaction 
conditions using regioselective reagents and high-quality 
separation techniques to obtain good products. The CDs 
and their derivatives carry a number of hydroxyl groups 
making it prone to an electrophilic attack and help in the 
formation of esters and ethers. The esters and ethers have 
been formed by using different reagents like alkyl halides 
(CH3X), isocyanates, acyl, epoxides derivatives and by 
some inorganic acid derivatives such as sulphonic acid 
chloride. Moreover, they also undergo a nucleophilic 
attack by some chemical reagents such as azide ions, thi-
ols, halides, amines and thiourea which activate the oxy-
gen atom by an electron-withdrawing group [25].The vari-
ous synthetic CD derivatives like (2-hydroxypropyl-β-CD 
(2-HP-β-CD) [26], methyl-β-CD (M-β-CD), randomly 
methylated-β-CD [21], branched CDs (glucosyl- and 
maltosyl-β-cyclodextrins), acetylated β- and γ-CDs [27] or 
sulfated amphiphilic α-, β-, and γ-CDs) [28] respectively, 
shown in (Fig. 3) (Table 2) had synthesized to enhance 
the solubility and the biological activity of various active 
molecules.

Fig. 2   Molecular structural rep-
resentation of alpha (α), beta (β) 
and gamma (γ)-cyclodextrin O
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Solubility

In terms of solubility, β-cyclodextrin has lower solubility 
as compared to α and γ-CD [30, 31]. In case of β-CD, pres-
ence of C2-OH group on one of the glucopyranoside unit 
helps to create a new hydrogen bond with the neighboring 
C3-OH group of the glucopyranose unit. A complete well 

structured secondary belt became framed by these hydrogen 
bonds and got an inflexible structure and this intra-molec-
ular hydrogen bond formation is one of the main causes for 
the low solubility (18.6 mg/mL) of β-CD out of all CDs [26]. 
CDs are more stable in basic/alkaline solutions. Though, 
they are undergoing partial hydrolysis and produce glucose 
units and acyclic maltosaccharides. The stability of the CDs 

Table 1   Characteristics and properties of cyclodextrins

Characteristics and properties Types of cyclodextrins References

α-CD β-CD γ-CD

Number of glucopyranose units 6 7 8 [24]
Molecular weight (g/mol) 972 1135 1297 [24]
Internal diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3 [24]
External diameter (Å) 14.6 15.4 17.5 [24]
Height of torus (Å) 7.9 ± 0.1 7.9 ± 0.1 7.9 ± 0.1 [24]
Volume of the cavity (Å) 174 262 427 [23, 25]
Solubility in water at 25 °C (%, w/w) 145 18.5 233 [16, 25]
Partial molar volumes in solution (mL mol−1) 611.4 703.8 801.2 [21, 22]
Crystal forms (from water) Hexagonal plates Monoclinic paral-

lelograms
Quadratic prisms [16]

Diffusion constant at 40 °C 3.443 3.224 3.000 [23]
pK (by potentiometry) at 25 °C 12,332 12,202 12,081 [23]
Surface tension (mN/m) – 71 71 [29]
50% hemolysis (mM) – 5.3 8.5 [29]
Hydrolysis by A. oryzae α-amylase Negligible Slow Rapid [23]

Fig. 3   Derivatives of cyclo-
dextrin
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depends upon the acidity and temperature conditions for 
example the reaction rate constant of the hydrolysis of CDs 
may change upon the change of the temperature and acidity 
of the solution [21]. Furthermore, Cyclodextrins are com-
monly used as building blocks for the development of supra-
molecular complexes and up to twenty substituents have 
been connected to β-CD in a regioselective way [16]. For 
instance, replacement of hydroxyl groups of CDs by sulfate 
groups confirms its higher water solubility as compared to 
the parent compound and extensive varieties of biological 
activities like antiviral, anti-angiogenic, anti-lipemic and 
anti-inflammatory correspondingly [32]. Amphiphilic cyclo-
dextrins derivatives enhance the connection between CDs 
(having high external hydrophilicity) with lipophilic bio-
logical membranes [33]. These CDs could be used for dif-
ferent pharmaceutical applications owing to their ability to 
self-organize in aqueous media at various physiological pH 
as micellar aggregates [34], vesicles [35] and nano-carri-
ers [36] etc. The amphiphilic CDs have been determined by 
different names like “skirt” CDs [37], “bouquet” CDs [38], 
“lollipop” CDs [39], and “cup-and ball” CDs depending 
upon their structure and features [40]. Currently, water-sol-
uble CDs are synthesized utilizing effective cross-linking 
agents i.e. epichlorohydrin [41], diisocyanates [42], polycar-
boxylic acids [43] or anhydrides [44] etc. Epichlorohydrin is 
one of the most accepted cross linking agent used in the 
chemical, pharmaceutical and food industry for the develop-
ment of β-CD polymers [41].

Thermal behavior of CDs

The thermal behavior of natural CDs and their derivatives 
are quite similar, the only differences is found on the basis of 
total water content, beginning temperature of thermal deg-
radation and the weight loss values at specified given tem-
perature. For example, natural β-CD is the most popular and 
widely used in pharmaceutical inclusion complex formation 
and its thermal behavior commonly divided into three phase 
(a) loss of bound and unbound water at ambient temperature 
120 °C, (b) thermal degradation take place by oxidation at 

250–300 °C and (c) the final phase is ignition that occur in 
the presence of air above 300 °C. The melting point affects 
the shape of the thermodynamic curves [45]. In case of α 
and γ-CD a small weight loss is reported at 260–270 °C and 
also attributed to loss of very tightly bound water. According 
to the order of relative thermal stability, β-CD is the least 
thermally stable as compared to the α andγ-CD. The chemi-
cally synthesized cyclodextrin derivatives such as acetylated, 
methylated, hydroxy-propylated and sulphobutyl ether are 
more stable and have higher temperature of decomposition 
as compared to the parent/natural CDs. The melting point 
of the synthesized derivative is roughly similar to the par-
ent CDs but sometimes slightly differ depending upon the 
modification and degree of substitution [46].

Mechanism of inclusion complex formation

The X-ray investigations of CDs revealed that it carries pri-
mary and secondary hydroxyl groups with a central hydro-
phobic cavity, helping to form inclusion complexes with a 
huge number of guest lipophilic molecules (Eq. 1) [16, 47]. 
In aqueous solution, cyclodextrins used to form “inclusion 
complexes” whereas the hydrophobic cavity of CD occu-
pied by water molecules is bounded with “weak forces” and 
is energetically unfavored [16]. Therefore, water molecules 
positioned within the hydrophobic central cavity are substi-
tuted by hydrophobic guest molecules and lipophilic moie-
ties. Depending upon the size of the central cavity; one or 
more than one lipophilic guest molecules may be entrapped 
[22].

The hydroxyl groups present on the outer surface of 
CDs could be able to form hydrogen bonds with many other 
molecules like non-cyclic oligosaccharides, polysaccharides 
and cyclodextrin itself also [48, 49]. The Linear homologs 
of maltodextrins have the potential  to bind fluorescence 
probes, but the binding constants are very smaller as com-
pared to those of their cyclic counterparts [50]. Further-
more, β- cyclodextrin form two types of complexes i.e. inclu-
sion and non-inclusion complex with dicarboxylic acids and 
these complexes simultaneously exist in equilibrium state in 

Table 2   Derivatives of 
cyclodextrin

Derivatives Functional group

2-hydroxypropyl-β-cyclodextrin (2-HP- β-CD) CH2CHOHCH3 or H
Methyl-β-cyclodextrin (M-β-CD) –CH3/–H
Trimethyl-β-cyclodextrin (TM-β-CD) CH3

Hydroxyl ethyl-β-cyclodextrin (HE-β-CD) –CH2CH2OH/–H
Glucosyl-β-cyclodextrin (G-β-CD) -glucosyl/-H
Maltosyl-β-cyclodextrin (M-β-CD) -maltosyl/-H
Acyetylated-β-cyclodextrin (A-β-CD) -acetyl/-H
3-hydroxypropyl-β-cyclodextrin (3-HP-β-CD) –CH2CH2CH2OH/–H
2,3-Dihydroxypropyl-β-cyclodextrin (2,3-DHP- β-CD) –CH2CHOHCH2OH/–H
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aqueous solutions [51]. The existence of equilibrium state 
depends upon either the concentration of the cyclodextrins 
and guest molecule or the methods applied for the formation 
of inclusion complex [52]. The cyclodextrin complexes are 
based upon the fitting of “guest” molecule into the central 
hydrophobic cavity along with the ratio of host-guest- com-
plex [16]. For example, if the guest molecule is very small, 
it can easily penetrate in and out from the cyclodextrin cav-
ity with slight or no bonding. On the other hand if the guest 
molecule is larger than the cyclodextrin in that case the com-
plex is made in a way only some particular functional groups 
and side chain enter into the cavity. The guest molecules 
which are less polar as compared to water can easily create 
complexes with cyclodextrin. The stability of the inclusion 
complex is directly proportional to the hydrophobic nature 
of the guest molecule [53]. Furthermore, the inclusion com-
plexes of CDs with organic molecules offer many potential 
outcomes to build supra molecules such as catenanes, poly-
rotaxanes, rotaxanes, and tubes [25]. The supramolecular 
host–guest complexation process is also useful for many 
applications such as bioimaging, photovoltaics and photo-
catalysis. For example, the γ-cyclodextrin-modified DPA is 
recently use to enhance the triplet lifetime of the sensitizer 
with the acceptor in water [54]. The chemically modified 
CDs have ability to significantly enhance the binding and 
chiral properties of the molecules. For example, the CDs 
and curcubituril have been utilized as wheels of rotaxanes 
because of their proper round shape and complex formation 
ability with organic guests’ molecules in aqueous solution. 
The hydrogen bonding formed between CD and curcubituril 
plays a major role for rotaxanes formation and these rotax-
anes have been using as a supramolecular sensitizer [55].

Chiral/stereo‑nature of CDs

Cyclodextrins have ability to form dia-stereoisomeric 
inclusion complexes by chiral guest molecules. When one 
enantiomeric form of the guest molecule form higher stable 
inclusion complex with CDs as compared to the another ena-
tionmer then it could be recognized as the enantio-selective 
recognition. The variation of the stability between both the 
enatiomeric forms of complex is known as the effectiveness 
of this chiral discrimination feature. The chemical modifica-
tions of the natural CDs are needed to enhance their physico-
chemical properties and sometimes grafting is also done to 
improve covalent anchoring at surfaces. But it is necessary 
to note down that all these chemical changes are done in 
such a way that there is no disturbance in the chiral inclusion 
characteristics of the native CDs. For example, the α-Amino 
acids are stereotypical guests having central chirality used 

(1)Cyclodextrin (CD)+Guest (G) ⇌ Cyclodextrin − Guest(CDG/inclusion complex)

for the chiral recognition. The different forms of α-Amino 
acids (R&S) are able to bind with the α-CD with different 
binding constant value. In this case, the (R)-enantiomers 
are the better guest for parent CDs having higher binding 
constant value [56].

Application in drug delivery

Cyclodextrins can increase the aqueous solubility and chem-
ical stability of different active constituents against various 
chemical reactions like hydrolysis, dehydration, oxidation, 
and photo decay; therefore improve the shelf life and sta-
bility of the drugs. As we know, CDs enhance stability by 
forming an inclusion complex and prevents the interaction 
between drugs and vehicles or inhibit drug alteration at the 
site of absorption. Owing to the molecular shielding effect 
of CDs and the formation of inclusion complexes with 
guest molecules, several applications have been evolved for 
the delivery of drug/guest molecule by different routes of 
administration.

Oral drug delivery

The oral route is one of the common and easy routes 
of drug administration. In this,  the active moiety must 
be completely dissolved and then absorbed via the gastro-
intestinal tract in such a way that it produces a sufficient 
amount of drug at the site of action and obtained drug 
effects in a reproducible manner. Currently, more than 40% 
of the drug entities have poor solubility and permeability 

and these drawbacks create problems in the formulation 
of drug delivery system because of their poor biophar-
maceutical  properties [57]. The FDA and many other 
regulatory agencies have classified the drug into differ-
ent four types on the basis of solubility and permeability 
of the drug characteristics and this type of classification 
is known as the Biopharmaceutical Classification System 
(BCS) (Fig. 4) [58, 59]. The formulations strategies based 
on the fact that the class II (low solubility high permeabil-
ity) material act like a class I compound, with a resultant 
increase in oral bioavailability [60, 61]. The drug design 
methodologies are focused on class II compounds and 
CDs is one the main polymer that enables the technol-
ogy for these compounds [62].The CDs inclusion com-
plexes in a formulation may differ widely and are precise 
to the administration route or physicochemical issues that 
have to be overcome [48, 63].Right now, CDs and their 
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derivatives are implemented for oral delivery purposes 
because they have the potential to improve their bioavail-
ability of active constituents by rising the time period of 
their dissolution and the release rate [64, 65].

The naturally obtained α, β, γ-CDs and their derivatives 
having large central cavity helps in the formation of inclu-
sion complexes with many hydrophobic drugs and make 
the process of oral administration easy (Table  2). The 
α,  β,  γ-cyclodextrin,  sulfated-α/  β  CD,  carboxymethyl-
β-CD  (CM-β-CD), and  2-HP-β-CD  have been used 
for  improving  oral hygiene products. The oral hygiene 
products/oral derived malodor contain volatile sulfur com-
pounds like hydrogen sulphide (H2S) and mehtyl mercap-
tan (CH3SH), amines and amino acids [66] that bind to CDs 
residing in the mouth, further it lowers the local gastro-
intestinal tract irritation and bitter taste of the drugs [67]. 
Few methods are also available to overcome the bitterness 
of active constituents like creation of a “host–guest” com-
plexes and the interaction between CDs with the so-called 
gatekeeper proteins which is localized on the taste bud and 
paralyzing them [68].

The main purpose of using CDs and their derivatives 
to overcome undesirable physicochemical properties of 
the active constituent like low water solubility, dissolu-
tion rate, and drug stability, many recent reviews focused 
on the use of CDs as good excipients for the oral deliv-
ery of various drugs [69–71]. Therefore, the value of 
CDs had demonstrated in the preparation process of vari-
ous formulation that carry different types of drugs (Table 3) 
such as danazol, peptides,tolbutamide, itraconazole, gli-
clazide, cilostazol,  diclofenac, paclitaxel, saquinavir, 
repaglinide,vinpocetine,  albendazol and many others 
[72–83]. The water-soluble cyclodextrins inclusion com-
plexes of the drugs have enhanced their diffusion through the 
mucosal barrier and improved their oral bioavailability [68].

Nasal drug delivery

Nasal drug delivery is the most promising approach for 
the delivery of drugs since the nose has a huge surface 
area for the drug absorption. Basically, nasal cavity lined 
with mucous membrane carries a huge number of micro-
villi  and  subepithelial  layer and is highly vascularized. 
The venous blood from the nose directly passes into the 
systemic circulation and also avoids the first-pass/hepatic 
metabolism of the drugs. Therefore, it offers many advan-
tages like a lower drug dose, quick attainment of thera-
peutic blood levels and rapid pharmacological action [87]. 
β-cyclodextrin is least soluble in water so different deriva-
tives of β -CD had prepared to enhance its solubility. In 
nasal drug delivery, few derivatives of β-CDs had used, such 
as, dimethyl-β-CD, randomly methylated β-CD, trimethyl-
β-CD and hydroxypropyl-β-CD [88]. Cyclodextrins also act 
as an absorption enhancers and used for the delivery of a 
large number of compounds like luteinizing hormone-releas-
ing hormone analogues, oligopeptides, buserelin, leuprolide 
calcitonin, glucagon, insulin, recombinant human granulo-
cyte colony-stimulating reason, polypeptides and proteins 
[88, 89]. The α- cyclodextrin also act as an enhancer and its 
complex with leuprolide administered as nasal drops [90]. 
The liquid formulation of insulin has zero percent inter-
nasal bioavailability in rabbits and in men, so its complex 
with dimethyl-β-CD has been broadly investigated and used 
as a powder [91]. The morphine hydrochloride and other opi-
oids in solution have higher systemic availability when given 
via nasal route as compared to other routes like oral solution 
and rectal suppository. The plasma level concentration of 
morphine and its metabolites via nasal route was two times 
higher than those of oral and rectal administrations. Addi-
tionally, the nasal delivery of morphine produced a dose-
dependent effect i.e. the higher level of analgesic response 
is produced [92]. Heptakis (2,6-di-O-methyl)-β-CD accel-
erates the nasal epithelial permeability which considerably 
improved the rate of nasal absorption and simultaneously 
increased the entry of the morphine and other opioids 
into the cerebrospinal fluid. However, 2-hydroxypropyl-g-
CD retards the plasma concentration of morphine because it 
forms the complex that has less permeability through biolog-
ical membranes [93]. The heptakis (2,6-di-O-methyl)-β-CD 
used as a solubilizer in estradiol containing nasal spray that 
is useful in estrogen insufficiency approach. Therefore, suit-
able use of cyclodextrins and their derivatives in nasal opi-
oids formulation may offer enough analgesia for both acute 
and chronic pain [94].

Ophthalmic drug delivery

In ophthalmology, the drugs are either delivered either local 
orsystemic to the eye. Generally, the locally applied drugs 

BCS-II
Low solubility, high 

permeability
(eg-Atorvastatin)

BCS-I
High solubility, high 

permeability
(eg-Metaprolol)

BCS-IV
Low solubility, low 

permeability
(eg-Taxol)

BCS-III
High solubility, low 

permeability
(eg-Cimitidine)
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Fig. 4   Biopharmaceutical classification system
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have incredibly low (< 5%) ocular bioavailability [95]. In 
the eye, cornea, conjunctiva, and sclera are the main ocular 
barriers to drug permeability although the membrane exte-
rior that is hydrophilic mucin film and aqueous tear also 
act as a barrier. The drug moiety must carry both proper-
ties i.e. somewhat hydrophilic can easily permeate via the 
aqueous peripheral part of the eye but simultaneously the 
molecule shall be a bit hydrophobic and able to penetrate 
the ocular barrier [96]. One of the main standards for oph-
thalmic formulation is that it must be non-irritating to the 
eye surface because irritation causes impulse blinking and 
tearing that may cause quick wash-out of the drug. Cyclo-
dextrin and their derivatives were used in ophthalmic prepa-
ration because it increases the solubility, stability as well as 
evading of incompatibilities of drugs such as discomfort and 
irritation [97].

Cyclodextr in  der ivat ives have many poten-
tial  advantages in ocular drug delivery such 

as 2-hydroxypropyl-β-CD and sulfobutyl-β-CD are well 
tolerated and nonirritating to the eye well so used in the 
formation of liquid eye drop [98, 99]. Hydrophilic cyclodex-
trins do not pass through the corneal barriers of the eye but 
improve the ocular bioavailability of hydrophobic drugs. The 
water-loving CDs derivatives aid in maintaining the drug 
in solution as well as increase their presence at the corneal 
surface [100, 101]. The presence of a small amount of pre-
corneal the fluid does not cause any dissociation effect on 
complex although a few endogenous lipids can replace the 
drug from the complex and enhance the level of free drug 
at the corneal surface. For example, the 2-hydroxypropyl-
β-CD form inclusion complex with dexamethasone acetate 
which is used as an ophthalmic solution increases the ocular 
bioavailability of dexamethasone acetate via preventing its 
conversion to dexamethasone that shows less corneal per-
meability as compared to the pure drug [102]. Presently, 
some studies paying attention to the combination of CDs 

Table 3   Cyclodextrins in oral drug delivery

CD derivatives Active molecule (drug) Purpose/objective of the work Formulation References

Hydroxypropyl-β-cyclodextrin Danazol Increase absolute oral bioaval-
ability, particle size reduction 
andstabilization

Nanoparticles [72]

α-cyclodextrin Peptides Protection and absorption enhanc-
ing effect

Solid dispersion [73]

β-cyclodextrin (β-CD) and 
Hydroxypropyl-β-cyclodextrin 
(HP-β-CD)

Tolbutamide Enhance oral bioavalability Solid dispersion [74]

Hydroxypropyl-β-cyclodextrin Itraconazole Improve absolute oral bioaval-
ability,

Coated- pellet capsules [75]

β-cyclodextrin Gliclazide Increase solubility and dissolu-
tion rate

Solid dispersion [76]

β-cyclodextrin Cilostazol Enhance oral bioavalability, Inclusion complex [77]
HP-β-CD Diclofenac Increase oral bioavalability, drug 

dissolution rate
Tablet [78]

β-cyclodextrin (CD), 
2-hydroxypropyl-β-cyclodextrin 
(HPCD) and 6-monodeoxy-6-
monoamino-β-cyclodextrin

Paclitaxel Improve oral bioavalability, Nanoparticles [79]

Methyl-Beta-CD (M-β-CD) Saquinavir Improved oral bioavalability, 
solublization

Solid dispersion [80]

Hydroxypropyl-β-cyclodextrin 
(HP-β-CD)

Repaglinide Increase oral bioavalability Inclusion complex [81]

β-cyclodextrin Vinpocetine Enhanced oral bioavalability, 
particle size reduction

Nanostructured lipid carriers [82]

β-cyclodextrin Albendazol Solubility and dissolution rate 
increases

Solid matrices use in oral formu-
lation

[83]

Hydroxypropyl-β-cyclodextrin 
(HP-β-CD)

Ibuprofen Solubility enhancement and fast 
dissolution

Electrospun nanofibers [84]

Hydroxypropyl-β-cyclodextrin 
(HP-β-CD)

Metronidazole Solubility enhancement and fast 
dissolution

Electrospun nanofibers [85]

Hydroxypropyl-beta-cyclodextrin 
(HP-β-CD) and hydroxypropyl-
gamma-cyclodextrin (HP-γ-CD)

Ferulic acid Improve solubility and dissolu-
tion, increase thermal stability 
of the ferulic acid

Inclusion complex [86]
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with other polymers, such as the blend of 2-hydroxypropyl-
CD and hydroxy propyl methyl cellulose (HPMC) are able 
to use for enhancing the surface delivery of carbonic-anhy-
drase inhibitors [103]. Moreover, cyclodextrin and drug (1:1) 
ratio used to enhance the chemical stability and water solu-
bility of dipivefrin. Further, the effect of 2-hydroxypropyl-
β-CD and sulfobutyl ether β-cyclodextrin (SBE-β-CD) on 
the stability and aqueous solubility of dipivefrin and pilo-
carpine was also studied [104].

Dermal drug delivery

In last decade, the dermal drug delivery system has gained 
more attention since large numbers of drugs have been suc-
cessfully transferred through this route. Though, the stra-
tum corneum outer most epidermal layer of skinis the main 
restricted barrier toward the dermal drug transport and 
prevents release of active compounds by this route. Conse-
quently, different methods have been used to enhance drug 
absorption like tissue targeting (localized drugdelivery) and 
enhancement of drug retention in the skin [105]. Cyclodex-
trin and their derivatives provide a major safety margin to 
dermal drug delivery like; it improve the solubility, stabil-
ity [106], enhance transdermal absorption [107], sustain the 
drug release [108], avoid undesirable side effects [109] and 
knowing also for local and systemic use [110]. For dermal 
system, selection of a specific vehicle should be necessary 
so that cyclodextrins completely deploy their functions for 
example the hydrophilic cyclodextrins with water carrying 
ointments like absorptive, hydrophilic, and polyacrylic base 
enhance the in vitro release of corticosteroids. Conversely, 
the hydrophilic cyclodextrin with other ointments such as 
propylene glycol and macrogol base delay the drug release. 
The water-soluble complex formation can be increased with 
increase in concentration, diffusibility and solubility of the 
active constituent in aqueous phase of the ointment and keep 
a high level of thermodynamic activity [111, 112].

In case of ointments and suppositories the cyclodextrin-
drug-complexs in which the drug may be replaced by other 
ingredients of the ointment based upon the magnitude and 
stability constant of the complex [113]. Accordingly, the 
release of the drug from the cyclodextrin complex possibly 
depends upon the interaction of cyclodextrin complex with 
the skin components [114, 115]. Cyclodextrins may also 
alter the barriers of the skin to facilitate the drug absorp-
tion and avoid irritation effects on the skin. For example, 
methylated β-cyclodextrin brings down the barrier function 
of the skin by removing all the major lipids fromthe skin 
layer especially (stratum corneum [116]. In 1992, Kawa-
hara et al., prepared diethyl-β-CD and indomethacin com-
plex and studied the in vivo absorption and release rates of 
indomethacin from gel ointment [117]. Further, addition of 
small quantity of polyvinyl pyrrolidone (PVP) and HPMC 

to the dexamethasone–2- hydroxypropyl-β-CD suspension 
improve the dermal delivery of dexamethasone into the skin 
[106]. The role of CDs in transdermal drug delivery is given 
in Table 4.

McCormack and Gregoriadis (1994) for the first time 
studied the role of CDs in development of liposomes. They 
studied the CD inclusion effects on entrapment and loading 
into liposomes. The complexation process useful in increas-
ing drug solubility, stability and it provide better in vivo con-
trolled release rate [118]. In 2006, Maestrellia et al., devel-
oped ketoprofen CD complexes, ketoprofen is BCS-II drug 
that stand for low water solubility and used as a pain reliever 
for the cure of osteoarthritis. It can cause gastrointestinal 
irritation when administered via oral route, thus, transdermal 
application of this is an appealing substitute. The ketoprofen 
2-HP-β-CD complex incorporated in liposome simulating 
the skin behavior, increase permeability across artificial 
membranes and have showed an extended release effect. 
The liposome and the concentration of complex in aqueous 
phase both are responsible for the encapsulation efficiency of 
ketoprofen–2-HP-β-CD in liposomes [119]. The Prostaglan-
din E1 is used in the treatment peripheral vascular disorders 
but they are chemically unstable and poorly permeable to the 
skin. But cyclodextrin and their derivatives help in the for-
mation of complexes with the prostaglandin E1 and improve 
its chemical stability as well as permeability [120].

Rectal drug delivery

Many reports have indicates that CDs and their derivative 
have also been applied to optimize the rectal delivery of 
drugs. The rectal absorption of drugs from suppository bases 
has stabilizing effects on drugs. In general, the rectal fluid 
is viscous and low in volume as contrast to gastrointestinal 
fluid. However, number of obstacles occurred during the 
administration of drug through rectal route, for instances, 
the number of drugs are inadequately absorbed via rectal 
mucosa and drug metabolism in the rectum [142]. CDs and 
their derivatives make the drugs insoluble in oleaginous 
suppository base hence the lesser interaction of the com-
plexes with the vehicles which enhance the release of poorly 
water-soluble drugs. These complexes not only improve 
drug dissolution at an interface but it also slow down the 
reverse diffusion of the drug into the vehicles [143]. The 
combinations of α-CD and xanthan gum (polysaccharide) 
exhibit good stability that inhibit the conversion of mor-
phine and facilitated the transport of drug through the rec-
tal mucosa [144]. Though, the methylated-β-CD complexes 
has higher stability as compared with parent β-CD, the 
methylated-β-CDconsiderably increase the rectal absorption 
of lipophilic drugs for example carmofur [145], flurbiprofen 
[146], and biphenyly lacetic acid [147] in oleaginous sup-
pository. Moreover, 2-Hydroxypropyl-β-CD is also used for 
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enhancing the rectal absorption of anti inflammatory ethyl 
4-biphenylyl acetate (prodrug of biphenyly lacetic acid) 
from oleaginous bases [148] and increase the release rate 
of the drug and lowering the affinity of the drugs to the 
oleaginous suppository base [149]. A few hydrophilic cyclo-
dextrins improved the rectal absorption of opioids from the 
hollow type oleaginous suppository bases by enhancing the 
mucosal membrane permeability to drug instead of release 
rate of drug from the vehicle. In conclusion, a large number 
of reports have demonstrated that the effects of CDs in rectal 
drug delivery depend upon the viscosity enhancing agent 
(polysaccharides), type of vehicle (hydrophilic or oleagi-
nous) and the physicochemical properties of the complexes 
[150].

Sublingual drug delivery

Oral mucosal route is one of the effective and an alternative 
pathway for systemic administration of several active phar-
maceutical agents. The drug delivery via sublingual system 
offers a number of advantages over both internal and inject-
able delivery. The drugs given via sublingual route avoid the 
fate of enteric ally administered drugs like gastric pH, enzy-
matic degradation and first-pass metabolism [151]. In the 
sublingual formulations the CDs-drug-complexes enhances 
the bioavailability of hydrophobic drugs, for instances 
2-HP-β-CD has been used to enhance the bioavailability of 

17β-oestradiol [152], androstenediol [153], clomipramine 
[154] and danazol [155]. The increased in bioavailability 
can be achieved by cyclodextrins due to the increased in 
aqueous solubility moreover, they act as conventional pen-
etration enhancers.

Some other applications of cyclodextrins

Cyclodextrins in cosmetics

The ultraviolet (UV) rays are very harmful for the skin and 
cause skin damaging and photoaging (freckling and wrin-
kling). Principally, the UV rays are of three types accord-
ing to their wavelength such as UV-A (400–320 nm), UV-B 
(320–280 nm) and UV-C (280–200 nm). The UV-C rays 
are engrossed by the ozone layer but UV-A and UV-B are 
not absorbed by the ozone layer and reach to the surface 
of the earth and causing skin damage. Even a small time 
exposure of the skin to these UV rays cause sunburn and 
other damage [156]. Therefore, the protection of skin from 
UV rays has been intensively focused in cosmetic industry. 
The cyclodextrins inclusion complexes formation increasing 
day by day not only in the field of pharmaceutical, food and 
aroma but also in the field of fragrance, flavor, personal care 
products and cosmetic industries. Hence, the inclusion com-
plexes are used for masking the obnoxious taste and smell 
of the compounds, physic-chemical stability of the volatile 

Table 4   Cyclodextrins in topical formulations for dermal drug delivery

CD derivatives Drug Improvement References

Alpha Cyclodextrin (α-CD) Miconazole Solubility, release and permeability [121]
Beta cyclodextrin (β-CD) Dexamethasone acetate,

Indomethacin,
Release and permeability [122]

[123]
Naproxen, [124]
Chloramphenicol, [125]
Hydrocortisone, [126]
Norfloxacin, [127]
Prednisolone, [111]
Tolnaftate, [128]
Tretinoin Local irritation [129]

HP-β-CD Hydrocortisone
Ibuprofen

Release and permeability [130]
[131]

Melantonin [132]
Piroxicam [133]
17-Estradiol [134]
Lidocaine [135]

Dimethyl-β-cyclodextrin (DM-β-CD) Indomethacin, Lidocaine, Sulfanilic acid Solubility and permeability [117, 135, 136]
RM-β-CD Hydrocortisone, Release and permeability [137]
Diethyl-β-cyclodextrin (DE-β-CD) Indomethacin Release and permeability [21]
Gamma cyclodextrin (γ-CD) Peptides, Beclomethazone dipropionate, 

Cilostazol, Menadione, Predonisolone
Solubility, release and permeability [77, 121, 138–140]

Beta cyclodextrin (β-CD) Imiquimod Improve solubility and skin penetration [141]
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oils and improve the efficiency of odorant substances [157]. 
For example, Ferulic acid is natural UV absorbers obtained 
from flavonoids but due to their low solubility it has not been 
used in cosmetic products. But its inclusion complex forma-
tion with various cyclodextrin derivatives is useful for the 
improvement of solubility and stability [156].

Cyclodextrins self‑aggregates

The natural CD and their derivatives have ability to interact 
with themselves and play a unique role in the preparation of 
CD complexes aggregates. The self aggregation formation 
of cyclodextrin molecules have tendency to lower the inter-
action of cyclodextrin with drug molecules. The self aggre-
gate formation of cyclodextrins is increased with increase 
in CD concentration, temperature and mechanical forces. 
During the formation of self aggregation the addition of 
chaotropic agents for example sodium chloride and urea may 
cause depression of the process of self-association [158]. 
The Formation of CDs aggregates in aqueous solutions via 
non-inclusion complexation process/micellar formation may 
act as drug reservoirs which have tendency to improve the 
aqueous solubility of hydrophobic drugs. The self-aggregate 
complexes are identified by various microscopic methods 
and the diameters of naturally CD aggregates have been 
reported in the range of 200–300 nm [159].

Drug release from cyclodextrin complexes

In aqueous media the CDs complexes carry drug molecules 
in dynamic equilibrium state (bound/unbound) i.e. the CDs/
drug complexes are continuously being formed and dissem-
bled. The CDs/drug complexes association and dissocia-
tion value rate constants are reported in the range of 107 to 
108 M−1 s−1 and 105 s−1. Moreover, the value of association 
and dissociation constant values for poorly water-soluble 
drugs and lipophilic drug molecules are within the range 
102 to 103 M−1 s−1. Additionally, the competitive displace-
ment of the drug and efficiency of drug protein binding will 
improve the release of drug from the CDs complexes [160]. 
CDs also serve as immediate and delayed drug release car-
riers. For example, the micro-extrusion 3D printed (printel-
ets) formulation of HP-β-CD-carbamazepine inclusion com-
plexes for the fine dose adjustment and immediate release 
of drug from the complexes. However, number of studies 
also revealed that CDs control the drug release from the 
polymeric matrix systems [161].

Toxicological consideration

The safety and toxicity profiles of all the naturally obtained 
cyclodextrins and their synthesized derivatives depend upon 
the route of administration [162]. Likewise starch, the CDs 

and their derivatives can be partial or complete hydrolyzed 
by the enzyme (amylases) present in the digestive tract 
after oral administration [163]. The hydrolysis of CDs also 
depends upon the size of internal cavity, for example, γ-CD 
having a large cavity and can be quickly hydrolyzed as com-
pared to α-CD and β-CD which exhibits a small internal 
cavity. CDs also form complexes with other compounds 
like biliary salts that are present in the digestive tract in 
a reversible manner [164]. All the toxicity studies shows 
that orally delivered cyclodextrins are virtually non-toxic 
because of lack of absorption and hydrolysis from the gas-
trointestinal tract [93]. Though, the parenteral delivery of 
CDs causes harmful effects on the excretory organ because 
the removals of CDs from systemic circulation are carried 
out by kidney. CDs and their derivatives concentrated in 
the proximal convoluted tubule after glomerular filtration 
that causes toxic effect on the body [165]. Moreover, some 
of the CDs for exampleγ-CD, 2-HP-β-CD, sulphated β-CD, 
sulphobutyl ether β-CD, and maltosyl β-CD seems to be 
safer when administered parenterally. However, some of the 
parent compound like α, β-CD and the methylated β-CDs 
have shown toxicological effects and are not appropriate for 
parenteral administration [25]. The intravenous and subcu-
taneous administration of β-CD in high dose cause nephro-
toxicity and reduce body weight [166]. By intravenous route, 
β-CDs may impair the blood components by forming inclu-
sion complexes with some of their components and cause 
hemolysis. However, some derivatives of CDs for example 
2-HP-β-CD and SBE β-CD (Captisol) are well tolerated by 
animal (rats, mice, and dogs) particularly when given by 
oral route. Furthermore, the intravenous administration has 
neither lethal nor carcinogenic effects on the kidneys and 
other organs [167].

In cosmetology, surfactants are used as a solubilizer but 
they have several drawbacks for example cloudiness of the 
formulation, cutaneous irritation and foaming property. The 
hydroxypropyl-α-CD has been used in place of surfactants 
due to its good solublizing fragrance and retention at the 
skin surface. Presently, the hydroxypropyl-α-CD carrying 
cosmetics sustain scent formulation used for a longer period 
of time. The HP-α-CD has been studied for their topical 
irritation, antigenicity and mutagenicity proven that it is a 
safe materials and used in cosmetics and perfumes prepara-
tion [158].

Conclusion

This review focused on the chemical nature and physico-
chemical properties of the cyclodextrin and their deriva-
tives. It includes the pharmaceuticals applications of natu-
ral and chemically synthesized CDs in the development of 
different drug delivery system. The CDs have a number of 
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applications in pharmaceutical industry and drug delivery 
because of their ability to form complexes with a number of 
drug molecules. The CDs are used to improve the solubility, 
safety, stability and bioavailability of the drugs. The CDs 
have ability to interact with poorly water soluble drugs and 
resulting in the formation of non covalent dynamic inclusion 
complexes. Moreover, it also used in the formation of self 
aggregates and act as a permeation enhancer in the cosmetic 
preparations. Certainly, the multifunctional characteristics 
and bio-adaptability of CDs make them a good carrier for 
the drug delivery system.
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