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The use of high-throughput screening and similar techniques in drug discovery has put a number ofAbstract
evolutionary pressures on drug candidates such that over time there is a tendency for them to increase in
molecular weight, increase in log K(octanol/water) and decrease in water solubility. These trends provide an
ever-increasing series of challenges for the drug formulator to generate effective, orally bioavailable dosage
forms. An important tool in this regard is the use of cyclodextrins, especially chemically modified cyclodextrins.
These starch derivatives interact via dynamic complex formation and other mechanisms in a way that
camouflages undesirable physicochemical properties, including low aqueous solubility, poor dissolution rate and
limited drug stability. Through these effects, cyclodextrins and their derivatives have become popular modalities
for increasing oral bioavailability and absorption rate. These actions have positioned cyclodextrins as important
enabling and functional excipients. This review aims to assess the use of cyclodextrins in oral and other
administration routes in the context of the Biopharmaceutical Classification Systems (BCS), a US FDA-based
characterization approach that bins drugs based on solubility and permeability features. Specifically, a frame-
work based on Fickian theory as well as the Noyes-Whiney relationship is constructed to assess where
cyclodextrins are likely to be useful and where their use is probably not justified. This working model is
examined in the context of a number of published examples in which cyclodextrins have been applied to class I,
II, III, and IV drugs and drug candidates.

Oral drug administration is the preferred route of drug delivery sive, and patient friendly. Systemic drug absorption from, for
and solid oral dosage forms are the most common drug formula- example, immediate-release tablets, consists of a series of rate
tions. Conventional tablets are relatively easy to produce, inexpen- processes:
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Fig. 1. The rate processes of drug bioavailability in the gastrointestinal tract and hypothetical concentration of dissolved drug. Here it is assumed that the
drug has higher affinity for mucosa than the aqueous exterior. The concentration gradient is the driving force of passive drug permeation from the
gastrointestinal tract into the blood circulation. The equations are explained in the text.

1. tablet disintegration and release of solid drug particles; 1. Theoretical Background

2. dissolution of the drug particles in the aqueous gastrointestinal
Disintegration of well-designed solid dosage forms is seldom

fluid;
the rate-determining step in drug absorption from the gastrointesti-

3. permeation of the drug molecules from the intestinal fluid nal tract, whereas dissolution of the solid drug particles frequently
through unstirred aqueous layer immediately adjacent to the mu- is, especially for drugs of low aqueous solubility. The mass rate of
cosal surface; dissolution (dM/dt) can be described by the Noyes-Whitney equa-

tion (equation 1):4. partition of drug molecules from the aqueous exterior into the

mucosa; and finally ( )CC
h

SD

dt

dM
S

D

− 
•

=

5. drug permeation through the mucosa and absorption into the
(Eq. 1)blood circulation (figure 1).

where M is the mass of drug dissolved in time t, D is the diffusion
By definition, the slowest process within the absorption scheme

coefficient of the drug through the aqueous diffusion layer (i.e. the
will be the rate-limiting step. For example, if aqueous solubility of

stagnant layer at the particle surface), S is the total surface area of
a drug is below 0.1–0.05 mg/mL then dissolution of the drug the solid drug particles, hD is the thickness of the diffusion layer at
particles will be slow and the absorption will, in many cases, be the particle surface, CS is the saturation solubility of the drug in the
dissolution rate-limited.[1,2] The rate-limiting step for absorption of aqueous fluid, and C is the drug concentration in the bulk solution

at time t. The dissolution rate is proportional to both S and CS, andvery hydrophilic drugs is frequently partition from the aqueous
CS is influenced by the composition of the aqueous dissolutionexterior into the lipophilic mucosa. Drug efflux transporters can
medium, including its pH. Thus, the drug solubility and dissolu-also limit drug permeation through the mucosa which then be-
tion rate are not constant throughout the gastrointestinal tract.comes the rate-limiting step in the drug absorption process from

After dissolution the individual drug molecules have to perme-
the gastrointestinal tract. Various formulation techniques have

ate from the bulk fluid through the unstirred aqueous layer immed-
been developed in an effort to overcome these and other obstacles

iately adjacent to the mucosal surface. The thickness of this
in oral drug delivery. Here the role of cyclodextrins in oral drug diffusion layer has been estimated to be between 30 and 100µm.[13]

delivery is reviewed. For a general appraisal of cyclodextrins and The barrier effect of this aqueous layer is considered to be negligi-
their pharmaceutical applications the reader is referred to several ble for slowly absorbed drugs but can be significant, and even rate-
excellent reviews which have been published in recent years.[3-12] limiting, for intestinal absorption of rapidly absorbed drugs.[13]
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Cyclodextrins and Oral Drug Delivery 3

According to Fick’s first law the drug concentration gradient (or ous solubility (CS) to allow efficient drug dissolution and delivery
more correctly the chemical potential gradient) across the aqueous of dissolved drug molecules to the mucosal surface (resulting in
diffusion layer is the driving force for drug permeation to the high CAq value), but at the same time the drug must possess
mucosal surface. sufficient lipophilicity to be able to partition from the aqueous

exterior into the lipophilic mucosal membrane (resulting in high KThe gastrointestinal mucosa can be regarded as a lipophilic
value). In addition, according to equation 4, small drug moleculesmembrane with an aqueous exterior where drugs permeate the
(with a small radius, r) permeate across the mucosa more easilymembrane via passive diffusion. The vast majority (≈90%) of
than large molecules. Active transportation through mucosa, ef-drugs are absorbed from the gastrointestinal tract via passive
flux, and metabolism, as well as paracellular transportation ofdiffusion through the transcellular route. The fundamental equa-
small hydrophilic molecules, all generate deviations to these gen-tion describing passive drug transport through mucosa is based on
eral equations, but overall the equations are applicable for the vasta form of Fick’s first law (equation 2):
majority of drugs. Consequently, these equations provide the basis

AqCPJ •=
for various computational approaches that are designed to predict

(Eq. 2) drug bioavailability.[2,14,15]

where J is the drug flux through mucosa (mass/area/time), P is the In addition, even empiric observations are based on these
permeability coefficient of the drug through the lipophilic mucosa equations. For example, Lipinski’s ‘rule of five’ paradigm predicts
and CAq is the drug concentration in the aqueous exterior immed- that poor absorption or permeation is more likely when a drug
iately adjacent to the mucosal surface. The permeability co- molecule contains more than 5 H-bond donors (as expressed by the
efficient is defined as equation 3: sum of OHs and NHs), more than ten H-bond acceptors (as

expressed by the sum of Ns and Os), has a molecular weight (MW)
greater than 500Da (Daltons) or has a calculated logarithmic valueh

KD
P

•
=

of the octanol-water partition coefficient (log K(octanol/water) value)(Eq. 3)
greater than 5.[2] The H-bond donors and acceptors can be relatedwhere D is the diffusion coefficient of the drug within the mem-
to the extent of drug hydration, the molecular weight is related tobrane, K is the partition coefficient of the drug from the aqueous
the radius of the drug molecule (r in equation 4), and the logexterior into mucosa and h is the effective thickness of the mucosal
K(octanol/water) value can be related to the aqueous solubility of themembrane. Finally the diffusion coefficient can be estimated by
drug (resulting in higher CAq in equation 2) and its ability tothe Stokes-Einstein equation (equation 4):
partition from the aqueous exterior into the lipophilic mucosa.

Nr

TR
D

•••

•
=

η π 6
2. Biopharmaceutics Classification System

(Eq. 4)

where R is the molar gas constant, T is the absolute temperature, η The US FDA has introduced a binning system for oral drug
is the apparent viscosity of the mucosal membrane, r is the radius products known as the Biopharmaceutical Classification System
of a spherical drug molecule permeating the mucosa, and N is (BCS). In this system, drugs are classified into four groups based
Avogadro’s number. on their ability to permeate biologic membranes and their aqueous

The equations show that for a drug molecule to be successfully solubility: i.e. parameters that can be found in the previously
delivered through mucosa, the drug must possess sufficient aque- mentioned equations (table I).[1,14,16-18] A given drug substance is

Table I. The biopharmaceutics classification system and the effect of drug/cyclodextrin complexation on the oral bioavailability of drugs

Parameters Class I Class II Class III Class IV

Aqueous solubilitya High Poor High Poor

Permeabilityb High High Poor Poor

In vitro–in vivo correlation Can be good Good Poor Poor

Absorption rate control Gastric emptying Dissolution Permeability Dissolution and
permeability

Effect of cyclodextrins on drug bioavailability Can decrease Can enhance Can decrease Can enhance

a Solubility of the drug dose in aqueous solution (high: D : S ≤250mL; poor: D : S >250mL).

b Permeability of a drug through a lipophilic biomembrane.
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4 Loftsson et al.

considered ‘highly soluble’ when the highest dose strength is excipients in formulations can enhance their bioavailability. Ex-
soluble in ≤250mL water, i.e. the US FDA defined standard glass amples of drugs in class III are acyclovir, atenolol, and ranitidine.
of water, over a pH range from 1.0 to 7.5, and ‘highly permeable’ Class IV materials consist of water-insoluble drugs which when
when the extent of oral absorption in humans is determined to be solubilized do not readily penetrate biomembranes (i.e. low CS

≥90% of an administered dose (in solution), based on mass- and low P). These drugs can be very difficult to formulate for
balance or related to an intravenous reference dose. For an imme- effective oral delivery. Examples of drugs in class IV are cyclo-
diate-release tablet, ≥85% of the labeled amount of drug substance sporine A (cyclosporin A) and furosemide (frusemide).
must dissolve within 30 minutes.[1,16,19] However, it has been
argued that these definitions of ‘highly permeable’ and ‘highly 3. Cyclodextrins
soluble’ are too conservative,[20] in particular, the solubility re-
strictions of permeable acidic drugs, like some nonsteroidal anti- Cyclodextrins are a group of structurally related natural prod-
inflammatory drugs (NSAIDs), which fail the minimum solubility ucts formed during bacterial digestion of cellulose.[22] These cyclic
requirements at pH below their pKa values but fulfill the require- oligosaccharides consist of (α-1,4)-linked α-D-glucopyranose
ments at pH > 5 (i.e. at pH in duodenum).[21]

units and contain a somewhat lipophilic central cavity and a
Class I materials consist of water-soluble drugs (i.e. they have a hydrophilic outer surface. Because of the chair conformation of

relatively high CS value resulting in a high CAq value) that are well the glucopyranose units, the cyclodextrins are shaped like a trun-
absorbed from the gastrointestinal tract (i.e. they have a relatively cated cone rather than perfect cylinders. The hydroxyl functions
large P value) and, in general, possess the preferred physicochemi- are orientated to the cone exterior with the primary hydroxyl
cal properties for optimum drug availability. For immediate- re- groups of the sugar residues at the narrow edge of the cone and the
lease dosage forms, the absorption rate will be controlled by the secondary hydroxyl groups at the wider edge. The central cavity is
rate at which the drug solution is delivered to the absorption site, lined by the skeletal carbon and ethereal oxygen atoms of the
i.e. the gastric emptying rate. To secure a constant high bioavail- glucose residues, which gives it a lipophilic character.[5,7,10,22,23]

ability, the dissolution rate must be relatively rapid, or over 85% The polarity of the cavity has been estimated to be similar to that
dissolution in 15 minutes.[16] Drugs in class I are frequently of an aqueous ethanolic solution.[6] The natural α-, β- and γ-
lipophilic with a MW less than about 500Da and aqueous solubili- cyclodextrin consist of six, seven, and eight glucopyranose units,
ty about or greater than 1 mg/mL. Examples of drugs in class I are respectively. The natural cyclodextrins, in particular β-cyclodex-
acetaminophen (paracetamol), piroxicam, propranolol, and theo- trin, are of limited aqueous solubility meaning that complexes
phylline. resulting from interaction of lipophiles with these cyclodextrins

Class II compounds comprise relatively lipophilic and water- can be of limited solubility resulting in precipitation of solid
insoluble drugs (i.e. CS ≤0.1 mg/mL) that, when dissolved, are cyclodextrin complexes from water and other aqueous systems. In
well absorbed from the gastrointestinal tract (i.e. large P). Drug fact, the aqueous solubility of the natural cyclodextrins is much
dissolution is usually the rate-limiting step in drug absorption. lower than that of comparable acyclic saccharides. This is thought
Commonly, drugs in this class have variable absorption because of to be due to relatively strong intermolecular hydrogen bonding in
the numerous formulation effects and in vivo variables (such as the crystal state. Substitution of any of the hydrogen bond-forming
food intake) that can affect the dissolution profile.[16] Diverse hydroxyl groups, even by lipophilic methoxy functions, results in
formulation techniques can be applied to compensate for the dramatic improvement in their aqueous solubility.[5] Cyclodextrin
insolubility of the drugs and the consequent slow dissolution rate. derivatives of pharmaceutical interest include the hydroxypropyl
These include formulation of the amorphous solid form, nanopar- derivatives of β- and γ-cyclodextrin, the randomly methylated β-
ticles, addition of surfactants, salt formation, and complexa- cyclodextrin, sulfobutylether β-cyclodextrin, and the so-called
tion.[1,18] By such techniques, the formulator tries to ‘move’ the branched cyclodextrins, such as glucosyl-β-cyclodextrin (figure 2
drugs from class II to class I without changing the intrinsic ability and table II).[5,7-9,23,24]

of the drug molecules to permeate biomembranes. Examples of The natural α- and β-cyclodextrins, unlike γ-cyclodextrin, can-
drugs in class II include carbamazepine, cinnarizine, and gliben- not be hydrolyzed by human salivary and pancreatic amylases.[9,25]

clamide. However, both α- and β-cyclodextrin can be fermented by the
Class III drugs are water-soluble pharmaceuticals (i.e. large intestinal microflora. Cyclodextrins are both large (MW ranging

CS) that do not readily permeate biomembranes (i.e. low P). For from almost 1000 to over 2000Da) and hydrophilic, with a signif-
these drugs, the rate-limiting factor in drug absorption is their icant number of H-donors and acceptors and, are thus not absorbed
membrane permeability. The inclusion of absorption-enhancing from the gastrointestinal tract in their intact form. Hydrophilic
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Cyclodextrins and Oral Drug Delivery 5

cyclodextrins can be used to reduce or prevent gastrointestinal and
ocular irritation, reduce or eliminate unpleasant smells or tastes,
prevent drug-drug or drug-additive interactions, or to convert oils
and liquid drugs into microcrystalline or amorphous powders.[7,26]

The regulatory status of cyclodextrins is evolving. α-Cyclodex-
trin and β-cyclodextrin are listed in a number of pharmacopeia
sources including the US Pharmacopeia, European Pharmaco-
poeia, and Japanese Pharmacopoeia. γ-Cyclodextrin will soon be
included in the US Pharmacopeia and subsequently in the Europ-
ean Pharmacopoeia as well. A monograph for 2-hydroxypropyl-β-
cyclodextrin (hydroxypropyl betadex) has recently been published
in both the European Pharmacopoeia (Ph. Eur. 5th Ed.) and in the
US Pharmacopoeia (USP28/NF23). Other derivatives are not yet
compendial but efforts are underway for their inclusion. β-
Cyclodextrin and γ-cyclodextrin are also listed in the generally-
regarded-as-safe list of the US FDA for use as a food additive.
Cyclodextrins are relatively new from a regulatory point of view
and policies on their use are still not standardized. Consensus
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2-Hydroxypropyl-β-cyclodextrin

Sulfobutylether β-cyclodextrin sodium salt

Randomly methylated β-cyclodextrin
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−H

−CH2CHOHCH3

−(CH2)4SO3
− Na+

−CH3

Glucosyl or maltosyl group

Cyclodextrin R = H or

Fig. 2. The chemical structure of β-cyclodextrin and some of its derivatives.
seems to be building among regulators that cyclodextrins are
excipients and not part of the drug substance, although variouscyclodextrins are considered nontoxic at low to moderate oral
opinions have been given and interpretation related to this pointdosages.[9,24] Lipophilic cyclodextrin derivatives, such as the
can be division- and product-specific.methylated cyclodextrins, are to some extent absorbed from the

gastrointestinal tract into the systemic circulation and have been
3.1 Cyclodextrin Complexesshown to be toxic after parenteral administration.[9] Presently, oral

administration of methylated β-cyclodextrin is limited by its po- Cyclodextrins are able to form dynamic molecular inclusion
tential toxicity. complexes with many drugs by incorporating the drug molecule,

About 30 different pharmaceutical products containing or more commonly a lipophilic moiety of the molecule, into the
cyclodextrins are now on the market worldwide. Some of these central cavity. No covalent bonds are formed or broken during the
products are listed in table III. In the pharmaceutical industry drug/cyclodextrin complex formation. The driving forces leading
cyclodextrins have mainly been used as complexing agents to to the inclusion complex formation include release of enthalpy-
increase the aqueous solubility of poorly water-soluble drugs and rich water molecules from the cavity, electrostatic interaction, van
to increase their bioavailability and stability. In addition, der Waals interaction, hydrophobic interaction, hydrogen bonding,

Table II. Natural cyclodextrins and some of their derivatives that can be found in marketed pharmaceutical products

Cyclodextrin Substitutiona MWb Solubility in water Indicative bulk priced

(mg/mL)c ($US/kg)

α-Cyclodextrin 972 145 45

β-Cyclodextrin 1135 18.5 5

2-Hydroxypropyl-β-cyclodextrin 0.65 1400 >600 300

Randomly methylated β-cyclodextrin 1.8 1312 >500 350

β-Cyclodextrin sulfobutyl ether sodium salt 0.9 2163 >500

γ-Cyclodextrin 1297 232 80

2-Hydroxypropyl-γ-cyclodextrin 0.6 1576 >500 400

a Average number of substituents per glucopyranose repeat unit.

b Molecular weight (MW) in Daltons (Da).

c Solubility in pure water at approximately 25°C.

d Approximate bulk price given as the price of 1kg in US dollars.
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6 Loftsson et al.

release of conformational strain, and charge-transfer inter- include addition of polymers to the complexation media,[40] drug
action.[7,27,28] All these forces are relatively weak, allowing free ionization and salt formation,[41,42] addition of hydroxy carboxylic
drug molecules in solution to be in rapid equilibrium with drug acids to the complexation media,[43] addition of volatile acids or
molecules bound within the cyclodextrin cavity.[10] Most drug bases to the complexation media,[44] addition of organic salts,[45]

molecules (D) form 1 : 1 complexes with cyclodextrin molecules and addition of cosolvents.[46] However, even under the best
(CD) and the value of the stability constant (K1 : 1) is most often conditions, cyclodextrin complexation will result in an over 4-fold
between 50 and 2000 mol–1 with a mean value of 129, 490 and 355 increase in the formulation bulk.[39] The feasibility of using
mol–1 for α-, β-, and γ-cyclodextrin, respectively (equation cyclodextrins as solubilizer in dosage forms can frequently be
5):[10,29-31] calculated from a few simple experiments.[31]

3.2 Cyclodextrins and Drug Permeability Through
Biologic Membranes

Negligible amounts of hydrophilic cyclodextrins and drug/

D  +  CD
K1:1 

D/CD Complex

[ ]

[ ] [ ]CDD

CDD
K

•

=
/

1:1

or

cyclodextrin complexes are able to permeate lipophilic mem-
(Eq. 5) branes such as the intestinal mucosa.[9,47-49] Only the free form of

This is a somewhat oversimplified description of a much more the drug, which is in equilibrium with the drug/cyclodextrin com-
complex mechanism,[32,33] but is sufficient to explain the role of plex, is capable of penetrating lipophilic membranes.[23] Cyclodex-
cyclodextrins in oral drug delivery. In a given aqueous complexa- trins are able to extract lipophilic components of biomembranes
tion medium, saturated with the drug, the concentration of free such as stratum corneum,[50,51] but both pre- and post-application
drug ([D]) is constant and equal to the apparent intrinsic solubility of hydrophilic cyclodextrins does not affect, for example the skin
of the drug in the aqueous medium (i.e. drug solubility in absence barrier.[52,53] Cyclodextrins do not, in general, enhance permeabili-
of cyclodextrin). Cyclodextrin encapsulation of a drug will change ty of hydrophilic water-soluble drugs through lipophilic biologic
the drug’s physicochemical properties, such as its aqueous solubil- membranes[47,48] and numerous studies have shown that excess
ity and chemical stability. The cyclodextrin molecule forms a cyclodextrin can reduce drug permeability through biologic mem-
hydrophilic shield around applicable lipophilic moiety of the drug branes.[47] The composition of the drug formulation, and the physi-
molecule. This will, in general, increase the apparent aqueous cochemical and physiologic composition of the membrane barrier,
solubility of the drug. The cyclodextrin can also protect chemical- will determine whether cyclodextrins will enhance or hamper drug
ly labile drug molecules from potentially corrosive environments delivery through a biologic membrane. Cyclodextrins will en-
and, in this way, reduce or even prevent drug hydrolysis, oxida- hance drug delivery through aqueous diffusion-controlled barriers
tion, racemization and enzymatic decomposition.[7,34] but can hamper drug delivery through lipophilic membrane-con-

In the solid-state, cyclodextrins, especially hydrophilic chemi- trolled barriers.[48] Frequently, biologic barriers to drug perme-
cally modified cyclodextrins, convert the drug of interest, which is ation are related to a lipophilic membrane with an unstirred
usually crystalline, into a dispersion of the amorphous drug in the aqueous layer, i.e. an aqueous diffusion layer at the surface (figure
cyclodextrin carrier. This is akin to solid dispersions or solutions 1). Cyclodextrins can often enhance drug delivery via these barri-
generated by pharmaceutical polymers or monomers using solvent ers if drug permeation through the aqueous diffusion layer is the
or melt methods.[35,36] Importantly, the dispersions are unique as a rate-limiting step, but usually not if the rate-limiting step is drug
result of molecular encapsulation related to the presence of the permeation of the lipophilic barrier.
cyclodextrins. In such a system, the rate of dissolution can be Cyclodextrins can, at least in theory, enhance drug bioavailabil-
predicted by two models: complex solubility or carrier-control.[37] ity by stabilizing drug molecules at the biomembrane surface. For
In their assessment of β-cyclodextrin interaction of bendroflua- example, cyclodextrins have been shown to prevent insulin aggre-
zide, chlorothiazide, and hydrochlorothiazide, Corrigan and Stan- gation and to enhance insulin stability at the nasal mucosa. It has
ley found that dissolution kinetics were intermediate between the been suggested that cyclodextrin-enhanced insulin bioavailability
two limiting conditions.[38] after nasal administration is partly due to this stabilizing effect.[54]

Including cyclodextrins in solid dosage forms will increase the In general, drug stabilization associated with cyclodextrin com-
formulation bulk and, thus, cyclodextrins can only be included in plexation plays only a very minor role when it comes to drug
solid dosage forms of relatively potent drugs. Various methods delivery through biologic membranes since it is their solubilizing
have been applied to enhance the complexation efficacy.[39] These effect that is usually related to improved drug delivery.
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Table III. Examples of marketed products containing cyclodextrin

Drug Administration route Trade name Market

α-Cyclodextrin

Alprostadil (PGE1) IV Prostavastin Europe, Japan, USA

Cefotiam hexetil HCl Oral Pansporin T Japan

β-Cyclodextrin

Benexate HCl Oral Ulgut, Lonmiel Japan

Dexamethasone Dermal Glymesason Japan

Iodine Topical Mena-Gargle Japan

Nicotine Sublingual Nicorette Europe

Nimesulide Oral Nimedex, Mesulid Europe

Nitroglycerin (glyceryl trinitrate) Sublingual Nitropen Japan

Omeprazol Oral Omeeta Europe

PGE2 Sublingual Prostarmon E Japan

Piroxicam Oral Brexin Europe

Tiaprofenic acid Oral Surgamyl Europe

2-Hydroxypropyl-β-cyclodextrin

Cisapride Rectal Propulsid Europe

Hydrocortisone Buccal Dexocort Europe

Indomethacin Eye drops Indocid Europe

Itraconazole Oral, IV Sporanox Europe, USA

Mitomycin IV Mitozytrex USA

Randomly methylated β-cyclodextrin

17β-Estradiol Nasal spray Aerodiol Europe

Chloramphenicol Eye drops Clorocil Europe

Sulfobutylether β-cyclodextrin

Voriconazole IV Vfend Europe, USA

Ziprasidone maleate IM Geodon, Zeldox Europe, USA

2-Hydroxypropyl-γ-cyclodextrin

Diclofenac sodium Eye drops Voltaren Europe

HCI = hydrochloride; IM = intramuscular; IV = intravenous; PGE2 = prostaglandin E2.

4. Cyclodextrins in Immediate-Release Oral can be included in conventional immediate-release tablets and,
Dosage Forms thus, cyclodextrins can only be applied to drugs that possess high

(dose 0.1 mg/kg) to average (dose 1 mg/kg) potency. These are the
The BCS states that for a class I material, the maximum dose to two basic requirements for cyclodextrin-based oral dosage forms.

solubility (D : S) ratio has to be below about 250mL in the pH
The effects of cyclodextrins on oral, sublingual and buccal

range of 1–7.5 for immediate-release oral dosage forms or, in other
bioavailability of about 50 different drugs have been investigated

words, that the aqueous solubility of the drug/cyclodextrin com-
in both animals and humans (table IV). In these studies the effectplex in the gastrointestinal tract has to be sufficient to prevent
of cyclodextrins varies from no effect, to reduced bioavailability,dissolution rate-limited absorption of the drug. Drugs with aque-
to significant bioavailability enhancement. In most of these studiesous solubility >0.1–0.05 mg/mL will seldom exhibit dissolution
the bioavailability was determined for a cyclodextrin formulationrate-limiting absorption after oral administration in a conventional
and for a simple solid or suspension formulation, which did notimmediate-release tablet.[1] Also, the upper limit in size of conven-
contain any enabling excipients. In some cases only a smalltional oral tables is about 800mg. As a result of excipient require-

ments, only about 700mg of complex (or about 70–150mg of drug) increase in bioavailability or no effect was observed with the
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Table IV. Cyclodextrins in oral, sublingual, and buccal formulations; clinical, intestinal perfusion, and/or bioavailability studies

Drug Cyclodextrin Formulation Species Frela References

Acyclovir βCD Oral suspension Rat 1.1 56

Albendazole HPβCD Oral solution Sheep, mouse ≤2.5 57-59

Amobarbital (amylobarbitone) HPβCD Oral solution Mouse (≈4) 60

Artemisinin βCD, γCD Capsule cont. powder Human ≤1.7 61

Benzaldehyde semicarbazone βCD Oral suspension Rat (≤4) 62

4-Biphenylacetic acid βCD, DMβCD, TMβCD, Oral suspension or solution Rat ≤2.9 63,64
HPβCD

para-Boronophenylalanine GluαCD, MalαCD, Complex powder Rat ≤1.5 65
DmalαCD

Carbamazepine DMβCD Oral powder and solution, Rabbit, dog, rat ≤5.6 66-70
tablet

β-Carboline norharman Not specified Sublingual tablet Human Not determined 71

Chloramphenicol palmitate HPβCD Oral powder Dog ≤3.8 72

Cinnarizine βCD, SBEβCD, HPβCD Tablet, oral solution and Dog ≤48 73-75
capsule cont. powder

Clomipramine HPβCD Sublingual Rat 1.6b 76

Cyclosporin A DMβCD Oral suspension Rat 4.7 77,78

Danazol SBEβCD, HPβCD Buccal tablet and capsule Dog, rat ≤34 79-82
cont. powder

Dehydroepiandrosterone αCD Tablet Human 2.0 83

Digoxin γCD Tablet Dog 5.4 84

Diphenhydramine HCl DMβCD, HPβCD Solution Rat ≤0.9 85

Dipyridamole βCD Capsule cont. powder Dog, Human ≤1.6 86,87

Entacapone HPβCD Oral solution Rat 1.9 88

17β-Estradiol HPβCD Sublingual tablets Human 5.8b 89-91

Fenbufen αCD , γCD Aqueous suspension Rabbit ≤5.5 92

Fluoxetine HCl γCD Solid dosage Human 2.5 93

Flutamide HPβCD Oral solution Rat ≈2 94

Glibenclamide βCD, SBEβCD Capsule cont. powder Dog, rat ≤6.2 95,96

Gliclazide βCD Aqueous suspension Rat 6 97

Gliquidone HPβCD Oral powder Rat 2.0 98

Indomethacin EαCD, βCD, HEβCD, Capsule cont. powder Human, rabbit ≤1.3 99,100
HPβCD

Itraconazole HPβCD Oral solution Human 101,102

Ketoprofen βCD, HPβCD Aqueous suspension Rat ≤2.9 103

Miconazole HPβCD Aqueous suspension Rat 2.3 104

Naproxen βCD Capsule cont. powder Human (≈1) 105

Nicardipine HPβCD Capsule cont. powder Rabbit 3.2 106

Nifedipine βCD, HPβCD Capsule cont. powder Rabbit, dog ≤2.9 107-110

Nitrendipine Oral suspension Rat 1.9 111

Continued next page
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Table IV. Contd

Drug Cyclodextrin Formulation Species Frela References

Phenytoin EβCD, GluβCD, MalβCD, Suspension, capsule cont. Rat, Dog ≤5 112-114
SBEβCD, HPβCD powder

Piroxicam βCD Tablet, capsule and oral Human, rat, ≤1.4 115-119
suspension rabbit

Renin inhibitors βCD Oral suspension Rat Not determined 120

all-trans-Retinoic acid HPβCD Oral suspension/solution Rat 2.9 121

Rofecoxib βCD Tablet Human 1.3 122

Rutin HPβCD, βCD Tablet Dog ≤2.9 123

Silybinin βCD Suspension Rat (≈6) 124

Spironolactone βCD, γCD, DMβCD, Oral solution and powder Rat, dog ≤3.6 125-127
SBEβCD, HPβCD

Tacrolimus DMβCD, SBEβCD, Oral suspension Rat ≤4.5 128
HPβCD

Testosterone HPβCD Sublingual tablet Human (2.4) 129,130

Tiaprofenic acid DEβCD Solid powder Rats ≈0.5 131

Tolbutamide βCD, HPβCD Suspension, oral powder Rabbit, dog ≤1.5 132,133

α-Tocopheryl nicotinate DMβCD Capsule cont. powder Dog ≈70 134

Ursodeoxycholic acid HPβCD Oral solution, tablet Rat, human ≤2.1 135,136

Zidovudine HPβCD, DMβCD Oral solution Rat Not determined 137

a Frel = relative bioavailability, i.e. the area under the curve (AUC) of the plasma concentration versus time profile when the cyclodextrin-containing
formulation was given divided by the AUC for the formulation containing no cyclodextrin. The values in brackets are estimates based on the
pharmacologic effect, maximum concentratin values in plasma, or bile and urine excretion data.

b Sublingual versus oral delivery.

αCD = α-cyclodextrin; βCD = β-cyclodextrin; γCD = γ-cyclodextrin; DEβCD = heptakis(2,6-di-O-ethyl)-β-cyclodextrin;  DMalαCD = dimaltosyl-α-
cyclodextrin; DMβCD  = dimethyl-β-cyclodextrin; EαCD = α-cyclodextrin epichlorohydrin polymer; EβCD = β-cyclodextrin epichlorohydrin polymer;
GluαCD = glucosyl-α-cyclodextrin; GluβCD = glucosyl-β-cyclodextrin; HEβCD = hydroxyethyl-β-cyclodextrin; HPβCD = 2-hydroxypropyl-β-
cyclodextrin; MalαCD = maltosyl-α-cyclodextrin; MalβCD = maltosyl-β-cyclodextrin; SBEβCD = sulfobutylether-β-cyclodextrin sodium salt; TMβCD
= trimethyl-β-cyclodextrin.

cyclodextrin formulation. This could be explained in two ways; 4.1 Class I Drugs

either that cyclodextrin was not a suitable enabling excipient or
Class I drugs are water-soluble and generally have good bio-

that the bioavailability was good (i.e. >50%) with the simple availability after oral administration (high CS and high P). Since
formulation. The absolute bioavailability was determined in only a the drug/cyclodextrin complex does not permeate the mucosal
few of these studies. Thus, the data available from these studies are membrane, addition of cyclodextrin can reduce absorption of class

I drugs. However, cyclodextrins can have some beneficial effectsnot sufficient to construct a quantitative bioavailability-property
on drugs in class I that have relatively low aqueous solubility. Forrelationship. For example, the octanol-water partition coefficient
example, piroxicam is practically insoluble in water but is a potent

(log K(octanol/water)) of half (21) of the drugs can be obtained from drug with low enough D : S ratio to be classified as a class I
the literature,[55] but there was not any significant correlation drug.[21] Consequently, cyclodextrin complexation does not have

any significant effect on the absolute bioavailability of the drugbetween the partition coefficients and the effects of cyclodextrins
but results in more rapid drug absorption, more rapid onset ofon maximum relative bioavailability (Frel). However, the general
analgesia, and improved gastrointestinal tolerability.[115,116]

effect can, in most cases, be explained from the physicochemical
In general, NSAIDs have oral bioavailability of about or greater

properties of the drugs, their aqueous solubility, D :S  ratio and than 90% in humans (that is a large P value in equation 2). In spite
ability to permeate biologic membranes, or equations 1 to 4 and of good bioavailability, many acidic NSAIDs (pKa about 4.5),
the BCS classifications. such as indomethacin, ketoprofen, naproxen, and tiaprofenic acid
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are classified as class II drugs based on their solubility at pH 1.0, enhanced the bioavailability to 90.5% (virtually moving the drug
but they would be classified as class I drugs based on their from class II into class I).[95] Gliclazide and gliquidone are closely
solubility at pH >5 (i.e. pH in duodenum).[21] Oral administration related, both chemically and pharmacologically, to glibenclamide
of these drugs as water-soluble cyclodextrin complexes does not and the bioavailability of both drugs is enhanced through
result in any significant improvement of their bioavailability (table cyclodextrin complexation.[97,98]

IV), although formation of water-soluble complexes of the drugs Miconazole is a lipophilic drug with MW of 416Da, D : S ratio
might result in more rapid drug absorption, less variable bioavaila- of about 5000mL and absolute bioavailability of 18.4% in rats.[104]

bility, and reduced gastrointestinal irritation. Oral bioavailability Thus, the drug is a class II drug. Cyclodextrin complexation
of the NSAID ketoprofen (pKa 4.5; log K(octanol/water) 0; D : S significantly enhanced the oral bioavailability of miconazole.[104]

about 4000mL; oral bioavailability in humans ≤100%), fenbufen Nifedipine has D : S ratio of about 6000mL and oral bioavaila-
(pKa 4.5; log K(octanol/water) 3.2) and 4-biphenylacetic acid, which bility of about 50%, partly because of its low aqueous solubility
is an active metabolite of fenbufen, have been enhanced by but partly as a result of first-pass metabolism.[107,142] Water-soluble
cyclodextrin complexation when tested in animals.[55,63,64,92,103,138] cyclodextrin complexes enhance the oral bioavailability of nifedi-

Rofecoxib is a non-ionizable NSAID with a reported mean oral pine.[107-110]

bioavailability of 93% but with a highly variable absorption rate Nitrendipine has an aqueous solubility of about 2 µg/mL, log
(tmax between 2 and 9 hours).[139] Since the oral bioavailability of K(octanol/water) of 2.2 and dose of 20mg or D : S ratio of about
the drug is over 90%, cyclodextrin complexation does not result in 10 000mL, and manifests variable oral bioavailability of
any dramatic improvement of the absolute bioavailability. How- 10–20%.[55,111,143] The low bioavailability is most probably due to
ever, cyclodextrin formulations could provide enhanced and less the very low aqueous solubility of the drug, resulting in dissolu-
variable drug absorption. tion-rate limiting absorption. Formulation of the drug as a

cyclodextrin inclusion complex significantly enhances the oral
bioavailability.[111]4.2 Class II Drugs

Phenytoin has an aqueous solubility of 24 µg/mL, log K(octanol/

water) of 2.5 and D : S ratio of about 2000mL, and although oral Class II consists of water-insoluble drugs that easily permeate
bioavailability of phenytoin (or its sodium salt) is frequently aboutlipophilic biologic membranes once they are in solution, display-
90%, it is variable – which is most probably due to its pooring dissolution-limited drug absorption after oral administration
aqueous solubility.[55,112] Cyclodextrin complexation of phenytoin(low CAq and high P).
enhances its oral bioavailability.[112-114]Carbamazepine (log K(octanol/water) 2.5; D : S about 1000mL) is

Spironolactone has an aqueous solubility of 28 µg/mL, loga class II drug that has several polymorphs and pseudopolymorphs
K(octanol/water) of 2.8, D : S ratio of about 10 000mL and oral(dehydrate) with a highly variable bioavailability (from 33% to
bioavailability of about 25%.[55,125,138] Formulation of spirono-almost 100%).[140,141] Formulation of carbamazepine with
lactone as a cyclodextrin inclusion complex resulted in about acyclodextrins can significantly improve the oral bioavailability of
2.4-fold enhancement in oral bioavailability.[125-127]the drug.[66-70]

Tolbutamide has very limited aqueous solubility, with a D : SDigoxin can be considered a class I drug (MW 781Da; maxi-
ratio greater than 10 000mL but oral bioavailability of aboutmum dose 500 µg/day; solubility about 70 µg/mL; D : S about
93%.[138,144] Cyclodextrin complexation increases the absorption7mL; log K(octanol/water) 1.26). However, it dissolves very slowly
rate and bioavailability of tolbutamide after oral administra-(small CS value in equation 1) in the gastrointestinal tract resulting
tion.[132]in dissolution rate-limiting absorption unless the particle size of

the drug powder is small enough to enhance the surface area (large α-Tocopheryl nicotinate is a very lipophilic water-insoluble
S value in equation 1).[17] Consequently, digoxin is referred to as a compound (CS <1 pg/mL)[134] with a limited oral bioavailability
class II drug. Formulation of digoxin as a cyclodextrin complex associated with an absorption-limited dissolution rate. Formulat-
can enhance the bioavailability of the drug.[84] ing the vitamin as a water-soluble cyclodextrin complex resulted

in as much as 70-fold enhancement in oral bioavailability.[134]Glibenclamide is a typical class II drug with aqueous solubility
of 6 µg/mL at pH 7.4, log K(octanol/water) of 4.8 and dose of 5–15 Finally, itraconazole is a lipophilic antifungal agent (log K(octa-

mg/day or D : S ratio of about 2500mL.[55,95] Because of its very nol/water) >5) that is practically insoluble in water (CS ≈1 ng/mL at
low aqueous solubility, the oral absorption of the drug is dissolu- neutral pH) with a MW of 705.6Da and daily dose of
tion-rate limited with 14.7% absolute bioavailability in dogs. 100–400mg.[55] When the drug is administered as such to man (i.e.
Formulation of the drug as a cyclodextrin inclusion complex in a simple gelatin capsule), bioavailability is negligible.[145] On
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the other hand, administration of a 2-hydroxypropyl-β-cyclodex- since if the material cannot dissolve, or if it precipitates at the
trin-based solution of itraconazole (which increases the solubility barrier interface, it will not be permeable through biologic mem-
of the drug to 10 mg/mL) results in a fraction absorbed of approxi- branes. This was observed for compounds such as itraconazole
mately 85%, while the oral bioavailability is approximately 55%, where the extremely low aqueous solubility (≈1 ng/mL at pH 7)
the difference being associated with first-pass metabolism, mainly gave artifactually low permeabilities and fluxes even though the
hydroxylation.[145-147] This class II (apparent class IV) compound bioavailability and fraction absorbed in man is quite high if the
with a D : S of >10 000 000 is converted to (an almost) class I drug is adequately formulated/solubilized.
drugs with a D : S of 10.

5. Cyclodextrins in Buccal, Sublingual, and
4.3 Class III Drugs Modified-Release Formulations

Class III drugs comprise those with a D : S ratio <250mL but Five of the drugs listed in table IV were formulated as
have some difficulties permeating lipophilic biologic membranes cyclodextrin-containing sublingual or buccal formulations and
(high CAq and low P). Thus, poor bioavailability of drugs in this tested either in humans or animals. Although the BCS was origi-
class is due to inability of the drugs to permeate biologic mem- nally developed for solid oral dosage forms, this system can be
branes. Therefore, cyclodextrins do not enhance their bioavailabil- extended to other types of delivery systems.[149] Since the volume
ity after oral administration. of saliva is only about 5mL, the maximum D : S ratio for buccal or

Diphenhydramine hydrochloride is a very water-soluble drug, sublingual delivery will only be about 5mL instead of 250mL for
with a D : S ratio of about 50mL and oral bioavailability of about oral drug delivery. Consequently, drugs that are assigned as class I
75%.[55,138] As a result of its high solubility and somewhat limited when given orally could be assigned to class II when given
oral bioavailability (i.e. less than 90%), diphenhydramine hydro- sublingually or buccally. For example, 17β-estradiol is a lipophilic
chloride can be classified as a class III drug and since the low (log K(octanol/water) 4.0), water-insoluble (CS = 10 µg/mL) drug,
bioavailability is not due to low aqueous solubility, or slow drug but it is highly potent (dose about 0.1 mg) and thus would be
dissolution, formulating the drug as a cyclodextrin complex does indicated as a class I drug (D : S 10mL) if it could be given orally.
not improve the drug bioavailability. However, 17β-estradiol undergoes first-pass metabolism and thus

sublingual delivery of the drug appears to be a feasible alternative.Acyclovir is a class III drug with the rate-limiting factor in
As stated, this would necessitate the reclassification of the com-acyclovir absorption from the gastrointestinal tract being the mem-
pound as class II (assuming a high P value). Importantly,brane permeability of the drug (figure 1). Again, since cyclodex-
cyclodextrin complexation of the drug increases its solubility andtrins can only enhance drug delivery through the aqueous diffusion
lowers the D : S ratio to <1mL, making buccal delivery of 17β-barrier, including cyclodextrin in the oral formulation has an
estradiol possible.[89,90,149]insignificant effect on the oral bioavailability of the drug.

Cyclodextrins have also been used to obtain sustained or site-
4.4 Class IV Drugs specific drug release. For example, lipophilic and somewhat

water-insoluble cyclodextrins, such as ethylated β-cyclodextrin
Class IV consists of water-insoluble drugs that do not readily and triacetyl-β-cyclodextrin, have been used to obtain sustained

permeate lipophilic biomembranes (low CAq and low P). Cyclo- drug release.[106,150] Cyclodextrins have also been used in osmotic
sporine A is a large (MW 1202Da) water-insoluble peptide (CS 16 pumps for controlled drug delivery[151,152] and in matrix tablets to
pg/mL) with a dose of about 500mg.[148] Cyclosporine A exhibits a prevent solubility-dependent drug release.[153,154] Finally, drug-
poor oral bioavailability (about 23%) with a large intra- and inter- cyclodextrin conjugates have been used to obtain colon-specific
subject variation, mainly because of its low aqueous solubility but drug delivery[155] or sustained plasma levels.[156]

also as a result of first-pass metabolism and poor membrane
permeability.[77,138] Thus, cyclosporine A is classified as class IV 6. Conclusions
drug. However, oral administration of cyclosporine A to rats as an
inclusion complex of the lipophilic dimethyl-β-cyclodextrin has Hydrophilic cyclodextrins and drug/cyclodextrin complexes do
been shown to result in a 5-fold enhancement of the oral bioavail- not permeate the gastrointestinal mucosa, so cyclodextrins are
ability, although the maximum absolute bioavailability was only unable to have direct effects on drug permeability through the
25%.[77] mucosa. However, cyclodextrins can have an indirect effect on

One note which should be added is that often very poorly water- drug permeability through the mucosa by increasing availability of
soluble class II compounds can masquerade as class IV materials dissolved drug molecules at the aqueous mucosal surface (i.e. by
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increasing CAq). For solid dosage forms, hydrophilic cyclodextrin lipophilic molecules, leading to increased drug availability at the
is selected based on its price, toxicologic profile, complexation mucosal surface (i.e. increased CAq value). This will frequently
efficacy regarding drug being formulated, and aqueous solubility lead to increased oral bioavailability, although the absolute drug
of the drug/cyclodextrin complex. Lipophilic cyclodextrins, such bioavailability will likely be much lower than 90%.
as the methylated β-cyclodextrins, are able to permeate mucosa
and are known to enhance drug delivery through biologic mem- Acknowledgment
branes by reducing barrier function of the membranes (i.e. by

Financial support from the University of Iceland Research Fund is grate-increasing both CAq and P).[157] However, these cyclodextrins have
fully acknowledged. The authors have provided no information on conflicts of

somewhat limited utility in oral delivery because they are poten- interest that are directly relevant to the content of this review.
tially toxic in the systemic circulation and presently the recom-
mended maximum daily dose is therefore low.
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