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Most drugs permeate biological membranes via passive diffusion and it is generally assumed that the
main barrier is the lipophilic structure of the membrane. However, we have observed that the unstirred
water layer adjacent to the membrane surface can in some cases be a barrier just as effective as the
lipophilic membrane itself. Hydrophilic cyclodextrins can enhance drug delivery through biological
membranes by increasing the availability of dissolved drug molecules immediate to the membrane
surface, i.e. by increasing drug delivery through the unstirred water layer. Cyclodextrins and drug/
cyclodextrin complexes are, in most cases, unable to permeate lipophilic membranes. Thus, excess
cyclodextrin, more than is needed to solubilize the drug in the aqueous exterior, will hamper drug
delivery through biological membranes.

1. Cyclodextrins and their pharmaceutical applications

Cyclodextrins are cone-shaped cyclic oligosaccharides
with a hydrophilic outer surface and a somewhat lipophi-
lic central cavity. The most common natural cyclodextrins
consist of six (a-cyclodextrin), seven (b-cyclodextrin) and
eight (g-cyclodextrin) a-1,4-linked a-d-glucopyranose
units. The secondary hydroxy groups are extended from
the wider edge of the cyclodextrin cone and the primary
hydroxy groups from the narrow edge. Although the cy-
clodextrin molecules are able to form numerous hydrogen
bonds with the surrounding water molecules their solubi-
lity in water is limited, especially that of b-cyclodextrin.
This is thought to be due to relatively strong binding of
the cyclodextrin molecules in the crystal state (i.e. rela-
tively high crystal lattice energy) (Frömming and Szejtli
1994; Loftsson and Brewster 1996). Random substitution
of the hydroxy groups, and consequent formation of amor-
phous mixtures of isomeric derivatives, will result in dra-
matic improvements in their solubility. Cyclodextrin deri-
vatives of pharmaceutical interest include hydroxypropyl
derivatives of b- and g-cyclodextrin, sulfobutylether b-cy-
clodextrin and randomly methylated b-cyclodextrin. More
than 30 different pharmaceutical products containing cy-
clodextrins are now on the market worldwide. In the phar-
maceutical industry, cyclodextrins have mainly been used
as complexing agents to increase the aqueous solubility of
poorly water-soluble drugs, and to increase their bioavail-
ability and stability (Loftsson and Brewster 1996; Uekama
2002; Loftsson et al. 2004a; Loftsson et al. 2005a).
Cyclodextrins are able to form inclusion complexes with
many drugs by incorporating a drug molecule, or more
commonly a lipophilic moiety of the molecule, into the

central cavity. No covalent bonds are formed or broken
during the drug/cyclodextrin complex formation. The driv-
ing forces leading to the inclusion complex formation in-
clude release of enthalpy-rich water molecules from the
cyclodextrin cavity, electrostatic interaction, van der Waals
interaction, hydrophobic interaction, hydrogen bonding, re-
lease of conformational strain and charge-transfer interac-
tion (Bergeron 1984; Loftsson and Brewster 1996; Liu and
Guo 2002). All these forces are relatively weak allowing
free drug molecules in solution to be in rapid equilibrium
with drug molecules bound within the cavity (Stella and
Rajewski 1997). Most drug molecules form 1 : 1 complexes
with cyclodextrin molecules and the value of the stability
constant is most often between 50 and 2000 M�1 with a
mean value of 129, 490 and 355 M�1 for a-, b- and g-
cyclodextrin, respectively (Connors 1995; Connors 1997;
Stella and Rajewski 1997; Rao and Stella 2003). Cyclodex-
trins and cyclodextrin complexes self-associate to form ag-
gregates and that those aggregates can also act as solubili-
zers themselves (Mele et al. 1998; González-Gaitano et al.
2002; Magnusdottir et al. 2002; Loftsson et al. 2004b).
There are some indications that the water-soluble polymers
and certain organic and inorganic salts enhance the com-
plexation efficiency by stabilizing these aggregates through
formation of non-inclusion complexes with the cyclodex-
trin complexes and aggregates (Loftsson et al. 2003a;
Loftsson and Másson 2004; Loftsson et al. 2004b; Duan
et al. 2005; Loftsson et al. 2005b). For example, it has
been shown that both 2-hydroxypropyl-b-cyclodextrin and
randomly methylated b-cyclodextrin form aggregates con-
sisting of, on the average, two to three cyclodextrin mole-
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cules and other excipients, such as lysine and polyvinylpyr-
rolidone, forming non-inclusion complexes with the cyclo-
dextrin aggregates. The critical cyclodextrin concentration
of the aggregate formation is about 5.4% (w/v) (Duan et al.
2005; Loftsson et al. 2005b). Thus, aqueous cyclodextrin
solutions can consist of multiple structures of ternary, qua-
ternary and higher order complexes and aggregates.

2. Drug permeation through biological membrane bar-
riers

In general, biological membranes have a hydrophilic exter-
ior and a lipophilic interior. Although many of them con-
tain specialized transport systems that assist passage of
some selected compounds most drugs permeate these mem-
branes, transcellular or paracellular, via passive diffusion.
The fundamental equation describing passive drug trans-
port through the membranes is based on Fick’s first law:

J ¼ P � CAq ð1Þ
where J is the drug flux through a membrane (mass/area/
time), P is the permeability coefficient of the drug through
the lipophilic membrane and CAq is the drug concentration
at the aqueous exterior. The permeability coefficient is de-
fined as:

P ¼ D � K
h

ð2Þ

where D is the diffusion coefficient of the drug within the
membrane, K is the partition coefficient of the drug from
the aqueous exterior into membrane and h is the effective
thickness of the membrane. The equations show that for a
drug molecule to be successfully delivered through a
membrane, the drug must possess sufficient aqueous solu-
bility (or high CAq value) but at the same time the drug
must possess sufficient lipophilicity to be able to partition
from the aqueous exterior into the lipophilic membrane
(or high K value). Adjacent to the membrane surface is an
unstirred or stagnant water layer that acts as a diffusion
barrier for rapidly permeating drugs. The thickness of this
diffusion barrier and its significance in the overall barrier
function of the membrane depends on the physicochem-
ical properties of both the membrane and the penetrating
drug. For example, at the skin surface the aqueous diffu-
sion barrier can, under certain conditions, be relatively
thin and insignificant for the overall barrier function of the
skin while the aqueous mucin layer on the eye surface
and in the gastrointestinal tract can have significant contri-
bution to the overall barrier function. The total drug per-
meation resistance is the sum of resistance within the un-
stirred water layer (RAq) and the lipophilic membrane
(RM), and their relative importance depends on the physi-
cochemical properties of both the drug and the membrane
(Flynn et al. 1972; Florence and Attwood 1998; Masson
et al. 1999; Loftsson and Masson 2001). Since the perme-
ability constants are the reciprocals of the resistance the
following equations are obtained:

J ¼ P � CAq ¼ ðRAq þ RMÞ�1 � CAq ¼
1

PAq
þ 1

PM

� ��1

� CAq

ð3Þ

J ¼ PAq � PM
PAq þ PM

� �
� CAq ð4Þ

If the value of the permeability constant through the lipo-
philic membrane (PM) is much greater than the value of

the permeability constant through the diffusion layer (PAq)
then Eq. (4) becomes:

J ¼ PAq � PM
PAq þ PM

� �
� CAq �

PAq � PM
PM

� �
� CAq ¼ PAq � CAq

ð5Þ
and the unstirred water layer becomes the main barrier,
i.e. the permeation is diffusion controlled. On the other
hand, if PAq is much greater than PM then Eq. (6) is ob-
tained:

J ¼ PAq � PM
PAq þ PM

� �
� CAq �

PAq � PM
PAq

� �
� CAq ¼ PM � CAq

ð6Þ
and the permeation will be membrane controlled. Finally
the diffusion coefficient can be estimated from the Stokes-
Einstein equation:

D ¼ R � T
6p � h � r � N ð7Þ

where R is the molar gas constant, T is the absolute tem-
perature, g is the apparent viscosity within the unstirred
water layer or the lipophilic membrane, r is the radius of
the permeating drug molecule, and N is Avogadro’s num-
ber. Thus, the diffusion constant within the unstirred water
layer (DAq) will decrease with increasing viscosity of the
layer as well as with increasing molecular weight of the
drug. For example, small lipophilic drug molecules fre-
quently possess a large permeability coefficient through
the lipophilic membrane (i.e. large PM value) and, thus,
may be able to permeate across the lipophilic membrane
much faster that they can be transported through the un-
stirred water layer. Under such conditions diffusion
through the water layer becomes the rate-limiting step in
the absorption process. Such permeation conditions are
shown in Table 1. The semi-permeable cellophane with a
molecular weight cutoff 12–14,000 acts as unstirred water
layer through which the drug (hydrocortisone) permeates
relatively rapid (PAq ¼ 4.22 10�6 cm � s�1). Two different
lipophilic membranes were fused to this cellophane mem-
brane, an octanol collodium membrane and a dodecanol
collodium membrane, prepared by methods described by
Neubert (Neubert and Fürst 1989; Mrestani et al. 2004).
The drug permeates relatively rapidly through the octanol
membrane (PM > PAq) but significantly slower through the
more viscose dodecanol membrane (PM < PAq). Thus, the
permeation through the cellophane/octanol membrane is
diffusion controlled but membrane controlled through the
cellophane/dodecanol membrane (Table 1).
Conventional penetration enhancers, such as fatty acids,
fatty amines and fatty alcohols, enhance drug delivery
through biological membranes by permeating into the mem-
brane and disrupting its barrier properties (Williams and
Barry 2004) without affecting the unstirred aqueous layer.

3. Effect of cyclodextrins on drug permeability through
membranes

There is very strong evidence that hydrophilic cyclodex-
trins enhance drug delivery through biological membranes
without affecting their barrier function (Loftsson and Mas-
son 2001; Loftsson et al. 2003b; Sinha et al. 2003). Some
general observations regarding cyclodextrins and drug per-
meation through biological membranes are summarized in
Table 2. These observations indicate that under normal
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conditions neither the free hydrophilic cyclodextrin mole-
cules nor their complexes are able to permeate lipophilic
biological membranes such as skin, the gastrointestinal
epithelium, the eye cornea and nasal mucosa. Also, the
chemical structure of cyclodextrins (i.e. the large number
of hydrogen donors and acceptors), their molecular weight
(i.e. greater than 970 Dalton) and their very low octanol/
water partition coefficient (logKo/w less than –3 (Molden-
hauer 2004)) are all characteristics of compounds that do
not readily permeate biological membranes (Amidon et al.
1995; Lipinski et al. 2001). Based on these observations it
has been suggested that cyclodextrins enhance drug deliv-
ery through biological membranes by increasing the avail-
ability of dissolved drug molecules in an aqueous layer
immediate to the lipophilic membrane surface (Loftsson
and Masson 2001; Sinha et al. 2003). According to this
model cyclodextrins solubilize the lipophilic water-insolu-
ble drug molecules in an aqueous vehicle and enhance
their permeation through an aqueous diffusion layer at the
membrane surface. Cyclodextrins can only act as penetra-
tion enhancers if PAq � PM, or in other words when per-
meation through the unstirred water layer contributes to
the overall barrier function of the biological membrane.
Furthermore, the physicochemical properties of the drug
(e.g. its solubility in water), the drug : cyclodextrin con-
centration ratio and the composition of the drug formula-
tion (e.g. aqueous or non-aqueous) will also determine
whether cyclodextrins will enhance or hamper drug deliv-
ery through a biological membrane. Cyclodextrins are in
most cases unable to enhance drug permeation through a
lipophilic membrane barrier and excess cyclodextrin (more
than is needed to dissolve the drug) will hamper drug per-
meation through the membrane (Loftsson et al. 2003b).
However, there is one exception. The somewhat lipophilic
and surface active methylated cyclodextrins (logKo/w about
�1) are known, under certain conditions, to act as conven-
tional penetration enhancers increasing drug permeability
through biological membranes by decreasing their barrier
function (Merkus et al. 1999; Yang et al. 2004). Since cy-
clodextrins can both enhance and hamper drug delivery

through biological membranes it is of uttermost impor-
tance to optimize cyclodextrin containing drug formula-
tions with regard to drug delivery from the formulations
(Loftsson and Masson 2001). Too much or too little cyclo-
dextrin can result in less than optimum drug bioavailabil-
ity.
Many experimental methods used for in vitro evaluation of
drug delivery through membranes are equipped with stir-
rable donor chambers. In such devices the thickness of the
aqueous diffusion layer (i.e. the unstirred water-layer clo-
sest to the membrane) will depend on the stirring rate,
disappearing completely under vigorous stirring. Thus, in
such systems cyclodextrins can act as enhancers at low
stirring but then have no effect when the aqueous donor
phase is rapidly stirred. An example of such an experi-
mental model is hairless mouse skin (membrane) in a hor-
izontal side-bi-side diffusion cell with an aqueous donor
phase (Table 3).

4. Cyclodextrins and biological membranes

The effects of cyclodextrins on drug permeation through
various membranes are shown in Table 3. The two semi-
permeable cellophane membranes are hydrophilic mem-
branes with no lipophilic membrane barrier, and can be
regarded as unstirred aqueous layer (i.e. an aqueous diffu-
sion barrier). Both the drug (MW < 500) and the drug/cy-
clodextrin complex are able to permeate the membrane
with molecular weight cutoff (MWCO) 12–14,000 but
only the free drug is able to permeate the membrane with
MWCO 500. Thus, cyclodextrins are able to enhance drug
delivery through the MWCO 12–14,000 membrane but
not through the MWCO 500 membrane. Since the com-
plex is able to permeate the MWCO 12–14,000 membrane
adding excess cyclodextrin, more than is needed to solubi-
lize the drug, to the aqueous donor phase does not reduce
drug permeation. On the other hand, addition of excess
cyclodextrin to the donor phase reduces the amount of free
drug and, thus, reduces the drug permeation through the
MWCO 500 membrane. The properties of the fish skin ap-
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Table 1: Permeation of hydrocortisone (logKoctanol/water 1.6, MW 362 Dalton) through an artificial membrane consisting of semi-
permeable cellophane membrane, semi-permeable cellophane membrane (diffusion layer) with a fused octanol collodium
membrane (lipid membrane) at the receptor side, and a semi-permeable cellophane membrane with a fused dodecanol
collodium membrane (lipid membrane)

Donor Phase Cellophane Lipid Receptor Phase

Direction of permeation

X Y

D
ru

g
C

on
ce

nt
ra

ti
on

Property Cellophane Cellophane/ Octanol* Cellophane/ Dodecanol*

Thickness (mm):
Diffusion layer (X) 230 213 �230
Lipid membrane (Y) 0 140 140

Permeability (cm s�1)
Mean � standard deviation

4.19 � 0.46 � 10�6 4.05 � 0.47 � 10�6 1.19 � 0.35 � 10�6

* 1-Octanol: melting point �17 to �16 �C, viscosity (30 �C) 3.45 cP; 1-dodecanol: melting point 24 �C, viscosity (30 �C) 6.51 cP (Saleh et al. 2004)
The donor phase consisted of an aqueous 5% (w/v) 2-hydroxypropyl-b-cyclodextrin solution saturated with hydrocortisone (hydrocortisone conc. 10 mg/ml) and the receptor phase
consisted of 10% (w/v)) 2-hydroxypropyl-b-cyclodextrin solution (23 �C)



pear to be similar to those of semi-permeable membranes
with a MWCO much greater than 2000 (the MW of the
drug/cyclodextrin complex) (Másson et al. 2002).
Hairless mouse skin is much more permeable than human
skin (i.e. gives larger PM than human skin) and, under
certain conditions (i.e. when PM > PAq) drug permeation
through the skin can be hampered by drug permeation
through an external aqueous diffusion layer. Under such
conditions cyclodextrins can act as penetration enhancers
for lipophilic water-insoluble drugs. However, excess cy-
clodextrin will reduce the apparent partition coefficient (K
in Eq. 2) of the drug from the aqueous exterior to the
lipophilic membrane (Másson et al. 2005). Thus, excess
cyclodextrin will lower the value of PM leading to reduced
drug permeation.
Many biological membranes have an aqueous mucus layer
or other aqueous layers (e.g. tear film or saliva) adjacent
to the membrane surface. These aqueous layers can con-
tain proteins and polysaccharides (e.g. mucins) that bind

water molecules into gel-like structures of relatively high
viscosity (h) and, since PAq decreased with increasing h
(Eqs. (2) and (7)), these layers are more effective diffusion
barriers (i.e. lower PAq) than pure unstirred water layers.
Also, according to Eq. (2) PAq decreases with increasing
thickness of the aqueous layer (h). Under these conditions
PM is frequently larger than PAq and cyclodextrins can act
as penetration enhancers for lipophilic water-insoluble
drugs. In general, since PM decreases with increasing MW
of the drug (i.e. increasing r in Eq. (7)) cyclodextrins are
more effective enhancers for low MW drugs (MW less
than 500) than for high MW drugs.
Finally, since drug/cyclodextrin complexes are unable to
permeate lipophilic membranes, and since excess amounts
of cyclodextrins reduce the drug partition coefficient from
the aqueous exterior into the membrane, cyclodextrins can
reduce delivery of water-soluble drugs through lipophilic
membranes, resulting in reduced bioavailability. The con-
clusions are summarized in Table 4.
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Table 2: Some common observations regarding cyclodextrins and drug permeation through biological membranes

Observation Reference

Only negligible amounts of hydrophilic cyclodextrins and cyclodextrin complexes
are able to penetrate biological membranes such as skin and gastrointestinal
mucosa.

(Uekama et al. 1987; Gerlóczy et al. 1988; Tanaka
et al. 1995; Uekama et al. 1998; Matsuda and
Arima 1999; Loftsson and Masson 2001)

Cyclodextrins do not, in general, enhance permeability of hydrophilic
water-soluble drugs through lipophilic biological membranes.

(Loftsson and Stefánsson 1997; Siefert and Keipert
1997; Loftsson and Masson 2001; Loftsson et al.
2003b)

Cyclodextrins are able to alleviate local drug irritation after topical and oral
application.

(Amdidouche et al. 1994; Loftsson et al.
2004a)

Cyclodextrins are able to extract lipophilic components from biomembranes such
as stratum corneum but pretreatment with hydrophilic cyclodextrins does not
usually enhance permeability and reduced permeability is commonly observed at
relatively high cyclodextrin concentrations.

(Legendre et al. 1995; Arima et al. 1996; Vitória
et al. 1997; Arima et al. 1998; Babu and Pandit
2004)

Cyclodextrins can only act as enhancers from an aqueous exterior. (Preiss et al. 1994; Arima et al. 1998; Uekama
et al. 1998; Loftsson and Masson 2001)

Hydrophilic cyclodextrins reduced the amount of drug released from w/o cream
but enhanced the release from o/w cream. When applied to excised human skin
cyclodextrins enhanced drug delivery from o/w cream through the skin.

(Preiss et al. 1994; Preiss et al. 1995)

Cyclodextrins and conventional penetration enhancers, like fatty acids, or
mechanical enhancers, like iontophoresis, can have additive or synergistic effect on
drug delivery through biological membranes.

(Adachi et al. 1992; Adachi et al. 1993; Loftsson
et al. 1998; Sinha et al. 2003)

Cyclodextrins can, at least in theory, enhance drug bioavailability by stabilization
of drug molecules at the biomembrane surface.

(Irie et al. 1992)

Number of studies using various biomembranes, and under several different
experimental conditions, have shown that excess cyclodextrin, i.e. more than
needed to solubilize a given lipophilic drug in an aqueous vehicle, results in
decreased drug penetration through the membrane. Maximum enhancement is
obtained when just enough cyclodextrin is used to solubilize the lipophilic drug in
the aqueous vehicle.

(Cho et al. 1995; Jarho et al. 1996; Kublik et al.
1996; Chang and Banga 1998; Bary et al. 2000;
Zuo et al. 2000; Loftsson and Masson 2001; Felton
et al. 2002; Babu and Pandit 2004; Richter and
Keipert 2004; Manosroi et al. 2005) Cho et al.
1995; Jarho et al. 1996; Kublik et al. 1996; Chang
and Banga 1998; Bary et al. 2000; Zuo et al. 2000;
Loftsson and Masson 2001; Felton et al. 2002;
Babu and Pandit 2004; Richter and Keipert 2004;
Manosroi et al. 2005)

In oral drug delivery, greatest bioavailability enhancements are, in general,
obtained for Class II (high permeability, low solubility) drugs. No or very
insignificant enhancements are frequently obtained for Class I (high permeability,
high solubility) and Class III (high solubility; low permeability) drugs.

(Loftsson et al. 2004a)

For comparison: conventional penetration enhancers, like fatty acids and fatty
alcohols, improve transmembrane drug permeability by penetrating into the
membrane to reversibly decrease its barrier function.

(Tsutsumi et al. 2002; Williams and Barry 2004)



This research paper was presented during the 5th Conference on Retrometa-
bolism Based Drug Design and Targeting, May 8–11, 2005, Hakone, Japan.
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Preiss A, Mehnert W, Frömming K-H (1995) Penetration of hydrocortisone
into excised human skin under the influence of cyclodextrins. Pharmazie
50: 121–126.
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