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Abstract. While each of the two key parameters of oral drug absorption, the solubility and the
permeability, has been comprehensively studied separately, the relationship and interplay between the
two have been largely ignored. For instance, when formulating a low-solubility drug using various
solubilization techniques: what are we doing to the apparent permeability when we increase the
solubility? Permeability is equal to the drug’s diffusion coefficient through the membrane times the
membrane/aqueous partition coefficient divided by the membrane thickness. The direct correlation
between the intestinal permeability and the membrane/aqueous partitioning, which in turn is dependent
on the drug’s apparent solubility in the GI milieu, suggests that the solubility and the permeability are
closely associated, exhibiting a certain interplay between them, and the current view of treating the one
irrespectively of the other may not be sufficient. In this paper, we describe the research that has been
done thus far, and present new data, to shed light on this solubility–permeability interplay. It has been
shown that decreased apparent permeability accompanies the solubility increase when using different
solubilization methods. Overall, the weight of the evidence indicates that the solubility–permeability
interplay cannot be ignored when using solubility-enabling formulations; looking solely at the solubility
enhancement that the formulation enables may be misleading with regards to predicting the resulting
absorption, and hence, the solubility–permeability interplay must be taken into account to strike the
optimal solubility–permeability balance, in order to maximize the overall absorption.

KEY WORDS: BCS class II compounds; drug solubility; intestinal permeability; oral absorption; poor
aqueous solubility; solubility-enabling formulations; solubility–permeability tradeoff.

INTRODUCTION

The rate and extent of drug absorption from the
gastrointestinal (GI) tract are very complex and affected by
many factors. These include physicochemical factors, physio-
logical factors, and factors related to the dosage form (1–3).
Despite this complexity, the Biopharmaceutics Classification
System (BCS) developed by Amidon et al. (4) revealed that
the fundamental key parameters controlling oral drug ab-
sorption are the permeability of the drug through the GI
membrane and the solubility/dissolution of the drug dose in
the GI milieu. These key parameters are characterized in
the BCS, one of the most substantial tools in modern
pharmaceutics and biopharmaceutics of oral drug products
(5–10). While each of these two key parameters, the

solubility and the permeability, has been comprehensively
studied separately, and the validity and broad applicability
of the BCS have been the subject of extensive research and
discussion, the relationship and interplay between the two
have been largely disregarded, in spite of the crucial
significance and applicability this interplay may have, as
will be presented in this paper.

The number of low-solubility drug candidates is rising
constantly in today’s drug discovery, and by some estimates,
more than 40% of new drug candidates are lipophilic and
have poor aqueous solubility (11–15). Dissolution of the drug
in the aqueous milieu of the GI is almost always a
precondition for oral absorption, and hence, inadequate
aqueous solubility often causes limited oral bioavailability.
Low aqueous solubility hence is a common problem plaguing
the drug candidates in the pipeline of most major pharma-
ceutical companies. It should be noted that the degree of
solubility needs to be evaluated with relation to the intended
dose, i.e., dose number >1, according to the BCS principles.

A wide variety of solubility-enabling formulation
approaches have been developed and are routinely used to
tackle the problem of inadequate aqueous solubility, e.g.,
the use of surface active agents, lipid-based formulations,
self-emulsifying drug delivery systems, cyclodextrins, cosolvents,
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amorphous solid dispersions, and other techniques. While
significant increase of the apparent solubility may certainly
be achieved by these solubility-enabling formulations, the
effect on the overall fraction dose absorbed is rather
erratic; it is quite often that these formulations fail to
deliver the desired result, and outcomes of increased,
unchanged, or decreased absorption following the use of
solubility-enabling formulations have been reported in the
literature.

Although the intestinal permeability is, alongside the
aqueous solubility, a key parameter that governs oral
absorption, the impact of solubility-enabling formulations on
the intestinal membrane permeability of a lipophilic drug is
often overlooked and poorly understood. It is not the
effects of the formulation’s excipients on the permeability
mechanisms (e.g., transporters, gap junctions, etc.) that
we raise here, rather we focus on the direct interplay
between the apparent solubility and permeability, or
asked differently: what are we doing to the apparent
intestinal permeability of the drug when we use solubil-
ity-enabling formulations to increase the apparent aque-
ous solubility?

Intestinal permeability refers to the flow of a substance
across the organ, how deep can a substance penetrate into the
intestinal wall per time unit. Mathematically, permeability is
equal to the diffusion coefficient of the drug through the
membrane times the membrane/aqueous partition coefficient
of the drug divided by the membrane thickness. The direct
correlation between the intestinal permeability and the drug’s
GI membrane/GI milieu partitioning, which in turn is
dependent on the drug’s apparent solubility in the GI milieu,
suggests that the two key parameters dictating oral drug
absorption, the solubility and the permeability, may be closely
associated, exhibiting a certain interplay between them, and
the current view of treating the one irrespectively of the other
may not be sufficient.

In this paper, we will present the research that has been
done thus far to shed light on the solubility–permeability
(S-P) interplay. This interplay may be system dependent;
the effect of increasing the apparent solubility by, e.g.,
surfactants on the apparent permeability of the drug may
be different than the effect when utilizing other solubility
enhancement techniques. Hence, we will present the data
according to the different solubilizing methods that have
been investigated. Overall, this review highlights that the
weight of the evidence indicates that the solubility–perme-
ability interplay cannot be ignored when using solubility-
enabling formulations; looking solely at the solubility
enhancement that the formulation enables may be mislead-
ing with regards to predicting the resulting absorption, and
hence, the S-P interplay must be taken into account in
order to strike the optimal solubility–permeability balance
and maximize the overall oral absorption.

S-P INTERPLAY FROM CYCLODEXTRIN-BASED
SYSTEMS

Over the last 20 years, cyclodextrins have become a very
popular and useful drug delivery option for increasing the
aqueous solubility and oral absorption of hydrophobic drugs
(16–19). Cyclodextrins are crystalline, cyclic oligosaccharides

consisting of a hydrophilic outer surface that enables high
aqueous solubility and a hydrophobic central cavity that can
host hydrophobic solutes. In this way, cyclodextrins are
structurally designed to increase the apparent water solubility
of lipophilic drugs through the formation of more water-
soluble inclusion complexes (18,19).

Although the extraordinary solubility advantage
afforded by the use of cyclodextrins has led to their
widespread use, several reports have emerged that cyclo-
dextrins may also reduce the apparent permeability of the
coadministered drug (20–22). Intuitively, this effect may be
qualitatively explained by the decrease in the drug’s free
fraction available for membrane permeability; it is easy to
grasp that when the drug is bound to the cyclodextrin
complex, it cannot be absorbed. This tradeoff between
solubility increase and permeability decrease can lead to
paradoxical effects on the overall absorption. For example, a
critical review of the literature reveals that the use of
cyclodextrins may lead to improved, unchanged, or even
reduced fraction of drug absorbed (23,24). Further reports
have emerged in the literature which has made apparent
these opposing effects of cyclodextrins on the solubility and
the permeability, and qualitative guidelines have been
suggested for the proper use of cyclodextrins (20,24,25).
More recently, quantitative analyses have emerged that
enable simulation of the solubility–permeability interplay
and the overall effect of cyclodextrins on intestinal
membrane permeability (26–29). For instance, we have
recently developed a mathematical mass transport model to
elucidate the impact of molecular complexation with cyclo-
dextrins on the intestinal permeability, and to mechanisti-
cally elucidate the solubility–permeability interplay when
using cyclodextrin-based formulations (26). A schematic of
the model is shown in Fig. 1. The model takes into
consideration the effects of cyclodextrins on the intestinal
membrane permeability (Pm) as well as the unstirred water
layer (UWL) permeability (Paq), to allow prediction of the
overall effective permeability (Peff) dependence on the
concentration of cyclodextrin (CCD). The analysis revealed
that: (1) the UWL permeability increases with increasing
CCD due to quick decrease in the effective thickness of the
UWL with increasing CCD; (2) the permeability through
the intestinal membrane decreases with increasing CCD,
attributed to the decrease in the drug’s free fraction; and
(3) since Paq increases and Pm decreases with increasing
CCD, the unstirred water layer is effectively abolished and
the overall Peff tends toward membrane controlled, i.e.,
Peff≈Pm above a certain CCD. This mass transport model
enabled excellent quantitative prediction of progesterone
Peff as a function of HPβCD concentrations in several
permeability models, including the PAMPA assay, Caco-2
studies, and the in situ rat jejunal perfusion model. It was
demonstrated, hence, that when using cyclodextrins in
solubility-enabling formulations, the overall fraction of
drug absorbed is governed by a tradeoff that exists
between the solubility increase and permeability decrease.
Given these opposing effects, one must take into account
both solubility and permeability considerations, in order to
strike the appropriate balance between the two that will
allow to maximize the overall absorption from a cyclodextrin-
based formulation.
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To further evaluate our quasi-equilibrium membrane
transport model sketched in Fig. 1 (26), we applied the
model to some experimental permeability as a function
of cyclodextrin concentration data from the literature.
Brewster et al. (30) determined the Peff of carbamazepine
and hydrocortisone as a function of HPβCD concentra-
tion using the PAMPA assay, with a 2% (w/v) dioleyl-
phosphadityl choline in dodecane solution as the artificial
membrane. The authors determined the Peff of the
compounds at varying stir speeds in the absence of
HPβCD to create approximate UWL lengths of 25, 40,
and >100 μm. The Peff was essentially the same at UWL
lengths of 25 and 40 μm, indicating that the overall
transport was under membrane control at these UWL
lengths. Therefore, the Peff at UWL length of 25 μm was
assumed to be equal to Pm for both compounds (Pm=81.5×
10−6 cm/s for carbamazepine and Pm=32.5×10

−6 cm/s for
hydrocortisone). Likewise, the Peff at UWL length of >100 μm
was assumed to be equal toPaq for both compounds (Paq=23.7×
10−6 cm/s for carbamazepine and Paq=14.6×10

−6 cm/s for
hydrocortisone). Similar permeabilities were obtained at
UWL lengths of 40 and >100 μm for both compounds at all
HPβCD concentrations studied (7.1 to 71.4 mM). This
indicates that the UWL is non-rate limiting and the overall
Peff is under membrane control. Moreover, Peff<Paq over
the entire range of HPβCD concentrations that was studied
(7.1 to 71.4 mM). Our quasi-equilibrium membrane
transport model (Fig. 1) may be applied. Figures 2 and 3
compare the theoretical Peff as a function of HPβCD
predicted by the theoretical model to the experimentally
observed values reported by Brewster et al. (30) for
carbamazepine and hydrocortisone, respectively. It can be
seen that under all of the concentrations of HPβCD tested,
and for both compounds, an excellent agreement was
achieved between the predicted lines and the experimental
Peff values.

S-P INTERPLAY FROM SURFACTANT-BASED
SYSTEMS

The use of surfactants has long been a primary drug
delivery strategy to increase the apparent aqueous solubility
of lipophilic drugs. Indeed, surfactants often play a crucial
role in providing the solubilization power to enable the oral
absorption of poorly soluble drugs that otherwise could not
be delivered. Along the GI tract, naturally occurring surfac-
tants such as sodium taurocholate (STC) are present and play
important roles in solubilization of lipophilic drugs. Likewise,
artificial surfactants such as sodium lauryl sulfate (SLS) are
routinely added to the dosage form to increase the apparent
aqueous solubility of poorly soluble drugs.

While it is well recognized that surfactants can enable
extraordinary increases in the aqueous solubility of hydro-
phobic drugs, the impact of micellar solubilization on the
intestinal membrane permeability is often overlooked.
Previous studies have shown that the use of surfactants
may lead to increased, decreased, or unchanged membrane
permeability (31–42). It is important to note that surfac-
tants may increase intestinal membrane permeability for
drugs with inherently low-permeability and high aqueous
solubility (i.e., BCS class III compounds), e.g., through the
disruption of membrane integrity to increase paracellular
transport (e.g., tight junction opening, which may induce
potentially toxic effects) and/or the inhibition of efflux
transporters (36,39,42–45). However, for lipophilic drugs
with inherently high transcellular membrane permeability
(e.g., BCS class II), surfactants can decrease the free fraction of
drug which results in decreased intestinal membrane perme-
ability (31,35,39–42).

In using surfactants for the solubilization of lipophilic
drugs, it is well recognized that above the critical micelle
concentration (CMC), drugs may be incorporated into
surfactant micelles. And it is this micellization process which

Fig. 1. Schematic illustration of the quasi-equilibrium transport model describing the effect of cyclo-
dextrins or surfactants on the drug transport through the unstirred water layer and the intestinal
membrane, developed by Dahan et al. (26) and Miller et al. (35)
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drives the extraordinary increases in apparent aqueous
solubility often afforded by surfactants. However, the micellar
solubilization which gives rise to this important apparent
solubility enhancement also results in decreased free fraction
of drug. Similar to the case of cyclodextrins, this incorpora-
tion of drug in micelles significantly decreases the amount of
free drug available for permeation through the intestinal
membrane (31,32,34,35,40–42).

Amidon et al. (31) first established a theoretical model of
the impact of micellar solubilization on the apparent mem-
brane permeability of a poorly soluble drug. In this seminal
work, they showed that the apparent permeability of proges-
terone across an artificial dimethicone membrane was de-
creased with increasing concentration of Tween 80 above the
CMC (Fig. 4). We have since extended this work and the
mechanistic model by looking at the impact of micellar
solubilization by SLS and STC on the apparent permeability

of progesterone in the rat intestinal perfusion model (35).
The model for the solubility–permeability interplay when
using surfactants is closely related to the cyclodextrins model,
and hence, the schematic in Fig. 1 may represent the
surfactant case as well. Similar to the case of cyclodextrins,
this incorporation of drug in micelles significantly decreases
the amount of free drug available for intestinal membrane
permeation, such that Pm decreases with increasing surfactant
concentration above CMC. At the same time, the micellar
solubilization causes the effective UWL thickness to quickly
decrease, such that Paq markedly increases with increasing
surfactant concentration above the CMC. Since Paq increases
and Pm decreases with increasing surfactant concentration
above CMC, the unstirred water layer is effectively eliminat-
ed and the overall Peff tends toward membrane controlled as
surfactant concentration is increasing. Our work demon-
strates that when surfactants are used to enhance the
apparent solubility of lipophilic drugs, there exists an
interplay between solubility increase and permeability de-
crease. Most importantly, the opposing effects on the
solubility and the permeability must be accounted for, in
order to fully understand the impact on the overall absorption

Fig. 2. The apparent permeability (Papp; in centimeters per second)
of carbamazepine as a function of HPβCD concentration in the
PAMPA model. The theoretical line was calculated via the transport
model shown in Fig. 1 (26,35), and the experimental data points were
derived from Brewster et al. (30)

Fig. 3. The apparent permeability (Papp; in centimeters per second)
of hydrocortisone as a function of HPβCD concentration in the
PAMPA model. The theoretical line was calculated via the transport
model shown in Fig. 1 (26,35), and the experimental data points were
derived from Brewster et al. (30)

Fig. 4. Theoretical predictions of Peff (solid line) and Pm (dashed line)
as a function of polysorbate 80 concentration. Black circle, experi-
mentally determined Peff. Data derived from Amidon et al. (31)

Fig. 5. The effect of PEG-400 concentration on carbamazepine
intestinal permeability in rabbit colon perfusion. Data derived from
Riad and Sawchuk (46)
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when surfactants are employed to enhance the oral exposure of
a low-solubility drug. Our work offers a quantitative model that
may be used to understand this solubility–permeability inter-
play, and predict a priori the tradeoff that occurs between
apparent solubility increase and intestinal permeability decrease
when surfactants are used as pharmaceutical solubilizers.

It should be noted that the effective aqueous boundary
layer thickness refers to the drug concentration gradient from
the membrane surface to the bulk; it is important to
distinguish this parameter from the hydrodynamic boundary
layer thickness, which is the distance from the membrane
surface to the point at which the fluid hydrodynamics (i.e.,
mixing) becomes constant and equal to bulk. The hydrodynamic
boundary layer thickness is fixed under set hydrodynamic
conditions, while the effective aqueous boundary layer thickness
may change depending on the length of the concentration
gradient. This analysis also explains the reason that the
unstirred water boundary layer serves as a permeability barrier
for low-solubility compounds, while high-solubility drugs are
not affected by this boundary layer.

S-P INTERPLAY FROM NONBINDING SYSTEMS

In all of the cases presented thus far, the solubility
increase occurred due to micellization/complexation, which
reduces the free fraction of the drug. Decreased free fraction
is directly translated to lower concentration gradient and
hence thermodynamic driving force for membrane perme-
ation. Therefore, in all of these cases, the decreased
permeability with increased apparent solubility could be
attributed to free fraction considerations, and not necessarily
to direct interrelationship between the solubility and the
permeability. While the tradeoff between the apparent

solubility and intestinal permeability in binding systems (e.g.,
cyclodextrins, surfactants) is now well established and
understood, the question at this point was whether this
solubility–permeability tradeoff is unique to binding solu-
bilization methods, or is it a general phenomenon attribut-
able to the nature of increased apparent solubility per se,
regardless of the solubilization method being used.

An elegant approach to isolate the increased apparent
solubility from the free fraction may be the use of cosolvents.
Solubilization by cosolvent does not involve complexation
with the drug, and therefore, the issue of free fraction is not
relevant for these systems. Hence, such a system may allow to
investigate the direct solubility–permeability interplay. Riad
and Sawchuk (46) evaluated the effect of different levels of
polyethylene glycol 400 (PEG-400) on the intestinal perme-
ability of the antiepileptic lipophilic drug carbamazepine
using rabbit intestinal perfusion. The intestinal permeability
varied inversely with the percentage of PEG-400 (Fig. 5). The
authors explained the decreased permeability by a reduction
in the thermodynamic activity of carbamazepine with increased
concentrations of PEG-400, as well as by solvent drag consid-
erations due to osmolarity of the perfusing solutions (46).

We have recently studied the apparent aqueous solubility
(Saq) and rat intestinal permeability (Peff) of the lipophilic
drug progesterone in systems containing various levels of the
cosolvents propylene glycol and PEG-400, to reveal the
solubility–permeability interplay from nonbinding systems
(47). To eliminate possible influences on the permeability
results, thermodynamic activity was maintained equivalent in
all permeability studies (75% equilibrium solubility). Both
cosolvents increased progesterone Saq in nonlinear fashion.
Decreased Peff with increased Saq was observed, despite the
constant thermodynamic activity, and the nonrelevance of

Fig. 6. Schematic illustration of the quasi-equilibrium transport model describing the effect of cosolvent on
the drug transport through the unstirred water layer and the intestinal membrane. Complete derivation of
the equations can be found in Miller et al. (47)
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free fraction. A mass transport analysis was developed to
describe this interplay. A schematic of the model is shown in
Fig. 6. The model considers the effects of solubilization on the
permeability through the intestinal membrane (Pm) and the
permeability through the UWL (Paq), to predict the overall
Peff dependence on Saq. The analysis revealed that: (1) the
effective UWL thickness quickly decreases with ↑Saq, such
that Paq markedly increases with ↑Saq; (2) the apparent
membrane/aqueous partitioning decreases with ↑Saq, thereby
reducing the thermodynamic driving force for permeability
such that ↓Pm with ↑Saq; and (3) since ↑Paq and ↓Pm with
↑Saq, the UWL is eliminated and Peff becomes membrane
controlled with ↑Saq. The model allowed excellent quantita-
tive prediction of Peff as a function of Saq. The overall
apparent solubility vs. permeability predicted by the model is
presented in Fig. 7. This work demonstrated that a direct
tradeoff exists between the apparent solubility and perme-
ability irrespectively of the free fraction, which must be taken
into account when developing solubility-enabling formula-
tions to strike the optimal solubility–permeability balance, in
order to maximize the overall oral absorption.

To further evaluate our mass transport model sketched
in Fig. 6, we have applied the model to the literature
experimental carbamazepine permeability data from Riad
and Sawchuk (46) using our experimental carbamazepine
solubility data (48). It can be seen in Fig. 8 that the model
enabled excellent prediction of the experimental results.
More recently, we have revealed that the intestinal absorption
of carbamazepine is membrane controlled and that the
unstirred water layer is not effective as an absorption barrier
(48). Still, the apparent permeability of carbamazepine
decreased significantly with increased solubility in the presence
of PEG-400; the increased solubility in the aqueous GI milieu
reduced the apparent membrane/aqueous partitioning, thereby
reducing the driving force for membrane permeability. Hence,
we have shown that the solubility–permeability interplay exists
whether the aqueous boundary layer is an effective barrier to
the absorption, as in the previous examples with progesterone,
or not, as in the case of carbamazepine.

CONCLUSIONS

In conclusion, the weight of the evidence indicates that
the solubility–permeability interplay/tradeoff cannot be ig-
nored when using solubility-enabling formulations; the for-
mulator must assure that the solubility gain triumphs the
permeability loss, and then the result will be higher absorp-
tion. It is important to know and realize the solubility–
permeability tradeoff, to avoid the opposite scenario in which
the permeability loss triumphs the solubility gain. Overall,
looking solely at the solubility enhancement that the formu-
lation enables may be misleading with regards to predicting
the resulted absorption, and hence, the solubility–permeabil-
ity interplay must be accounted for to strike the optimal
solubility–permeability balance and to maximize the overall
absorption.

Fig. 8. The effective permeability (Peff; in centimeters per second) of
carbamazepine as a function of PEG-400 concentration in the rabbit
intestinal perfusion model. The theoretical line was calculated via the
transport model shown in Fig. 6 (47), and the experimental data
points were derived from Riad and Sawchuk (46)

Fig. 7. The effects of increasing propylene glycol (a, left panel) and PEG-400 (b, right panel) concentration on progesterone
apparent aqueous solubility and intestinal permeability based on the theoretical quasi-equilibrium transport model shown in
Fig. 6 (47)
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