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ABSTRACT: This review starts with an introduction on the theoretical aspects of biophar-
maceutics and developments in this field from mid-1950s to late 1970s. It critically addresses
issues related to fundamental processes in oral drug absorption such as the complex interplay
between drugs and the gastrointestinal system. Special emphasis is placed on drug dissolution
and permeability phenomena as well as on the mathematical modeling of oral drug absorption.
The review ends with regulatory aspects of oral drug absorption focusing on bioequivalence
studies and the US Food and Drug Administration and European Medicines Agency guidelines
dealing with Biopharmaceutics Classification System and Biopharmaceutic Drug Disposition
Classification System. © 2013 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci
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INTRODUCTION

In 1855, when Fick developed what is known today
as Fick’s laws of diffusion, he could not imagine that
these fundamental relationships would become, af-
ter 100 years or so, the basis for the description of
diffusion processes in pharmaceutical systems. Fick’s
first law states that the flux J (which represents the
amount of material flowing through a unit cross sec-
tion of a barrier or a membrane in unit time) is pro-
portional to the concentration gradient dC/dx

J = −D
dC
dx

(1)

where D is the diffusion coefficient of the diffusing
species (penetrant or diffusate) in cm2/s, C is its con-
centration, and x is the distance moved by the species
perpendicular to the surface of the barrier or the
membrane.1 The negative sign in Eq. 1 denotes that
the species diffuse in a direction opposite to that of the
increasing concentration. Forty-two years later, the
physical chemists Noyes and Whitney working in
the Massachusetts Institute of Technology studied the
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dissolution of lead chloride and benzoic acid and found
that the rate of dissolution, dC/dt, is proportional to
the concentration gradient (Cs–C):

dC
dt

= K(Cs − C) (2)

where K is a composite first-order dissolution rate
constant, CS is the solubility of the compound in the
dissolution medium at the temperature of the experi-
ment, and C is the concentration of solute in the bulk
solution at time t.2,3 Equation 2 signifies, in accord
with Fick’s first law (Eq. 1), that the driving force for
the rate of dissolution of solid particles is the concen-
tration gradient.

In mid-1950s, pioneer pharmaceutical scientists
started studying gastrointestinal (GI) absorption phe-
nomena and rediscovered Eqs. 1 and 2. They found
that GI uptake involves a simple diffusion, driven
by differences in drug concentration on both sites of
the membrane.4–7 Since then, the term “passive dif-
fusion” was coined and the corresponding theoretical
principles were formulated, namely, that the fraction
of undissociated drug and the pH of the intestines
are the principal factors for drug uptake. According
to this “pH-partition hypothesis,” only the nonion-
ized (i.e., lipid soluble) form of drug species passes
easily through biological membranes. Nowadays, our
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Figure 1. The evolution of gastrointestinal (GI) drug absorption analysis: science and regu-
lations. The numbers depicted in figure correspond to references.

views on the transport of molecules across mem-
branes have changed; a great variety of transporters
(proteins) are involved in moving various species such
as nutrients, drugs, and xenobiotics through biologi-
cal membranes.8,9 From the mid-1950s to mid-1960s,
it was realized that drug’s dissolution is the rate-
limiting step for the oral absorption of sparingly sol-
uble drugs, and Eq. 2 was used as the basis for the
analysis of dissolution data. Actually, Edwards,10 in
1951, was the first who realized that the rate of dis-
solution of a solid drug in the GI fluids can be the
rate-limiting step controlling its appearance in the
blood stream, provided that the absorption process is
rapid. In the same period, another pioneer scientist
Eino Nelson strongly believed that “the rate of GI ab-
sorption of most drugs, when administered in solid
form as tablets or capsules, is determined by their
rate of dissolution in GI fluids.”11 In 1957, Nelson12

first described the relationship between blood levels
of orally administered theophylline derivatives and
their dissolution rate in vitro. Inspired by Nelson, his
student Gerhard Levy13–16 decided to extend his work.
Realizing that the mixing of GI contents has a great
influence on in vivo drug dissolution, he tried to re-
late in vivo behavior to the in vitro dissolution test by
optimizing the in vitro stirring rate. Eventually, his
beaker dissolution test evolved into the widely used
United States Pharmacopeia (USP) dissolution appa-
ratus II. In fact, the rotating basket method of dis-
solution testing was the first official dissolution test
for solid dosage forms adopted by the USP 18 back in
1970. A few years later, on January 7, 1977, the US
Food and Drug Administration (FDA) finalized the

bioavailability and bioequivalence (BE) regulations
(Federal Register).17

This period (from mid-1950s to late 1970s) marked
the rise of biopharmaceutics–pharmacokinetics both
scientifically and in the regulatory setting.18 These
advances not only reshaped pharmacy but also phar-
macy studies in particular in the United States. Thus,
the relevant absorption, distribution, metabolism,
and excretion studies progressively became the core
of drug development. Since the mid-1980s, scientists
placed particular emphasis on the study of oral drug
absorption; these studies resulted in the publication
of a number of regulatory guidelines, by the drug
agencies, which greatly affected the pharmaceutical
companies.

In this work, we critically review the scientific and
regulatory evolution of oral drug absorption during
this modern era. The most important steps toward
the better understanding of GI absorption phenomena
together with the most relevant regulatory guidelines
can be seen in chronological order in Figure 1.

SCIENTIFIC ASPECTS OF ORAL DRUG
ABSORPTION

Oral intake is the most commonly used route of drug
administration and the most convenient for patients
resulting in high therapy compliance. Orally admin-
istered drug compounds should possess biopharma-
ceutical properties that enable them to achieve ther-
apeutic concentrations at their site of action. The
absorption of orally administered drugs is complex
and depends not only on drug properties but also on
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Figure 2. A schematic representation of drug absorption processes. The term MITT refers to
mean intestinal transit time. Four uptake mechanisms are depicted: transcellular, paracellular,
carrier-mediated transport, and efflux transport.

physiological aspects of the GI tract.34 The vari-
ous factors that may influence the rate and extent
of intestinal drug absorption can be classified as
drug/formulation dependent and system dependent
as follows: (a) drug/formulation-dependent factors—
drug physicochemical properties [e.g., aqueous sol-
ubility, permeability, molecular size, aggregation/
complexation, charge (pKa), H-bonding potential, hy-
drophobicity, and crystal lattice energy] and for-
mulation composition (e.g., dosage form, absorption
enhancers, and drug release); and (b) system-
dependent factors—physiological parameters (e.g.,
gastric emptying, intestinal motility, intestinal pH,
site-dependent permeability, intestinal content com-
position, and disease state) and biochemical param-
eters (e.g., metabolism, efflux transporters, and ac-
tive uptake transporters). Some of the most important
drug absorption processes are depicted in Figure 2.

Fundamental Processes in Oral Drug Absorption

The Complex Interplay Between Oral Drugs and GI
System

From the early days of gamma scintigraphy,35,36 un-
til the recent reviews on the in vivo imaging of drug
delivery systems in the GI tract,37 the complexity of
the structure, function, and composition the GI sys-
tem, as well as its critical impact on drug absorption
processes has been justified. A pictorial view of the
main absorption processes in the GI tract shown in
Figure 2 provides only a small insight into its com-
plexity. For example, the gastric emptying kinetics of
drugs as well as the transit of dosage forms through
the small intestine and the colon are all critical pa-
rameters contributing to the intra- and intersubject
variability in GI transit.38–40 Obviously, the bioavail-
ability of drugs is highly dependent on their transit
through the GI tract. Gastric emptying influences the
performance of delayed release dosage forms when
the latter are designed to release the drug upon reach-
ing the higher pH of the small intestine. Also, the
effect of meals on gastric emptying is pronounced.

Although the mean intestinal transit time is around
3–4 h, the colonic transit time varies enormously.40

The interested reader can find a plethora of studies
in review articles39,40 dealing with the methods used
for the transit of dosage forms through the GI tract.

One of the most important contributions relating to
the understanding of the volume and distribution of
intestinal fluid within the lumen of the GI tract was
published in a nonpharmaceutical journal in 2005.41

The results of this study clearly showed that fluid is
not homogeneously distributed along the gut; more-
over, extremely variable fluid volumes between 45
and 319 mL in the small intestine and between 1
and 44 mL in the colon were observed in fasted sub-
jects. “Fluid pockets” and “dry segments” were also ob-
served along the GI tract and the authors calculated
the number of nondisintegrating capsules at various
time points surrounded by liquid, partly surrounded
by liquid, and not in contact with liquid (Fig. 3). Ac-
cording to the authors, inhomogeneous distribution
(fluid-filled pockets and “dry segments”) in the in-
testines causes erratic absorption. Most importantly,
the authors argued against the homogeneous condi-
tions of the official dissolution tests. In full agree-
ment with these observations, similar explanations
for the failure of in vitro - in vivocorrelations (IVIVC)
of modified release formulations have been proposed
recently.42

The understanding of the effect of the heteroge-
neous structure, composition, and function of the GI
tract on the kinetics of drug absorption processes has
been a goal for several decades in the pharmaceu-
tical sciences. However, a paper published in 1997
questioned the validity of the diffusion theory in the
complex medium of the GI tract for the description of
the drug absorption processes.43 It was proposed that
“fractal like kinetics”44 is more suitable for processes
taking place in heterogeneous media. According to
this type of kinetics, time-dependent rate coefficients
and note rate constants govern the GI processes:

k = k1t−h (t �= 0) (3)
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Figure 3. (a) Image of the indigestible capsules, with watery gel pellets, and (b) Location of
capsules in the stomach, small and large intestine under fasting conditions (left) and 1 h after
ingestion of meal (right). The number of the labeled capsules located in the respective organ is
listed in the tables. Adopted from Ref. 41.

where k1 is a constant not dependent on time with
units (time)h–1, h is a pure number different than zero,
and k the time-dependent rate coefficient. The expo-
nent, h, arises from two different phenomena, namely,
the geometric disorder of the medium and the imper-
fect mixing of the GI contents.

Dissolution

Although the official pharmacopeial dissolution tests
have been designed as quality control procedures,
these tests are also used as surrogates of in vivo
bioavailability for the past 20 years or so. However,
the wide use of Biopharmaceutics Classification Sys-
tem (BCS)24 and the publication of the relevant FDA
guidance25 in 2000 increased the possibility of substi-
tuting dissolution testing for clinical studies and the
need for dissolution tests designed to better predict
the in vivo performance. Accordingly, the advances
made in the various aspects of drug dissolution were
mainly focused on the understanding of and/or resem-
blance to in vivo drug dissolution. The principal fea-
tures–components of drug dissolution, namely, disso-
lution mechanism(s), hydrodynamics, solubility, and
composition of the dissolution medium were recently
studied in the context of the complex interplay be-
tween drug delivery system and GI physiology.

Apart from the official dissolution tests, various dis-
solution apparatuses have been designed during the
past 15 years to mimic what happens to a drug once
ingested.45–51 Some of these innovative approaches
have been patented and for this reason have not been

used extensively. Most of these approaches attempt to
incorporate one or more of the dynamical physiolog-
ical processes, for example, GI peristalsis, physiolog-
ical mixing, hydrodynamics, mechanical conditions,
and food materials.

Shortly after the heterogeneous consideration of
GI drug absorption,43 the population growth model of
dissolution was developed52; this model does not re-
quire the presuppositions of Fick’s law of diffusion and
does not rely on the concept of time continuity because
the mass dissolved is a function of a discrete time in-
dex specifying successive dose-dissolved generations.
This approach has been also used for the modeling
of supersaturated dissolution data.53 The continuous
analog of the population growth model of dissolution52

was introduced by Lánský and Weiss54 wherein the
dissolution rate is considered as a decreasing function
of the dissolved amount controlled by the solubility—
dose ratio. This work should be considered as the first
reaction-limited model of drug dissolution of the mod-
ern era; the study shows that the mean dissolution
time (MDT) is dependent on the solubility–dose ratio
contrary to the common belief that MDT is equal to
the reciprocal of the dissolution rate constant. These
findings prompted Rinaki et al.55 to reexamine the
classical diffusion layer model of Noyes and Whitney
(expressed in terms of the amount of drug dissolved)
and found that the MDT is explicitly related to the
solubility–dose ratio when the entire dose can be dis-
solved. Interestingly, the MDT is equal to the recip-
rocal of the dissolution rate constant only when the
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dose is equal to the amount needed to saturate the dis-
solution medium. Because of the predominant role of
the solubility–dose ratio in drug dissolution, branched
versions of the Noyes and Whitney equation and of
the Weibull function were developed for the analysis
of dissolution data that reach the plateau either at in-
finite or finite time.56 Moreover, particular emphasis
was placed on the random effects of drug dissolution
as well as the role of heterogeneity in the determinis-
tic models of drug dissolution.57 These concepts were
further developed by the introduction of fractional ki-
netics to model nonclassical drug dissolution, release,
and absorption.58–60

Solubility, Supersaturated Solutions, and Precipita-
tion. According to Eq. 2, the saturation solubility
(Cs) drives the dissolution rate. This fact is mirrored
in the dominant role of solubility for biopharma-
ceutical classification purposes.24 Traditionally, equi-
librium solubility measurements using the so-called
“shake flask method” are carried out to get estimates
of the thermodynamic solubility. The latter corre-
sponds to the highest concentration of the substance
under investigation that can be achieved in a liquid
medium of specified composition at a given tempera-
ture, for example, 25◦C or 37◦C.

Since the mid-1980s, the interest of scientists was
focused on drug solubility measurements and dissolu-
tion tests in media that are more akin to in vivo condi-
tions. In this context, a series of studies61–65 revealed
that the solubility of drug in milk increases with
lipophilicity while the dissolution results in milk were
found to be drug dependent for immediate release
formulations or product dependent for controlled re-
lease formulations. Upon the publication of the BCS
article,24 these type of studies triggered off the devel-
opment of biorelevant media in particular for solu-
bility–dissolution studies of class II compounds.66 A
comprehensive complete review article on the use of
biorelevant media for the in vitro testing of orally ad-
ministered dosage forms was published recently.67

Several years ago, scientists developed methods
for the measurement of what we call today kinetic
solubility.68,69 The kinetic aspects of solubility are
related to supersaturated solutions and precipitation
phenomena. In fact, kinetic solubility has been
defined as the concentration where precipitation
first starts to appear during the process of inducing
precipitation. Because supersaturated solutions are
frequently formed in the GI tract70,71 and drug precip-
itation can affect the bioavailability of drug, kinetic
solubility measurements and crystallization
rates have been the subject of several recent
publications.72,73 In a recent study,74 two patterns
of pH-induced precipitation behavior for weakly
basic compounds were observed. The duration of
supersaturation was short-lived for compounds that

precipitate in crystalline forms. Prolonged supersat-
uration and amorphous precipitates were found for
compounds that did not readily crystallize.

Overall, three approaches are utilized for the study
of (gastro) intestinal precipitation. The first approach
relies on in vitro multicompartment systems where
the studied substance is dissolved in simulated GI
media in the different compartments and the incom-
plete dissolution/precipitation is monitored.75 Impor-
tant factors for all in vitro methodologies are the hy-
drodynamic conditions used during the experiment as
well as the stirring mechanism.73 According to Carlert
et al.,73 the simple in vitro methods of in vivo pre-
cipitation of BCS class II bases overpredict the crys-
talline intestinal precipitation in humans. The sec-
ond approach is based on pharmacokinetic studies in
humans.73 Here, the linearity of maximum observed
plasma concentration (Cmax) and area under the con-
centration—time curve (AUC) versus dose plots as
well as the comparison of the plots, obtained under
various experimental conditions, allow the investiga-
tor to assess the in vivo precipitation of drug. This
approach has been applied to the study of the intesti-
nal precipitation of a basic BCS class II drug in the
presence or absence of omeprazole.73 It is interesting
to note that this type of analysis (AUC vs. dose plots)
has been used for the development of dose-dependent
BCS (DDBCS).32 Finally, the third approach relies
on human aspirates.70 The results obtained in this
type of study should be interpreted with caution be-
cause they provide a very specific regional estimate
of the extent of precipitation at the site of measure-
ments. Because of spatiotemporal changes in the com-
position–hydrodynamics of the GI system,41,43 the es-
timates for the percentage of precipitation observed
cannot be extrapolated to the whole physiological re-
gion of interest, for example, the upper small intes-
tine. In parallel, the extreme variability and time-
dependent solubilizing capacity of human intestinal
fluids76 in the fasted, fed, and fat-enriched fed state
coupled with the stress effect of the volunteers partici-
pating in the study are additional reasons for the cau-
tious interpretation of in vivo precipitation results. It
can be concluded that the intersubject differences in
intestinal luminal contents coupled with their time-
dependent character are the main reasons for the
enormous variability in the in vivo dissolution/release
precipitation studies based on human aspirates.76,77

Various attempts have been made to model su-
persaturated dissolution–precipitation data. A clas-
sical supersaturated dissolution curve shows a rise
to a concentration maximum followed by a decline
to a steady-state level. This behavior cannot be cap-
tured by the conventional diffusion layer model.
The models proposed for the interpretation of su-
persaturated dissolution data are the population
growth model of dissolution,52 and two versions of a
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Figure 4. Processes involved in the dissolution of carbamazepine (CBZ) tablets in the presence
of D-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS). Adopted from Ref. 79.

reaction-limited model of dissolution.54,78 Another ap-
proach employs a time-dependent rate coefficient in-
stead of a dissolution rate constant; it has been used
to describe the complex dissolution–precipitation of
carbamazepine tablets in the presence of D-alpha-
tocopheryl polyethylene glycol 1000 succinate (TPGS)
(Fig. 4).79,80 Several studies have recently focused on
the modeling of the precipitation process as well as
the assessment of precipitation rates. For modeling
purposes, the classical theory of crystallization in-
volving the nucleation step and the particle growth
step is used.81,82

Dissolution Mechanisms—Hydrodynamics. As men-
tioned in the Introduction, the first dissolution study
was published in 1897 and since then Eq. 2 has be-
come the landmark in the quantification of dissolution
studies. As a matter of fact, Eq. 2 relies on the “dif-
fusion layer model” or film model.83 According to this
model, a thin diffusion layer of high concentration
fluid is formed around the surface of the solid parti-
cles; the transfer of the dissolved species through the
diffusion layer to the bulk aqueous phase is the rate-
limiting step of the dissolution process. According to
Eq. 2, the Cs is the predominant parameter because
it drives the dissolution rate. Equation 2 has not only
been used as the basic tool for the analysis of dis-
solution data and the interpretation of the effect of
the various factors involved on the rate of dissolution

but also it has been used to emulate the dissolution
process under in vivo conditions.

However, the drug dissolution mechanism(s) is
closely related to the hydrodynamics prevailing un-
der in vitro or in vivo conditions. In this vein, Scholz
et al.84 questioned whether the USP paddle method
can be used to represent in vivo conditions. Although
the authors concluded that the USP paddle method
can be used to reflect variations in hydrodynamic con-
ditions in the upper GI tract provided an appropri-
ate composition is chosen, the results of recent stud-
ies based on computational fluid dynamics revealed
the high complexity of the fluid flow in the in vitro
systems.85–88 Moreover, the detailed analysis of the
relationship between the diffusional layer thickness
and particle size under a defined set of hydrodynamic
conditions revealed different functions dependent on
paddle speed.89 In the most recent work on this topic
of research, Wang et al.90 elegantly described the clas-
sical dissolution models and showed that the mod-
els of Brunner–Tolloczko91 and Hixson–Crowell92 are
quite similar to the Noyes–Whitney model (Eq. 2) and
all of them rely on an unphysical constant diffusion
layer thickness assumption. Because of confinement
of particles as a result of either the intestinal geome-
try or an impermeable rigid container, the authors90

developed a time-dependent “infinite domain model”
and a “quasi steady-state model,” which both take into
account the change with time of the diffusion layer
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thickness. The “confinement effects” justified in the
latter study are in full agreement with the concept of
“topological constraints” used to interpret the kinetics
of drug dissolution93 on the basis of time-dependent
rate coefficients and not rate constants. The latter
approach provides a theoretical interpretation of the
extensive use of the Weibull function in dissolution
and release studies.94

Permeability

Permeability is a parameter that shows the degree
of a solute penetration into a membrane in a spe-
cific time. It is, therefore, expressed in velocity units
length per time. It can be derived from Fick’s first law
of diffusion1 (Eq. 1) and is extensively used for the
quantification of drug’s penetration ability through
biological membranes.

Drug absorption through the gut membrane is a
complex process, achieved either by passive diffu-
sion or by active transport (Fig. 2). In addition, the
presence of various efflux transporters such as P-
glycoprotein (P-gp), multidrug resistance protein 2,
and breast cancer resistance protein may limit in-
testinal absorption by drug extrusion from the cells,
thus preventing several drug molecules to enter the
blood circulation.9 Drugs that are passively trans-
ported may cross the GI membrane via either the
paracellular or trancellular route (Fig. 2). Paracellu-
lar absorption involves gut wall permeation through
the tight junctions. Accordingly, drugs with spe-
cial physicochemical characteristics (e.g., small size,
positive charge, and hydrophilicity) may enter blood
circulation through this route. On the contrary, tran-
scellular penetration requires drugs of medium size,
nonionized and of adequate lipophilicity, to pass
through epithelial gut membrane. Drugs that cannot
pass either paracellularly or transcellulary may enter
blood circulation via influx transporters.

The first attempts to simulate cell membranes and
measure intestinal permeability for passively trans-
ported molecules were made in the early 1960s95,96

Thin teflon sheets were used with a small hole of
0.5 mm diameter. When placing a small quantity of
phospholipids over the hole, a thin film was formed
and excess lipid flowed to the perimeter of the hole.
The central film eventually formed a single bilayer
lipid membrane (BLM) over the hole. Lipids able to
form this BLM were found to be phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, and
so forth, mostly coming from natural sources. These
BLMs, although not easy to handle because they are
very fragile, were considered as adequate models to
simulate the complex physiological membranes.96 Us-
ing these BLM systems, a linear relationship was
found between the determined permeability coeffi-
cients, logP0, of various carboxylic acids97 and p-toluic

acid derivatives,98 and the values of the respective oil/
water partition coefficients, logKp.

Various in vitro methods have been developed to
study drug permeation across intestinal epithelial
cells. Methods that are based on the physicochemi-
cal parameters of the drug and measurement of their
ability to pass through artificial lipid phases that
mimic in vivo cell membranes can be roughly referred
as physicochemical or “cell-free” methods. Methods
that are based on the measurement of drug transport
through cultured cell lines can be referred as “cell-
based” methods. The most often applied cell-based in
vitro methods use culture cells such as the adenocar-
cinoma cell line derived from human colonic epithe-
lia (Caco-2 cells) and Martin–Darby canine kidney
(MDCK) cells.99,100 Culture cell-based models can be
used not only to study drug partition into a mem-
brane but also to elucidate the mechanisms of drug
absorption and the possible binding to epithelial pro-
teins, for example, influx and efflux transporters and
enzymes.99,100 Alternatively, cell-free in vitro methods
using artificial membranes have been proposed, with
reduce cost, such as the “parallel artificial membrane
permeability” approach (PAMPA),96,101–112 mainly to
study and predict intestinal permeability of drugs
that are passively absorbed.

Cell-Free In Vitro Methods. For passively absorbed
drugs, permeability characteristics across the GI ep-
ithelium can be predicted using the physicochem-
ical parameters of a drug, for example, molecular
weight, aqueous solubility, partition or distribution
coefficients, log P and log D, polar surface area, and
so forth.101–105 Ungell106 found good correlation be-
tween log D values and drug permeability across in-
testinal epithelial cell monolayers (Caco-2), whereas
Camenisch et al.104 studied drug permeation through
artificial membranes composed of millipore cellulose
ester filters impregnated with octanol and isopropy-
lmyristate. They found an S-shaped curve relating
the measured Peff values and the respective octanol/
water partition coefficients, Kd,7.4, within the range
of lipophilicity values studied. Phospholipid vesicles
composed of phosphatidylcholine analogs (the main
phospholipid component of the cell membrane) have
been used to study drug uptake into the cellular lipid
bilayer.107 In parallel, immobilized artificial mem-
brane columns108,109 have also been used to predict
membrane permeability. These artificial membranes
are composed of phospholipids (e.g., phosphatidyl-
choline analogs or unilamellar liposomes)110 immobi-
lized on silica surfaces and measurements of perme-
ability are based on the different retention of drugs
on the column, depending on their lipophilicity.

In 1998, Kansy et al.111 introduced the “parallel ar-
tificial membrane permeability assay.” The PAMPA
assay, as extended by Avdeef et al.102,103 possesses
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an easy way to measure membrane retention. The
PAMPA assay is composed of a “sandwich” system
formed from a 96-well microtiter plate and a 96-well
microfilter plate. Each composite well is divided into
two chambers (a donor at the bottom and an ac-
ceptor at the top), separated by a 125-:m-thick mi-
crofilter disc with 0.45:m pores, coated with a 2%
(w/v) dioleoylphosphatidylcholine–dodecane solution,
under conditions that form multilamellar bilayers in-
side the filter channels when the system is in con-
tact with an aqueous solution. This method and its
modifications102,103,112 are very suitable to assess pas-
sive transcellular permeability during early stages of
drug discovery.

Cell-Based In Vitro Methods. Cell-based in vitro
methods are also applied to investigate intestinal
drug absorption. These methods offer more physio-
logical conditions, whereas absorption mechanisms
(i.e., passive diffusion, active transport) and transport
rate and uptake into cells can also be studied. The
most commonly applied cell-based in vitro models for
intestinal absorption use intestinal adenocarcinoma
cell lines, Caco-2, HT29, HT29-18, HT29-H, and T84,
for permeability experiments because of their ability
to differentiate in culture.99,113–116 Alternatively, cell
lines from animals, such as MDCK, CHO (Chinese
hamster ovary), and 2/4/A1 (rat), can be also used as
in vitro models for intestinal absorption.117,118

The Caco-2 cell line was first produced in 1977 by
Fogh et al.113 using well differentiated colon adeno-
carcinoma cells taken from a 72-year-old patient. The
main advantages of Caco-2 cells are their high de-
gree of spontaneous differentiation under standard-
ized culture conditions, similar to human intestinal
enterocytic differentiation, as well as their ability to
be maintained in culture.99,113,119,120 Differentiation
is completed within 20 days.119,120 Caco-2 differenti-
ated cells form an epithelial membrane that exhibits
barrier function similar to the human colon, expresses
carrier proteins similar to the small intestine and
have high levels of alkaline phosphatase, sucraseiso-
maltase, and aminopeptidase activity, characteristic
to enterocyte brush border microvilli.99,121,122

Caco-2 cell models have been used to study
the permeability of drugs that are passively
transported through the intestinal epithelium
by either paracellular99,120,123 or transcellular
mechanisms,99,114,120 whereas carrier-mediated
transport of various compounds has also been
studied.99,120–125 In the last decade, Caco-2 cell lines
have also been applied to investigate the effect of
carrier-mediated efflux and enterocyte metabolism
on the intestinal absorption of several drugs because
a variety of transporters and enzymes (such as efflux
transporters of the ABC-transporter family) are
expressed in Caco-2 cells.99,120,126–133

Good correlation between the fraction of dose ab-
sorbed after oral administration in humans and the
predicted in vitro apparent permeability in Caco-
2 cells has been observed,134,135 whereas struc-
ture permeability relationships using permeability
measurements in Caco-2 cells have been estab-
lished for drugs that are either passively or ac-
tively transported.136–138 However, because of their
poor paracellular permeability properties, Caco-2
cells122,123,139 lead to very poor permeability predic-
tions for hydrophilic drugs that are absorbed mainly
paracellularly.

Martin–Darby canine kidney cell lines are also
commonly used epithelial cell lines for studying in-
testinal drug absorption and investigating the un-
derlying mechanism.117 MDCK cells differentiate to
columnar epithelial cells when cultured on semiper-
meable supports, showing well formed tight junctions
at the apical surface.140 Culture MDCK cell lines are
well characterized (e.g., morphology, electrical resis-
tance, and polarization) and provide a good in vitro
model for drug transport and interaction studies with
drugs.141–145 Permeability data for highly and mainly
passively diffused drugs correlate well with perme-
ability data obtained from experiments with other
cell cultures.140 However, poor correlation was found
for compounds showing low permeability, probably
because of differences in tight junctions and active
transport properties.

The main advantage of MDCK cells is their small
culturing time that varies from 3 days for the par-
ent line to 7–10 days for subclone 2 MDCK, in
comparison with Caco-2 cells that need about 21
days to form a fully differentiated polarized cell
monolayer.

It should also be mentioned that apart from the
various in vitro methods used to predict intestinal
permeability of drugs, the interplay of various fac-
tors, such as cytochrome P450 enzymes and P-gp
transporters, pH microclimate and P-gp transporters,
concentration dependence of P-gp substrates perme-
ability, on GI drug absorption has been extensively
discussed.146–148

Mathematical Modeling of Oral Drug Absorption

The Absorption Potential Concept

The introduction of the absorption potential (AP)
concept20 marked the commencement of the modern
era of oral drug absorption analysis. A pseudo-steady-
state model was utilized to emulate GI drug absorp-
tion; the AP of each drug was defined in terms of the
dose (D), the n-octanol–water partition coefficient, P,
the intrinsic solubility (S0), the volume of the intesti-
nal fluids (VL), and the fraction of the nonionized form
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of the drug (Fnon) at pH 6.5 as follows:

AP = log PFnon
S0VL

D
(4)

The use of log in Eq. 4 is made simply for numeri-
cal reasons. The AP concept relies on Fick’s first law
of diffusion and the “pH-partition hypothesis” princi-
ples because the parameters S0, log P, and Fnon are
related proportionally to AP. For the first time, the
dose D was expressed explicitly in this type of calcu-
lations while the use of the luminal volume VL makes
the AP dimensionless; the latter was assigned a value
of 250 mL. The article20 provided conclusive evidence
of a sigmoid relationship between the fraction of dose
absorbed Fabs and AP for nine drugs examined. A
quantitative approach for the prediction of Fabs as
a function of AP was published a few years later,21

based on a pharmacokinetic version of the pseudo-
steady-state model used for the development of AP.
Fabs was defined in terms of the first-order absorp-
tion rate constant ka and a first-order rate constant
leading to nonabsorption kn:

Fabs = ka

ka + kn
(5)

ka was considered proportional to AP, ka = λ( AP),
whereas kn was considered proportional to 1/AP, kn =
μ/(AP), and an explicit relationship was derived for
Fabs

Fabs = 8 × (AP)2

(AP)2 + : × Fnon × (1 − Fnon)
(6)

The last equation reveals that Fabs approaches one
asymptotically as AP is increased.

The Mixing Tank Model

In 1986, the mixing tank model was introduced by
Dressman and Fleisher149 to describe the absorption
process in the intestine. The model described the in-
testine as a well stirred compartment (mixing tank),
where dissolution and absorption take place simulta-
neously and a first-order decrease of drug is consid-
ered because of transfer out of the intestinal tank.
Although in its simplest form, the mixing tank model
does not consider the intestinal transit process, it can
be modified to include the mean intestinal transit
time as a time constraint after which absorption is
terminated.22,23

From the Microscopic Tube Model to BCS

In 1993, Amidon and coworkers23 developed the mi-
croscopic tube model for drug absorption that was
based on mass balance considerations. In this work,
three fundamental parameters, the “dissolution,”

Figure 5. The Biopharmaceutics Classification System as
proposed by Amidon and co-workers.24

“dose,” and “absorption” numbers, were described to
control the extent of oral drug absorption.23 Accord-
ing to the microscopic model for drug absorption, Cs
is the driving force for drug dissolution because dis-
solution follows the diffusion layer model, whereas
drug permeation follows passive diffusion and drug
uptake is governed by drug permeability. Based on
this work, in 1995, Amidon et al.24 developed the BCS.
Drug classification according to the BCS is based on
drug aqueous solubility and intestinal permeability.
Four drug classes were defined on this basis, namely,
class I or high solubility/high permeability, class II
or low solubility/high permeability, class III or high
solubility/low permeability, and class IV or low solu-
bility/low permeability (Fig. 5). These drug substance
properties were also combined with the dissolution
characteristics of the drug formulation to predict the
possibility to establish in vitro–in vivo correlations for
each BCS class.

The Compartmental Absorption and Transit Model

The compartmental absorption and transit (CAT)
model was developed by Yu et al.150 and by Grass.151

This model describes the intestine as a number of
compartments in series, each one corresponding to a
specific intestinal region. The mathematical descrip-
tion of the model is given by the following equation:

dMn

dt
= KtMn−1 − KtMn − KanMn (7)

where Mn and Mn–1 are the amount of drug in com-
partments n and the previous compartment n–1, re-
spectively, Kt is the transit rate constant that is same
for all compartments, and Kan is the absorption rate
constant for the n th compartment. Kan is connected
to the effective permeability Peff, by the relation Kan
= 2Peff/R, where R is the radius of the intestinal lu-
men. Seven compartments have been proposed by Yu
et al.150 as the best model to describe the small intes-
tine. Regarding the physical meaning of the compart-
ments, the first is considered to correspond to the duo-
denum, the second and the third to the jejunum, and
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the last four to the ileum. For model completion, two
additional compartments are considered to describe
the stomach and the colon and the final model consists
of a total of nine compartments. Gastric emptying is
considered to be first- or zero-order process describ-
ing drug transit from the stomach compartment to
the first intestinal compartment, whereas dissolution
and release processes can also be incorporated.152

In a modified CAT model, the so-called advanced
CAT (ACAT), larger values were given to the tran-
sit rate constants to simulate the physiologic flows
of the actual segments of the intestinal tube.153 The
ACAT model in its total form is the basis of the com-
mercial software package GastroPlusTM (Simulations
Plus, Lancaster, CA) and incorporates a number of
additional processes, for example, release, dissolu-
tion, precipitation, gut metabolism, and influx and
efflux transports. Similarly, the advanced dissolution,
absorption, and metabolism (ADAM) mechanistic ab-
sorption model is the basis of the commercial software
package SimCyp R© (Certara Inc., St. Louis, MO).

The Dispersion Models

The dispersion model, developed in 1980 by Ni
et al.,154 is an alternative to the compartmental math-
ematical description of intestinal absorption. The in-
testine is described by a tube and within it a contin-
uous concentration spatial profile is considered. The
time evolution of the spatial profile of the concentra-
tion, C(z,t), is described mathematically by a partial
differential equation incorporating dispersion, trans-
port, and absorption as follows:

∂C(z, t)
∂t

= "
∂2C(z, t)

∂z2 − $
∂C(z, t)

∂z
− (C(z, t) (8)

where " is the dispersion coefficient, mainly because
of geometrical dispersion; $ corresponds to the veloc-
ity of the intestinal fluid; and ( = 2Peff/R is the drug
absorption rate constant, expressed in terms of effec-
tive permeability, Peff, and the radius of the intestine,
R. This equation can be solved numerically by setting
appropriate initial profile and boundary conditions to
be fully defined, which for some special cases, has an-
alytical solutions.154

A dispersion-like model was also proposed in 2003
by Willmann et al.,155 first for the rat model and
later for humans. The model considers a continu-
ous drug concentration profile in the intestine tube,
to mimic the dispersion and transport procedure
in the intestine, described by a Gaussian function
with a transiently moving center and varying width.
This model became part of the commercial, physio-
logically based, pharmacokinetic simulation software
PK-Sim R© (Bayer Technology Services, Leverkusen,
Germany). Another model was proposed, which was
based on a heterogeneous GI tube. The latter relies on

probabilistic approaches for drug transit, dissolution,
and permeation.156

Absorption Models Based on Structure

Computer-based models, using calculated molecular
descriptors, have also been developed to predict the
extent of absorption from chemical structure. These
models are mainly used in the early stages of the drug
discovery process to facilitate the screening and se-
lection of new drug molecule candidates. The physic-
ochemical descriptors of drug molecules are useful
tools for predicting absorption for passively absorbed
drugs. On the contrary, for sparingly soluble drugs,
dissolution is the rate-limiting step, whereas for polar
drugs, permeability becomes the rate-limiting step.
Therefore, computer-based models are using molecu-
lar descriptors that are closely related to important
drug properties such as aqueous solubility and per-
meability across the intestinal epithelium.

The most popular model for rapid screening of com-
pounds that are likely to be poorly absorbed is the so-
called Lipinski’s “rule of 5,”157 according to which in-
testinal absorption of a drug candidate is more likely
to be poor when its structure is characterized by:

• molecular mass > 500 Da,
• logP > 5,
• more than five H-bond donors expressed as the

sum of OHs and NHs, and
• more than 10 H-bond acceptors expressed as the

sum of Ns and Os.

Apart from the various computational approaches
for the prediction of intestinal drug permeability and
solubility, which have been reported,158 computer-
based absorption models utilize a large number of
topological, electronic, and geometric descriptors to
take into account both aqueous drug solubility and
permeability. To this end, descriptors of “partitioned
total surface areas,”159 molecular descriptors (e.g.,
ClogP, molecular polar surface area, number of hy-
drogen acceptors and donors, and Abraham molecu-
lar descriptors),160–162 and various structural descrip-
tors with neural networks163were found to be good
determinants of oral drug absorption. For example,
radial basis function artificial neural networks and
theoretical descriptors were used by Turner et al.163

to develop a quantitative structure–pharmacokinetic
relationship for structurally diverse drug compounds.
The proposed model may be used as a tool for pre-
liminary selection of potential drug candidates elimi-
nating expensive laboratory experiments. On the con-
trary, the descriptors included in the final model may
provide useful information on the structural require-
ments for the design of new adequately bioavailable
drug molecules.
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REGULATORY ASPECTS OF ORAL DRUG
ABSORPTION

Bioequivalence Studies

The historical aspects of the evolution of bioavailabil-
ity and BE concepts in the FDA have been reviewed
recently.164,165 The landmark of these advances in
regulatory science is the introduction of the term
“bioavailability” used to describe the extent and rate
of drug entrance in the systemic circulation.17,166–168

Building on the concept of bioavailability, FDA scien-
tists developed the science of comparative bioavail-
ability studies that under the regulatory framework
are called BE studies.17,166–168 According to the reg-
ulatory authorities, two drug products of the same
active moiety and at the same molar dose are
bioequivalent if their rate and extent of absorp-
tion are so similar to ensure comparable in vivo
performance.29,169 Extent of absorption is usually ex-
pressed by the AUC, whereas rate of absorption is as-
sessed by the Cmax of the drug.170–172 A large number
of papers published in the literature either question
the adequacy of Cmax as a rate parameter or propose
other approaches.170,173,174 However, Cmax is still used
as the sole parameter for the assessment of the drug
absorption rate.29,169

Classically, assessment of BE is based on the con-
cept of average BE169 where the test product (T)
is considered bioequivalent to the reference prod-
uct (R) if the calculated 90% confidence interval for
the difference in their logarithmic-transformed mean
measures of bioavailability lies between prespecified
limits.169,175 By general consensus, physicians sug-
gested that for most drugs, a 20% difference in the
means of pharmacokinetic parameters (AUC, Cmax)
between the two formulations does not lead to signif-
icant clinical differences.

Bioequivalence of Highly Variable Drugs

According to the concept of average BE, the estimated
residual variability is considered to be a measure of
within-subject variability (WSV). When this quantity
has a coefficient of variation higher than or equal to
30%, the drug or drug product are called highly vari-
able drugs (HVDs).176,177 However, in cases of HVDs,
there is an increased rejection rate of BE even for
truly equivalent drugs.178–180 In other words, as WSV
increases, it becomes more difficult to prove BE, un-
less a large number of subjects are recruited. To over-
come the limitations of high variability, several meth-
ods have been proposed such as an increase in sample
size, steady-state studies, widening of acceptance lim-
its, scaled BE methods, and the use of replicate clini-
cal designs.178,180–189 Recently, scientists from the Eu-
ropean Medicines Agency (EMA) and the FDA have
proposed reference-scaled approaches using only the

WSV of the reference formulation.29,190–196 EMA pro-
poses a reference-scaled BE criterion, for a coeffi-
cient of variation of WSV up to 50%, applied only
to Cmax.29,195 In case of the FDA, a similar approach
was proposed with two main differences: (a) scaling is
allowed for both AUC and Cmax and (b) no upper vari-
ability limit is considered. This implies that, in case
of the FDA’s approach, BE limits scale continuously
with WSV of reference product.190–194

It should be highlighted that even though both the
FDA and EMA currently allow the use of reference-
scaled BE approaches, the two methods do not ex-
hibit similar performances always. These two pro-
cedures are only identical when variability is lower
than 30% and in essence no scaling takes place. When
scaling is in effect, the FDA’s approach appears to be
more permissive than the EMA’s method. It has been
shown that the major discrepancy, between the FDA’s
and EMA’s scaling approaches, is observed for coeffi-
cients of variation of WSV values higher than 50%
and when sample size is less than 50.196 In addition,
the GMR constraint is essential for the FDA’s ap-
proach, but it is of limiting importance in case of the
EMA’s scaling approach.196 Comparison of these two
scaling approaches reveals that the increase of sam-
ple size affects the EMA limits more than the FDA’s
approach.196

It is widely acknowledged that the main advantage
of scaled BE methods relies on the fact that fewer
subjects are required to achieve adequate statistical
power comparing with the classic 2 × 2 BE studies. In
turn, this finding is considered to reflect less human
exposure. However, it should not be disregarded that
human exposure does not only refer to the number
of subjects participating in the study, but also to the
number of drug administration each subject receives.
In this vein, replicate designs include more periods of
drug administration, which imply increased exposure
of each subject to the drug.

Biowaivers

As has already been mentioned, BE assessment is
usually based on in vivo studies in accord with the
drug agencies guidelines. Nevertheless, other types of
evidence can also be used to demonstrate BE such as
pharmacodynamic data, clinical studies with safety
and/or efficacy endpoints, or even in vitro data.169

Of special importance are the situations wherein
BE studies can be substituted with another type of ev-
idence, such as in vitro data to save time, reduce cost,
and unnecessary human exposure in clinical trials.
These conditions are included under the general term
“biowaivers,” which refer to all exceptions from the ne-
cessity to perform clinical studies. The most common
type of biowaivers adopted by the regulatory agen-
cies refer to the application of in vitro–in vivo corre-
lations, BCS, and Biopharmaceutic Drug Disposition
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Classification System (BDDCS).24,25,28–31,33,197–201

Granting of a biowaiver can be acceptable if certain
prerequisites are upheld.169

The FDA Guidance on BCS and Relevant Concerns

This guidance25 was issued in 2000 provides regu-
latory benefit for highly permeable drugs that are
formulated in rapidly dissolving solid immediate re-
lease formulations. A drug is defined as highly soluble
“when the highest dose strength is soluble in 250 mL
or less of aqueous media over the pH range of 1.0–7.5”
while a drug product is defined as rapidly dissolving
when no less than 85% of the dose is dissolved within
30 min using USP Apparatus I at 100 rpm in a volume
of 900 mL in 0.1 N HCl, as well as in pH 4.5 and 6.8
buffers.

However, the BCS24 and the criteria used for solu-
bility and permeability classification in the FDA guid-
ance 25 have been criticized several times. In this vein,
the high solubility definition of the FDA guidance
was criticized as too strict for acidic drugs such as
non-steroidal anti-inflammatory drugs because they
exhibit extensive GI absorption.26 These observations
have been explained on the basis of the dynamics of
the two consecutive processes, dissolution and GI wall
permeation.27 Moreover, the solubility–dose ratio was
proposed202 as a more meaningful parameter for bio-
pharmaceutic classification purposes.

The “rule of unity” was proposed in 2006 by
Yalkowsky et al.203 They introduced a new absorp-
tion parameter, Π, to predict the absorption efficiency
of orally administered drugs that are passively trans-
ported. In reality, the “rule of unity” is a semiempirical
model based on the AP concept.20,21 According to this
model, drugs are classified as “well absorbed” when
their absorption values, Π, correspond to more than
50% of the administered dose, whereas those with
absorption values corresponding to less than 50% of
the dose are classified as “poorly absorbed.” The frac-
tion of dose absorbed was related to parameter Π,204

allowing experimentally based estimates for the vol-
ume of intestinal contents; moreover, scientifically
based changes for the current BCS were suggested.
Dissolution-based instead of solubility-based classi-
fications have also been proposed for new molecular
entities204,205 and marketed drugs.204

Also, Box and Comer206 used pKa, logP, and intrin-
sic solubility values (S0) to investigate supersatura-
tion and predict the BCS class of 84 marketed ion-
izable drugs. They used plots of logP versus logS0,
divided in four segments corresponding to the BCS
classes. For BCS class II drugs that could form super-
saturated solutions, it was observed that the use of
kinetic solubility instead of S0 moved them into the
region of BCS class I drugs. The authors suggest that
supersaturation provides a way to keep a drug tem-

Figure 6. The biopharmaceutics drug disposition classifi-
cation system as proposed by Wu and Benet.28

porarily in solution and could be useful when assess-
ing the possibility of improving solubility to obtain a
biowaiver.206

BDDCS: From Science to Regulation

Professor Leslie Benet questioned the ability of a sin-
gle permeability estimate to predict the extent of drug
absorption, despite the great popularity of BCS and
the relevant FDA guidance published in 1995 and
2000, respectively. Based on these concerns, Wu and
Benet28 developed in 2005 the so-called BDDCS, ac-
tually, an extended version of BCS that includes drug
elimination and the effects of efflux and transporters
on oral drug absorption (Fig. 6).28 Wu and Benet28

proposed this modified version of BCS as a useful tool
in predicting: (1) overall drug disposition when trans-
porter–enzyme interplay will yield clinically signifi-
cant effects; (2) the direction, mechanism, and impor-
tance of food effects; and (3) the transporter effects on
postabsorption systemic drug concentration following
oral and intravenous dosing. The authors also suggest
that the number of class I biowaivers will increase
if classified using the BDDCS-based elimination
criteria.

However, the effect of transporters is dependent on
the dose administered because, for high doses, they
may be fully saturated. Thus, absorption may be lim-
ited by transporter efflux and gut wall metabolism
only for drugs administered at low doses. Irrespec-
tively of the dose utilized, EMA proposed the “≥90%
metabolized” as cutoff limit an alternative criterion
for the extent of absorption for class I biowaivers.29

More specifically, in the EMA guideline,29 it is stated
that “following a single oral dose to humans, admin-
istered at the highest dose strength, mass balance
of phase 1 oxidative and phase 2 conjugative drug
metabolites in the urine and feces, account for ≥90%
of the dose administered.” This is the strictest defini-
tion because for an orally administered drug to be at
least 90% metabolized by phase 1 and phase 2 pro-
cesses, it is obvious that the drug must be extensively
absorbed.29
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Recently, computational models have been devel-
oped to predict the BDDCS class for new compounds
using molecular structure and available molecular de-
scriptors and software.207 According to the authors,
these in silico approaches may help the pharmaceu-
tical industry providing drugs to the patient more
rapidly and with reduced cost. In addition, these
methods may have significant applications in drug
discovery for the identification of new molecule can-
didates to be formulated in dosage forms.207

The BDDCS-based permeability classification of
marketed drugs was also proposed200 and the extent
of drug metabolism (≥90% metabolized) was used to
define class I marketed drugs suitable for a waiver
of BE studies. Furthermore, in their recent work,
Benet and Larregieu208 stated that “although FDA-
approved BCS class I drugs are designated as high-
permeability drugs, in fact, the criterion utilized is
high extent of absorption. This ambiguity should be
eliminated, and the FDA criterion should explicitly be
stated as at least 90% absorption based on absolute
bioavailability or mass balance.”

Benet et al.30 classified over 900 drugs using BD-
DCS criteria and also applied a computational ap-
proach to predict BDDCS class of new molecular en-
tities from molecular structures.31 A very interesting
result of both studies is that the solubility–dose ratio
is an important parameter for BDDCS classification.
Prompted by these advances,30,31 an in-depth study of
the role of the solubility–dose ratio in the biopharma-
ceutics classification of drugs was performed.32 The
original model24 used for the development of BCS was
modified27 and used to examine in detail the effect of
dose on the fraction of dose absorbed for each one of
the four BCS drug classes. Based on this modeling
work, the concepts of the critical dose and effective in
vivo solubility were developed.32 Moreover, real data
were analyzed to derive estimates of effective in vivo
solubility. These results led to the development of a
dose-dependent version of BCS, the so-called DDBCS,
according to which class migration as a function of
dose may be justified for certain drugs. Finally, in his
very recent paper, Benet33 focuses on the complimen-
tary role of BCS and BDDCS in the improvement,
simplification, and speed of drug development.

Locally Acting Drugs in the GI Tract

A waiver for the need to conduct BE studies may also
be acceptable in cases of drugs that are locally applied
and are intended for local action.29,209 Plausibly, any
systemic action of these products is considered an un-
desirable effect. Examples of pharmaceutical prepa-
rations falling under this category include products
for local use after nasal, dermal, ocular administra-
tion, and so forth. In the same context, drug products
for oral or vaginal administration exerting local ac-
tion in the GI could be included.

An example of an active moiety with such prop-
erties could be mesalamine, which is used to treat
inflammatory bowel disease. The rationale for justi-
fying equivalence in these cases is based on the fun-
damental assumption of BE testing. For example, in
the case of an orally administered drug with systemic
effect, the measured endpoint (e.g., plasma concen-
trations) acts as a surrogate for the concentration at
the site of action. Likewise, the most critical issue, for
mesalamine and its active metabolite, is to achieve
effective concentrations in the intestine. Thus, local
concentrations of mesalamine in the GI determine lo-
cal anti-inflammatory action. Accordingly, it is sug-
gested that BE assessment of this type of drugs (e.g.,
mesalamine) could be based on scintigraphic studies
coupled with drugs’ measurements in plasma. Spe-
cific criteria can be used for the GI performance of the
formulations such as the onset of release and tran-
sit time through the colon. However, according to the
FDA, BE studies with clinical and pharmacokinetic
endpoints are proposed.210–213 In case of the phar-
macokinetic studies, plasma mesalamine should be
measured not only after oral but also following rectal
administration.

CONCLUSIONS

Although the past 30 years or so can be viewed as
the golden era of oral drug absorption both in the sci-
entific and regulatory setting, important unanswered
problems still exist and many questions relevant to
the transformation–implementation of scientific the-
ories and experimental observations of drug absorp-
tion to regulatory guidelines are still open.

Generally, classical diffusion principles still ap-
ply in most of the published work on GI drug ab-
sorption despite the inherent heterogeneity encoun-
tered both in vitro and in vivo. Notable examples
are (1) the long dispute on “constant” diffusion layer
thickness throughout the dissolution process (see
Ref. 90 and references therein); (2) different ap-
proaches utilized the most sophisticated software
for GI drug absorption processes, namely, the Noyes
Whitney (GastroPlusTM) equation and the Flana-
gan relationship (SimCyp R©) to mimic in vivo dis-
solution, whereas seven discrete homogeneous com-
partments with transit rate constants are used to
emulate in vivo drug transit; (3) permeability esti-
mates that do not properly reflect the extent of drug
absorption33,208,214,215; and (4) despite the extensive
use of the Weibull function and the power law for the
analysis of the entire set of dissolution/release data,
the time-dependent character of these processes has
not been recognized as yet.93,94,216 Besides, the ex-
act origin and the implications of variability in GI
drug lumen concentrations reported in numerous in
vivo studies have not been elucidated so far. Although
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linear IVIVC are routinely applied, nonlinear IVIVC
are uncommon in the literature.59

As far as the regulatory work is concerned, remark-
able differences are found between the BE guidelines
of the various agencies. For example, the WHO pro-
posal on in vivo BE requirements does not only al-
low biowaivers for BCS class II substances but also
utilizes the solubility–dose ratio for biopharmaceuti-
cal classification purposes217; these features have not
been included in the FDA’s and EMA’s BE guidelines
as yet. Similarly, the leveling off character of the BE
limits for Cmax can only be found in the EMA’s and not
in the FDA’s BE guidelines.196 In contrast, the first
steps toward dealing with the biosimilarity problem
have been taken by an FDA board,218 whereas EMA
has not yet taken any steps despite its extensive work
on the biologics guidelines.
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38. Stefanio M, Locatelli I, Vrečer F, Sever T, Mrhar A, Bogataj
M. 2012. The influence of gastric emptying kinetics on the
drug release from enteric coated pellets in fasted state: An in
vitro/in vivo correlation. Eur J Pharm Biopharm 82:376–382.

39. Yuen KH. 2010. The transit of dosage forms through the small
intestine. Int J Pharm 395:9–16.

40. Wilson GG. 2010. The transit of dosage forms through the
colon. Int J Pharm 395:17–25.
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135. Sköld C, Winiwarter S, Wernevik J, Bergström F, Engström
L, Allen R, Box K, Comer J, Mole J, Hallberg A, Lennernäs
H, Lundstedt T, Ungell AL, Karlén A. 2006. Presentation of
a structurally diverse and commercially available drug data
set for correlation and benchmarking studies. J Med Chem
49:6660–6671.

136. Ekins S, Durst GL, Stratford RE, Thorner DA, Lewis R, Lon-
charich RJ, Wikel JH. 2001. Three-dimensional quantitative
structure-permeability relationship analysis for series of in-
hibitors of rhinovirus replication. J Chem Inf Comput Sci
41:1578–1586.

137. Goodwin J, Condari R, Ho N, Burton P. 2001. Physicochemi-
cal determinants of passive membrane permeability: Role of
solute hydrogen-bonding potential and volume. J Med Chem
44:3721–3729.

138. Liang E, Proudfoot J, Yazdanian M. 2000. Mechanisms of
transport and structure-permeability relationship of sul-
fasalazine and its analogs in Caco-2 cell mololayers. Pharm
Res 17:1168–1174.

139. Grasset E, Pinto M, Dussaulx E, Zweibaum A. 1984. Epithe-
lial properties of human colonic carcinoma cell line Caco-2;
electrical parameters. Am J Physiol 247:C260–C267.

140. Irvine JD, Takahashi L, Lockhart K, Cheong J, Tolan JW,
Selick HE, Grove JR. 1999. MDCK (Madin-Darby canine kid-
ney) cells: A tool for membrane permeability screening. J
Pharm Sci 88:28–33.

141. Rothen-Rutishauser B, Kraemer SD, Braun A, Guenthert M,
Wunderli-Allenspach H. 1998. MDCK cell cultures as an ep-
ithelial in vitro model: Cytoskeleton and tight junctions as
indicators for the definition of age-related stages by confocal
microscopy. Pharm Res 15:964–971.

142. Flanagan SD, Cummins CL, Susanto M, Liu X, Taka-
hashi LH, Benet LZ. 2002. Comparison of furosemide and
vinblastine secretion from cell lines overexpressing mul-
tidrug resistance protein (P-glycoprotein) and multidrug
resistance-associated proteins (MRP1 and MRP2). Pharma-
cology 64:126–134.

143. Evers R, Kool L, van Deemter H, Janssen H, Calafat J,
Oomen LC, Paulusma CC, Oude Elferink RP, Baas F,
Schinkel AH, Borst P. 1998. Drug export activity of the hu-
man canalicularmultispecific organic anion transporter in
polarized kidney MDCK cells expressing cMOAT (MRP2)
cDNA. J Clin Invest 101:1310–1319.

144. Tang F, Horic K, Borchardt R. 2002. Are MDCK cells trans-
fected with the human MRP2 gene a good model for human
intestinal mucosa? Pharm Res 19:773–779.

145. König J, Rost D, Cui Y, Keppler D. 1999. Characterization
of the human multidrug resistance protein isoform MRP3 lo-
calized to the basolateral hepatocyte membrane. Hepatology
29:1156–1163.

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES



18 MACHERAS, KARALIS, AND VALSAMI

146. Zhang Y, Benet LZ. 2001. The gut as a barrier to drug
absorption: Combined role of cytochrome P450 3A and P-
glycoprotein. Clin Pharmacokin 40:159–168.

147. Kristl A. 2009. Membrane permeability in the GI tract: The
interplay between microclimate pH and transporters. Chem
Biodiver 6:1923–1942.

148. Tachibana T, Kitamura S, Kato M, Mitsui T, Shirasaka
Y, Yamashita S, Sugiyama Y. 2010. Model analysis of the
concentration-dependent permeability of P-gp substrates.
Pharm Res 27:442–446.

149. Dressman J, Fleisher D. 1986. Mixing-tank model for pre-
dicting dissolution rate control or oral absorption. J Pharm
Sci 75:109–116.

150. Yu LX, Crison JR, Amidon GL. 1996. Compartmental transit
and dispersion model analysis of small intestinal transit flow
in humans. Int J Pharm 140:111–118.

151. Grass GM. 1997. Simulation models to predict oral drug ab-
sorption from in vitro data. Adv Drug Deliv Rev 23:199–219.

152. Yu LX, Amidon GL. 1999. A compartmental absorption and
transit model for estimating oral drug absorption. Int J
Pharm 186:119–125.

153. Agoram B, Woltasz WS, Bolger MB. 2001. Predicting the im-
pact of physiological and biochemical processes on oral drug
bioavailability. Adv Drug Deliv Rev 50:S41–S67.

154. Ni PF, Ho NFH, Fox JL, Leuenberger H, Higuchi WI. 1980.
Theoretical-model studies of intestinal drug absorption. V.
Non-steady-state fluid-flow and absorption. Int J Pharm
5:33–47.

155. Willmann S, Schmitt W, Keldenich J, Dressmann JB. 2003. A
physiologic model for simulating GI flow and drug absorption
in rats. Pharm Res 20:1766–1771.

156. Kalampokis A, Argyrakis P, Macheras P. 1999. A hetero-
geneous tube model of intestinal drug absorption based on
probabilistic concepts. Pharm Res 16:1764–1769.

157. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. 1997.
Experimental and computational approaches to estimate sol-
ubility and permeability in drug discovery and development
settings. Adv Drug Deliv Rev 23:4–25.

158. Stenberg P, Bergström CA, Luthman K, Artursson P. 2002.
Theoretical predictions of drug absorption in drug discovery
and development. Clin Pharmacokinet 41:877–899.

159. Bergström CA, Strafford M, Lazorova L, Avdeef A, Luth-
man K, Artursson P. 2003. Absorption classification of oral
drugs based on molecular surface properties. J Med Chem
46:558–570.

160. Van de Waterbeemd H, Jones B. 2003. Predicting oral absorp-
tion and bioavailability. Prog Med Chem 41:1–59.

161. Zhao YH, Le J, Abraham MH, Hersey A, Eddershaw PJ, Lus-
combe CN, Butina D, Beck G, Sherborne B, Cooper I, Platts
JA. 2001. Evaluation of human intestinal absorption data
and subsequent derivation of a quantitative structure–ac-
tivity relationship (QSAR) with the Abraham descriptors. J
Pharm Sci 90:749–784.

162. Zhao YH, Abraham MH, Le J, Hersey A, Luscombe CN, Beck
G, Sherborne B, Cooper I. 2002. Rate-limited steps of human
oral absorption and QSAR studies. Pharm Res 19:1446–1457.

163. Turner JV, Maddalena DJ, Agatonovic-Kustrin S. 2004.
Bioavailability prediction based on molecular structure for
a diverse series of drugs. Pharm Res 21:68–82.

164. Midha KK, McKay G. 2009. Bioequivalence: Its history, prac-
tice and future. AAPS J 11:664–670.

165. Skelly JP. 2010. A history of biopharmaceutics in the Food
and Drug Administration. AAPS J 12:44–50.

166. 21 C.F.R. Part 320—Bioavailability and bioequivalence re-
quirements title 21—Food and drugs.

167. Federal Register. 1969. Federal Register 34:2673.
168. Federal Register. 1970. Federal Register 35:6574.
169. Food and Drug Administration (FDA). Center for Drug Eval-

uation and Research (CDER). 2003. Bioavailability and bioe-
quivalence studies for orally administered drug products.
General Considerations. Rockville, Maryland: FDA.

170. Bois FY, Tozer TN, Hauck WW, Chen ML, Patnaik R,
Williams RL. 1994. Bioequivalence: Performance of several
measures of extent of absorption. Pharm Res 11:715-722.

171. Bois FY, Tozer TN, Hauck WW, Chen ML, Patnaik R,
Williams RL. 1994. Bioequivalence: Performance of several
measures of rate of absorption. Pharm Res 11:966–974.

172. Chen ML, Lesko LJ, Williams RL. 2001. Measures of expo-
sure versus measures of rate and extent of absorption. Clin
Pharmacokinet 40:565–572.

173. Macheras P, Symillides M, Reppas C. 1996. An improved
intercept method for the assessment of absorption rate in
bioequivalence studies. Pharm Res 13:1755–1758.

174. Endrenyi L, Tothfalusi L. 1995. Without extrapolation, Cmax/
AUC is an effective metric in investigations of bioequivalence.
Pharm Res 12:937–942.

175. Food and Drug Administration (FDA). Center for Drug Eval-
uation and Research (CDER). 2001. Statistical approaches to
establishing bioequivalence. Rockville, Maryland: FDA.

176. Midha K, Rawson M, Hubbard J. 1998. Bioequivalence:
Switchability and scaling. Eur J Pharm Sci 6:87–91.

177. McGilveray IJ, Midha KK, Skelly JP, Dighe S, Doluisio JT,
French IW, Karim A, Burford R. 1990. Consensus report from
“Bio-International ‘89”: Issues in the evaluation of bioavail-
ability data. J Pharm Sci 79:945–946.

178. Blume HH, McGilveray IJ, Midha KK. 1995. Bio-
International 94, Conference on bioavailability, bioequiv-
alence and pharmacokinetic studies. Eur J Pharm Sci
3:113–124.

179. Blume HH, Midha KK. 1993. Bio-international ‘92, Confer-
ence on bioavailability, bioequivalence and pharmacokinetic
studies. J Pharm Sci 11:1186–1189.

180. Shah VP, Yacobi A, Barr WH, Benet LZ, Breimer D, Dobrin-
ska MR, Endrenyi L, Fairweather W, Gillespie W, Gonzalez
MA, Hooper J, Jackson A, Lesko LJ, Midha KK, Noonan PK,
Patnaik R, Williams RL. 1996. Absorption of orally admin-
istered highly variable drugs and drug formulations. Pharm
Res 13:1590–1594.

181. European Medicines Agency (EMA). 2001. Evaluation of
Medicines for Human Use, CPMP. Note for GUIDANCE on
the investigation of bioavailability and bioequivalence, Lon-
don,UK: EMA.

182. Tothfalusi L, Endrenyi L, Midha K. 2003. Scaling or wider
bioequivalence limits for highly variable drugs and for the
special case of Cmax. Int J Clin Pharmacol Ther 41:217–225.

183. Boddy AW, Snikeris FC, Kringle RO, Wei GC, Oppermann
JA, Midha KK. 1995. An approach for widening the bioequiv-
alence acceptance limits in the case of highly variable drugs.
Pharm Res 12:1865–1868.

184. Tothfalusi L, Endrenyi L. 2003. Limits for the scaled average
bioequivalence of highly variable drugs and drug products.
Pharm Res 20:382–389.

185. Karalis V, Symillides M, Macheras P. 2004. Novel scaled av-
erage bioequivalence limits based on GMR and variability
considerations. Pharm Res 21:1933–1942.

186. Karalis V, Macheras P, Symillides M. 2005. Geometric mean
ratio dependent scaled bioequivalence limits with leveling-off
properties. Eur J Pharm Sci 26:54–61.

187. Kytariolos J, Karalis V, Macheras P, Symillides M. 2006.
Novel scaled bioequivalence limits with leveling-off proper-
ties. Pharm Res 23:2657–2664.

188. Tothfalusi L, Endrenyi L, Arieta AG. 2009. Evaluation of
bioequivalence for highly variable drugs with scaled average
bioequivalence. Clin Pharmacokinet 48:725–743.

189. Food and Drug Administration (FDA). 2011. Office of Generic
Drugs, Draft Guidance for Industry on Bioequivalence

JOURNAL OF PHARMACEUTICAL SCIENCES DOI 10.1002/jps



ON THE SCIENCE AND REGULATION OF ORAL DRUG ABSORPTION 19

Recommendations for Progesterone Capsules.Rockville,
Maryland: FDA.

190. Haidar SH, Davit B, Chen ML, Conner D, Lee L, Li QH,
Lionberger R, Makhlouf F, Patel D, Schuirmann DJ, Yu LX.
2008. Bioequivalence approaches for highly variable drugs
and drug products. Pharm Res 15:237–241.

191. Haidar SH, Makhlouf F, Schuirmann DJ, Hyslop T, Davit B,
Conner D, Yu LX. 2008. Evaluation of a scaling approach
for the bioequivalence of highly variable drugs. AAPS J
10:450–454.

192. Davit B. 2006. Highly variable drugs bioequivalence issues:
FDA proposal under consideration. Meeting of FDA Commit-
tee for Pharmaceutical Science. Rockville, Maryland: FDA.

193. Davit B. 2007. Highly variable drugs—Bioequivalence issues:
FDA proposal under consideration. AAPS/FDA Workshop on
BE, BCS, and Beyond. North Bethesda, Maryland: FDA.

194. Davit B. 2011. Highly variable drugs: Reference-scaled av-
erage bioequivalence and sequential design studies. AAPS
Workshop on Facilitating Oral Product Development and Re-
ducing Regulatory Burden through Novel Approaches to As-
sess Bioavailability/Bioequivalence. Washington DC.

195. Karalis V, Symillides M, Macheras P. 2011. On the leveling-
off properties of the new bioequivalence limits for highly
variable drugs of the EMA guideline. Eur J Pharm Sci
44:497–505.

196. Karalis V, Symillides M, Macheras P. 2012. Bioequivalence
of highly variable drugs: A comparison of the newly pro-
posed regulatory approaches by FDA and EMA. Pharm Res
29:1066–1077.

197. Chen ML, Amidon GL, Benet LZ, Lennernas H, Yu LX. 2011.
The BCS, BDDCS, and regulatory guidances. Pharm Res
28:1774–1778.

198. Custodio J, Wu C, Benet L. 2008. Predicting drug disposition,
absorption/elimination/transporter interplay and the role of
food on drug absorption. Adv Drug Deliv Rev 60:717–733.

199. Benet L. 2010. Predicting drug disposition via application
of a biopharmaceutics drug disposition classification system.
Basic Clin Pharmacol Toxicol 106:162–167.

200. Benet LZ, Amidon GL, Barends DM, Lennernäs H, Polli JE,
Shah VP, Stavchansky SA, Yu LX. 2008. The use of BDDCS
in classifying the permeability of marketed drugs. Pharm Res
25:483–488.

201. Food and Drug Administration (FDA). Center for Drug Eval-
uation and Research (CDER). 1997. Guidance for industry.
Extended release oral dosage forms: Development, evalua-
tion, and application of in vitro/in vivo correlations. Rockville,
Maryland: FDA.

202. Rinaki E, Valsami G, Macheras P. 2003. Quantitative Bio-
pharmaceutics Classification System: The central role of
dose/solubility ratio. Pharm Res 20:1917–1925.

203. Yalkowsky SH, Johnson JL, Sanghvi T, Machatha SG. 2006.
A ‘rule of unity’ for human intestinal absorption. Pharm Res
23:2475–2481.

204. Papadopoulou V, Valsami G, Dokoumetzidis A, Macheras
P. 2008. Biopharmaceutics Classification Systems for new
molecular entities (BCS-NMEs) and marketed drugs (BCS-
MD): Theoretical basis and practical examples. Int J Pharm
361:70–77.

205. Zakeri-Milani P, Barzegar-Jalali M, Azimi M, Valizadeh H.
2009. Biopharmaceutical classification of drugs using intrin-
sic dissolution rate (IDR) and rat intestinal permeability. Eur
J Pharm Biopharm 73:102–106.

206. Box K, Comer J. 2008. Using measured pKa, log P and solu-
bility to investigate supersaturation and predict BCS Class.
Curr Drug Metabol 9:869–878.

207. Khandelwal A, Bahadduri PM, Chang C, Polli JE, Swaan PW,
Ekins S. 2007. Computational models to assign biopharma-
ceutics drug disposition classification from molecular struc-
ture. Pharm Res 24:2249–2262.

208. Benet LZ, Larregieu CA. 2010. The FDA should eliminate
the ambiguities in the current BCS biowaiver guidance and
make public the drugs for which BCS biowaivers have been
granted. Clin Pharmacol Ther 88:405–407.

209. European Medicines Agency (EMA). 1995. Note for guidance
on the clinical requirements for locally applied, locally acting
products containing known constituents. CPMP/EWP/239/95
final.

210. Food and Drug Administration (FDA). 2007. Draft Guidance
on Mesalamine, Suppository/Rectal.

211. Food and Drug Administration (FDA). 2008. Draft Guid-
ance on Mesalamine, Enema /Rectal. Rockville, Maryland:
FDA.

212. Food and Drug Administration (FDA). 2012. Draft Guid-
ance on Mesalamine, Delayed Release Tablet/Oral. Rockville,
Maryland: FDA.

213. Food and Drug Administration (FDA). 2012. Draft Guidance
on Mesalamine, Extended Release Capsule/Oral. Rockville,
Maryland: FDA.

214. Yan Y, Faustino PJ, Volpe DA, Lyon RC, Yu LX. 2007.
Biopharmaceutics classification of selected beta-blockers:
Solubility and permeability class membership. Mol Pharm
4:608–614.

215. Chen ML, Yu L. 2009. The use of drug metabolism for
prediction of intestinal permeability. Mol Pharm 6:74–
81.

216. Rinaki E, Valsami G, Macheras P. 2003. The power law
can describe the ‘entire’ drug release curve from HPMC-
based matrix tablets: A hypothesis. Int J Pharm 255:199–
207.

217. World Health Organization. 2006. Proposal to waive in vivo
bioequivalence requirements for WHO model list of essential
medicines immediate-release, solid oral dosage forms. WHO
Technical Report Series, No. 937.

218. Zhang N, Yang J, Chow SC, Endrenyi L, Chi E. 2013. Impact
of variability on the choice of biosimilarity limits in assessing
follow-on biologics. Stat Med 32:424–433.

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES


