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Abbreviations

CPC
CoMFA
CsA
3D-QSAR
HDM
IUPAC
MLP
PAMPA
PGDP
PSA
RP-HPLC
SF
TPSA

Centrifugal partition chromatography
Comparative ﬁeld analysis
Cyclosporine A
Three-dimensional quantitative structure–activity relationships
Hexadecane membrane
International Union of Pure and Applied Chemistry
Molecular lipophilicity potential
Parallel artiﬁcial membrane permeability assay
Propylene glycol dipelargonate
Polar surface area
Reversed-phase high-performance liquid chromatography
Shake ﬂask, referring to traditional method of measuring log P or log D
Topological polar surface are

Symbols

APSUV
Dlog D
Dlog P
f
Ka
L
log P
log D
log Doct
log Dchex

Absorption potential measured in small unilamellar vesicles (SUV)
Difference between log D in octanol/water and log D in alkane/water
Difference between log P in octanol/water and log P in alkane/water
Rekker or Leo/Hansch fragmental constant for log P contribution
Ionization constant
Polarity term, mainly related to hydrogen bonding capability of a solute
Logarithm of the partition coefﬁcient (P) of neutral species
Logarithm of the distribution coefﬁcient (D) at a selected pH, usually
assumed to be measured in octanol/water
Logarithm of the distribution coefﬁcient (D) at a selected pH, measured
in octanol/water
Logarithm of the distribution coefﬁcient (D) at a selected pH, measured
in cyclohexane/water
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log D7.4
MW
p
pKa

Logarithm of the distribution coefﬁcient (D) at pH 7.4
Molecular weight
Hansch constant; contribution of a substituent to log P
Negative logarithm of the ionization constant Ka

1.1
Physicochemistry and Pharmacokinetics

The body can be viewed as primarily composed of a series of membrane barriers
dividing aqueous ﬁlled compartments. These membrane barriers are principally
comprised of the phospholipid bilayers that surround cells and form intracellular
barriers around the organelles present in cells (mitochondria, nucleus, etc.). These
are formed with the polar ionized head groups of the phospholipid facing toward the
aqueous phases and the lipid chains providing a highly hydrophobic inner core. To
cross the hydrophobic inner core, a molecule must also be hydrophobic and able to
shed its hydration sphere. Many of the processes of drug disposition depend on the
ability or inability to cross membranes and hence there is a high correlation with
measures of lipophilicity. Moreover, many of the proteins involved in drug disposition have hydrophobic binding sites further adding to the importance of the
measures of lipophilicity [1].
At this point, it is appropriate to deﬁne the terms hydrophobicity and lipophilicity.
According to published IUPAC recommendations, both terms are best described as
follows [2]:
Hydrophobicity is the association of nonpolar groups or molecules in an aqueous environment that arises from the tendency of water to exclude nonpolar
molecules.
Lipophilicity represents the afﬁnity of a molecule or a moiety for a lipophilic
environment. It is commonly measured by its distribution behavior in a biphasic
system, either liquid–liquid (e.g., partition coefﬁcient in 1-octanol/water) or
solid–liquid (retention on reversed-phase high-performance liquid chromatography or thin-layer chromatography (TLC) system).
Key physicochemical properties that are associated with hydrophobicity and
lipophilicity include solubility, hydrogen bonding capacity, and the ionization
state [3]. All these properties have a strong inﬂuence on membrane permeability
that affects absorption [4], distribution, and balance of elimination by transportermediated processes and metabolism [5].

1.2
Partition and Distribution Coefficients as Measures of Lipophilicity

The inner hydrophobic core of a membrane can be modeled by using an organic
solvent. Similarly, a water or aqueous buffer mimics the aqueous media surrounding

1.2 Partition and Distribution Coefficients as Measures of Lipophilicity

cells or present within cells. If the organic solvent is not miscible with water, then a
two-phase system can be used to study the relative preference of a compound for the
aqueous (hydrophilic) or organic (hydrophobic and lipophilic) phase.
For an organic compound, lipophilicity can be described in terms of its partition
coefﬁcient P (or log P as it is generally expressed). This is deﬁned as the ratio of
concentrations of the compound at equilibrium between the organic and the aqueous
phases:
P¼

½drugorganic

ð1:1Þ

½drugaqueous

The partition coefﬁcient (log P) describes the intrinsic lipophilicity of the collection of
functional groups and carbon skeleton, which combine, to make up the structure of
the compound, in the absence of dissociation or ionization. Methods to measure
partition and distribution coefﬁcients have been described [6, 7].
Every component of an organic compound has a deﬁned lipophilicity, and calculation of partition coefﬁcient can be performed from a designated structure. Likewise,
the effect on log P of the introduction of a substituent group into a compound can be
predicted by a number of methods as pioneered by Hansch [8–11] (p-values),
Rekker [12, 13] (f-values), and Leo and Hansch [8–10, 14, 15] (f 0 -values). These values
break molecules down into fragments allowing the total lipophilicity to be calculated.
Partitioning of a compound between aqueous and lipid (organic) phases is an
equilibrium process. When in addition the compound is partly ionized in the
aqueous phase, a further (ionization) equilibrium is set up since it is assumed that
under normal conditions only the unionized form of the drug penetrates the organic
phase [16]. This traditional view is shown schematically in Figure 1.1.
This model is consistent with many observations, but partitioning of some
compounds into octanol has been shown to occur as an ion pair [17]. Such ion
pairs include chloride with basic compounds and sodium with acidic compounds.
Whether such behavior can occur with a biological membrane is still not clear, some
evidence exists for this with the strongly acidic drug proxicromil. The lipophilicity of

1
(ionized drug)

(unionized drug)
Aqueous

2
(unionized drug)

Lipid

1. Is a function of acid/base strength pKa
2. Is a function of P (log P)
Figure 1.1 Schematic depicting the relationship between log P and log D and pKa.
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the drug above pH 6 in octanol–buffer partition experiments depends on ion pair
formation and largely unaffected by change in pH in contrast to Eq. (1.5). Similar
trends were demonstrated for the in vitro partition of the compound into rat
gastrointestinal rings. Furthermore, the absorption of the compound from the
perfused gastrointestinal tract of anesthetized rats in vivo was not consistent with
classical nonionized drug absorption theories and supported ion pair formation as a
mechanism of proxicromil absorption. While phenomena such as these are
occasionally reported [18], it is probable that for 99% of examples the theory of
unionized drug being the lipophilic species is sound.
The intrinsic lipophilicity (P) of a compound refers only to the equilibrium of the
unionized drug between the aqueous phase and the organic phase. It follows that
the remaining part of the overall equilibrium, that is, the concentration of ionized
drug in the aqueous phase, is also of great importance in the overall observed
partition ratio. This in turn depends on the pH of the aqueous phase and the acidity
or basicity (pKa) of the charged function. The overall ratio of drug, ionized and
unionized, between the phases has been described as the distribution coefﬁcient (D),
to distinguish it from the intrinsic lipophilicity (P). The term has become widely
used in recent years to describe, in a single term, the effective (or net) lipophilicity of a
compound at a given pH taking into account both its intrinsic lipophilicity and its
degree of ionization. The distribution coefﬁcient (D) for a monoprotic acid (HA) is
deﬁned as
D ¼ ½HAorganic =ð½HAaqueous þ ½A aqueous Þ

ð1:2Þ

where [HA] and [A] represent the concentrations of the acid in its unionized and
dissociated (ionized) states, respectively. The ionization of the compound in water is
deﬁned by its dissociation constant (Ka) as
Ka ¼ ½H þ ½A =½HA

ð1:3Þ

sometimes referred to as the Henderson–Hasselbalch relationship. The combination
of Eqs. (1.1)–(1.3) gives the pH distribution (or pH partition) relationship:
D ¼ P=ð1 þ fKa =½H þ gÞ

ð1:4Þ

more commonly expressed for monoprotic organic acids in the form of Eqs. (1.5)
and (1.6) as follows:
logðfP=Dg1Þ ¼ pHpKa

ð1:5Þ

log D ¼ log Plogð1 þ 10pH-pKa Þ

ð1:6Þ

or

For monoprotic organic bases (BH þ dissociating to B), the corresponding relationships are
logðfP=Dg1Þ ¼ pKa pH

ð1:7Þ

1.3 Limitations on the Use of 1-Octanol

or
log D ¼ log Plogð1 þ 10pHpKa Þ

ð1:8Þ

From these equations, it is possible to predict the effective lipophilicity (log D) of
an acidic or basic compound at any pH value. The data required in order to use
the relationship in this way are the intrinsic lipophilicity (log P), the dissociation
constant (pKa), and the pH of the aqueous phase. The overall effect of these
relationships is the effective lipophilicity of a compound, at physiological pH, is
the log P value minus one unit of lipophilicity, for every unit of pH the pKa value
is below (for acids) and above (for bases) pH7.4. Understanding the role of pKa
and intrinsic lipophilicity (log P) in the lipoidal permeability of molecules is
extremely important. Drugs can be rendered with more effective lipophilicity by
i. increasing intrinsic lipophilicity (log P) by addition of lipophilic fragments or the
substitution of polar fragments for lipophilic ones;
ii. increasing for an acidic compound the pKa value of the acidic function, thus
increasing the proportion of unionized drug available to distribute into the
lipoidal medium;
iii. decreasing for a basic compound the pKa value of the basic function, thus
increasing the proportion of unionized drug available to distribute into the
lipoidal medium.
It is important to cross validate pKa and log D and log P values using Eqs. (6) and (8)
or the rule of thumb referred to above. This may illustrate badly measured values. For
an ionizable compound, pKa values can be determined by measuring log D across a
pH range.
Obviously for compounds with multifunctional ionizable groups, the relationship
between log P and log D, as well as log D as function of pH, becomes more
complex [19]. Zwitterionic compounds are compounds with an acidic and basic
function with pKa values separated to allow both to be ionized at a given pH. Such
compounds are permanently ionized and are at their most lipophilic when both
functions are ionized (log Dmax) see Figure 1.2. The permanent ionized state is
explained by the seperation of pKa values such that even when one function is
suppressed the other is ionized. The lipophilic charge neutral species occurs when
both functions are ionized.

1.3
Limitations on the Use of 1-Octanol

Octanol is the most widely used model of a biological membrane [20, 21] and log D7.4
values above 0 normally correlate with effective transfer across the lipid core of the
membrane, while values below 0 suggest an inability to traverse the hydrophobic
barrier.
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Figure 1.2 Example of a zwitterionic compound with basic and acidic functionality both ionized at a
given pH.

Octanol, however, supports H bonding. Besides the free hydroxyl group, octanol
also contains 4% v/v water at equilibrium. This obviously comes in conﬂict with the
exclusion of water and H bonding functionality at the inner hydrocarbon core of the
membrane. For compounds that contain functionality capable of forming H bonds,
therefore, the octanol value can overrepresent the actual membrane crossing ability.
These compounds can be thought of as having a high hydration potential and
difﬁculty in shedding their water sphere.
The use of a hydrocarbon solvent such as cyclohexane can discriminate these
compounds either as the only measured value or as a value to be subtracted from the
octanol value (Dlog P) [22–24]. Unfortunately, cyclohexane is a poor solvent for many
compounds and does not have the utility of octanol. Groups that bond with hydrogen
and attenuate actual membrane crossing compared to their predicted ability based on
octanol are listed in Figure 1.3. Later, various measures will be used to describe H
bonding groups, but as a simple rule the presence of two or more amide functions in a
molecule will signiﬁcantly impact the membrane crossing ability and will need
substantial intrinsic lipophilicity in other functions elsewhere in the molecule, to
provide sufﬁcient hydrophobicity and to penetrate the lipid core of the membrane.

1.4
Further Understanding of log P
1.4.1
Unraveling the Principal Contributions to log P

The concept that log P or log D is composed of two components [25], that of size and
polarity, is a useful one. This can be written as Eq. (1.9),
log P or log D ¼ aVL

ð1:9Þ

1.4 Further Understanding of log P

Octanol/Cyclohexane Ratio (H bonding)
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Figure 1.3 Functionality and H bonding.

where V is the molar volume of the compound, L is a general polarity descriptor, and
a is a regression coefﬁcient. Thus, the size component will largely reﬂect the carbon
skeleton of the molecule (lipophilicity), while the polarity will reﬂect the hydrogen
bonding capacity (normally oxygens and nitrogens). The positioning of these
properties to the right and left of Figure 1.3 reﬂects their inﬂuence on the overall
physicochemical characteristics of a molecule.
1.4.2
Hydrogen Bonding

Hydrogen bonding is recognized as an important property related to membrane
permeation. Various scales expressing H bonding have been developed [26]. Some of
these scales describe total hydrogen bonding capability of a compound, while others
discriminate between donors and acceptors [27]. In this book, various measures of
H bonding will be exempliﬁed and referenced since similar correlations are obtained
regardless of methods [28].
Of particular importance is the need to separate hydrogen bonds that form with
solvent and internal H bonds. These are not exclusive and compounds can show a
change of conformation that hides an external H bond by internal H-bonding
within the interior of a membrane. Cyclic peptides have poor intrinsic membrane
permeability, but they can be designed to have favorable properties. When the
differing membrane permeabilities of a series of cyclic peptides were examined,
these were found to be related to their ability to form internal hydrogen bonds [29].
Simply, the ability to form internal hydrogen bonds can promote passive membrane
permeability by reducing the free energy cost of desolvating the compounds as they
insert into the membrane. Cyclic peptides have poor membrane permeability, but
there are exceptions, including cyclosporine A (CsA), a cyclic undecapeptide that is
used as an orally active immunosuppressive drug. When the partition coefﬁcient of
cyclosporine A was measured in octanol/water and heptane/water, it was deduced
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that the hydrogen-bonding capacity of CsA changed dramatically from an apolar
solvent (where it is internally bonded to H) to a polar solvent (where it exposes its
H-bonding groups to the solvent). The log P values were 2.9 in octanol and 1.4 in
heptane, which is a remarkably small difference between the solvents. In comparison, cyclo (PHe-Phe) had values of 1.6 and <3.0, respectively. Molecular dynamics
simulations in water and CCl4 showed that CsA underwent a solvent-dependent
conformational change [30]. This interconversion process is slow on the molecular
dynamics timescale.
The larger the molecule, the process of separating inter- and intra-H bonds
becomes more complex, and apart from natural products it is an area not well
researched in terms of new drug design.
1.4.3
Polar Surface Area

Polar surface area is a concept that has gained popularity in recent years. PSA is a
simple measure of total hydrogen bonding capacity [31]. The PSA of a molecule is
deﬁned as the area of its van der Waals surface that arises from all oxygen and
nitrogen atoms plus the hydrogen atoms attached to them. Thus, PSA is also a
measure of the ability of a compound to form hydrogen bonds and accounts for
three-dimensional (3D) structural features such as shielding or burial of polar
groups by other parts of the molecule. PSA has been used to predict passage across
the blood–brain barrier [32, 33], ﬂux across a Caco-2 monolayer [34], and human
intestinal absorption [35, 36]. The physical explanation is that polar groups are
involved in desolvation when they move from an aqueous extracellular environment to the more lipophilic interior of membranes. PSA thus represents, at least in
part, the energy involved in membrane transport. PSA depends on the conformation, and the original method of calculation [31] is based on a single minimum
energy conformation. Others [32] have taken into account conformational ﬂexibility
and coined a dynamic PSA, in which a Boltzmann-weighted average PSA is
computed. However, it was demonstrated that PSA calculated for a single minimum energy conformation is in most cases sufﬁcient to produce a sigmoidal
relationship to intestinal absorption (see Figure 3.14), differing very little from the
dynamic PSA described above [36]. A fast calculation of PSA as a sum of fragmentbased contributions, called toplogical polar surface area (TPSA), has been published [37], which no longer uses a 3D representation of the molecule. This
technique brings TPSA to a similar footing to clog P and the two descriptors can
be readily calculated for all molecules, even for large data sets such as combinatorial
or virtual libraries.

Poorly absorbed compounds have been identiﬁed as those with a PSA > 140 A2.
Considering more compounds, more scatter was found around the sigmoidal curve
observed for a smaller set of compounds [33]. This is partly due to the fact that
compounds that are not of high permeability do not usually show simple passive
diffusion as they are affected by active uptake carriers and efﬂux mechanisms
involving P-glycoprotein (P-gp) and other transporter proteins.

1.4 Further Understanding of log P

log P~ MW-PSA

500

MW

ADME
space
5
log P
140
PSA

Figure 1.4 ADME space bounded by the
interconnected physicochemical properties of
molecular weight, polar surface area, and
lipophilicity. Drugs with desirable
pharmacokinetic properties such as absorption

are much more likely to occupy the space. MW is
not important per se but reflects that molecules
of 500 MW or more are likely to exceed desirable
PSA or clog P limits.

1.4.4
Molecular Size and Shape

The role of molecular size in oral absorption has been the subject of debate. The
Lipinski rule-of-5 proposes an upper limit of MW 500 as acceptable for orally
absorbed compounds [38]. Another view is that of Smith [40] who proposed that
Eq. (1.9) is a virtual formula relating log P to MW–PSA and that MW is incidental to
the two key terms log P and PSA [39]. Such a concept allows ADME (absorption,
distribution, metabolism, and excretion) to be viewed in terms of a physicochemical
space, which includes the properties most likely to be associated with drug-like
properties. The dimensions of such a space and its boundaries are illustrated in
Figure 1.4. The formula explains the interconnectivity of the physicochemical
properties. Lipophilicity will increase membrane permeability but, at its upper
limits, solubility will be so low that adequate dissolution will not be achieved at
clinical doses. PSA as stated above is the energy cost in desolvation for the molecule to
enter the membrane; so, as the higher values of PSA are reached, membrane
permeability is energetically unfavorable. The interconnection with molecular
weight has spawned a belief in that particular property being important per se. It
is the belief of Smith and coworkers that drugs are largely products of carbon
(lipophilicity), oxygen, and nitrogen (PSA) and that as molecular weight approaches
500, the chances of too high a lipophilicity or too great a PSA increases. In fact, it is

difﬁcult not to exceed a log P of 5 or a PSA of 140 A2 when synthesizing molecules of
greater than 500 MW.
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1.5
Alternative Lipophilicity Scales

Since 1-octanol has certain limitations (see Section 1.3), many alternative lipophilicity
scales have been proposed [40] (see Figure 1.3). A critical quartet of four solvent
systems of octanol (amphiprotic), alkane (inert), chloroform (proton donor), and
propylene glycol dipelargonate (PGDP) has been advocated [41, 42]. By measuring
distribution in all four, a full understanding of partitioning properties should be
obtained. Experience has indicated that the added value of more phases has not been
sufﬁcient and octanol has become the gold standard now universally adopted for
both measurement and computational reference. Various solvents have been used in
membrane systems such as PAMPA (see Chapter 10) including the standard nhexadecane, 2% w/v dioleoylphosphatidylcholine in n-dodecane, and 20% w/v
lecithin in n-dodecane [43]. These systems have also been compared with dodecane
partitioning per se without really showing advancement on octanol-based systems.

1.6
Computational Systems to Determine Lipophilicity

In the design of new compounds as well as the design of experimental procedures, an
a priori calculation of log P or log D values is useful. Methods may be based on the
summation of fragmental [44–46] or atomic contributions [47–49], or a combination
of these [50, 51]. Many other methods continue to be advanced, but commercial
software usually uses either fragment-based (clog P) or atom-based (alog P) methods
and these have become standardized with clog P usually favored.

1.7
Membrane Systems to Study Drug Behavior

The standardization on octanol does not allow all aspects of compound behavior to be
understood. Often acidic, neutral, and basic molecules with similar lipophilicities
will show different behaviors in a biological system. To study some of these behaviors,
different in vitro models have been utilized. For instance, the distribution of
molecules has been studied between unilamellar vesicles of dimyristoylphosphatidylcholine and aqueous buffers. These systems allow the interaction of molecules to
be studied with the whole membrane that includes the charged polar head group area
(hydrated) and the highly lipophilic carbon chain region. Such studies indicate that
for amine compounds ionized at physiological pH, partioning into the membrane is
highly favored and independent of the degree of ionization. This is believed to be due
to electrostatic interactions with the charged phospholipid head group. This property
is not shared with acidic compounds even for the electronically neutral phosphatidylcholine [52]. Such ionic interactions between basic drugs are even more favored
for membranes containing acidic phospholipids such as phosphatidylserine [53].

1.7 Membrane Systems to Study Drug Behavior
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Figure 1.5 Structures of charge neutral (phosphatidylcholine) and acidic (phosphatidylserine)
phospholipids together with the moderately lipophilic and basic drug chlorphentermine. The
groupings R1 and R2 refer to the acyl chains of the lipid portions.

The structures of these two phospholipids are shown in Figure 1.5 together with the
structure of the basic drug chlorphentermine.
Table 1.1 shows the binding of chlorphentermine to phosphatidylcholine and
phosphatidylserine containing membranes.
The extent of binding of chlorphentermine and various amphiphilic drugs
occurred in increasing order with liposomes prepared from sphingomyelin (SM),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine
(PS). The higher extent of binding to phosphatidylserine does not result from higher
afﬁnities for phosphatidylcholine but rather from higher capacity of phosphatidylserine liposomes compared to PC or SM liposomes. The divalent cationic drug
Table 1.1 Affinity (k) and capacity (moles drug/moles lipid) of chlorphentermine for liposomes
prepared from phosphatidylcholine and phosphatidylserine.

Phospholipid
Phosphatidylserine
Phosphatidylcholine

k [104] M

nmax

2.17
1.26

0.67
0.05
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chloroquine showed especially high binding to phosphatidylserine compared to
monovalent drugs.
These systems potentially predict the actual afﬁnity for the membrane, rather than
the ability to transfer across a membrane. Membrane afﬁnity, and hence tissue
afﬁnity, is particularly important in the persistence of drugs within the body and
relates in part to these interactions. This topic will be covered in Section 4.4.

1.8
Dissolution and Solubility

Each cellular membrane can be considered a combination of a physicochemical and
biological barrier to drug transport. Poor physicochemical properties may sometimes
be overcome by an active transport mechanism. Before any absorption can take place
at all, the ﬁrst important properties to consider are dissolution and solubility. Many
cases of solubility-limited absorption have been reported and therefore solubility is
now seen as a property to be addressed at the early stages of drug discovery.
A compound only in solution is available for permeation across the gastrointestinal
membrane. Solubility has long been recognized as a limiting factor in the absorption
process leading to the implementation of solubility screens in early stages of drug
design [54]. Estimates of desired solubility for good oral absorption depend on the
permeability of the compound and the required dose, as illustrated in Table 1.2 [54].
The incorporation of an ionizable center, such as an amine or similar function, into
a template can bring a number of beneﬁts including water solubility (see Chapter 3).
In the drug design and discovery phase, simple solubility testing is the only
practical method and this is often limited to kinetic solubility. This practice examines
the solubility of a drug after mixing a small aliquot of a DMSO solution of the drug
into aqueous media. Apart from solvent effects, the measurement does not measure
the solubility of crystal forms.
As the key, ﬁrst step toward oral absorption, considerable effort went into the
development of computational solubility prediction [55–59]. However, partly due to a
lack of large sets of experimental data measured under identical conditions, todays
methods are not robust enough for reliable predictions [60]. Further ﬁne-tuning of
the models can be expected as now high-throughput data have become available to
construct such models.

Table 1.2 Desired solubility correlated with expected doses [54].

Dose (mg/kg)
0.1
1
10


mg/mL.

Permeability high

Medium

Low

1
10
100

5
52
520

21
207
2100

1.9 The BCS Classification and Central Role of Permeability

1.9
The BCS Classification and Central Role of Permeability

Despite the apparent complexity of the drug absorption process, which combines
physicochemical properties of the drug, physiological factors of the gastrointestial
tract and the physics of the dosage form the work of Amidon and coworkers [61] who
revealed that the fundamental events controlling oral drug absorption 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 have been characterized in
the Biopharmaceutics Classiﬁcation System (BCS) by three dimensionless numbers:
absorption number (An), dissolution number (Dn), and dose number (D0). Importantly in this, the solubility is related to the dose size so drugs with high potencies that
have adequate solubility for their low dose size may be classed differently to lower
potency drugs with better solubility but still inadequate relative to dose size. These
numbers take into account both physicochemical and physiological parameters and
are fundamental to the oral absorption process. On the basis of their solubility and
intestinal membrane permeability characteristics, drug substances have been classiﬁed into one of the four categories according to the BCS (Figure 1.6).
Wuand and Benet [62] extended the inﬂuence of the BCS classiﬁcation much
further when they correlated the high-permeability characteristics of BCS class I and
II with metabolic fate. Highly permeable drugs will not be subjected to major
transporter inﬂuences and will have ready access to metabolizing enzymes within the
hepatocytes; moreover, these drugs will not be eliminated renally due to tubular
absorption. This analysis showed that if the drug was highly permeable, then the drug
will be cleared by metabolism, whereas if the drug is of low permeability the major
route of clearance will be renal and/or hepatobiliary. Such is the nature of the

Class I
High Permeability
High Solubility
Metabolized

Class II
High Permeability
Low Solubility
Metabolized

Class III
Low Permeability
High Solubility
Renally cleared
Hepatic Transport

Class IV
Low Permeability
Low Solubility
Metabolized
Hepatic transport

Figure 1.6 BCS classification of drugs. The classification not only allows to understand absorption
behavior but also, particularly around permeability, provides a framework for all drug dispositions to
be referenced.
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relationship with permeability that it can be used to characterize the clearance fate of
the drug be it via passive permeability and metabolism or via carrier-mediated
transport. These properties can also be related to ADME space illustrated in
Figure 1.5. The relationship between PSA/log P can rationally be grouped with the
categories of drugs in the following classiﬁcation:
Class
Class
Class
Class

1
2
3
4

PSA/log P
PSA/log P
PSA/log P
PSA and log P

Medium
Low
High
High

This can be exempliﬁed by
Class
Class
Class
Class

1 Propranolol
2 Phenytoin
3 Aliskiren
4 Nelﬁnavir

41/3.1
58/1.4
146/2.7
127/7.3

Propanolol is a basic compound with nM potency and a dose size around
100 mg. In contrast phenytoin is a neutral compound with mM potency and dose
size up to 1 g explaining the characterization of solubility. Both are cleared
exclusively by metabolism. Because the BCS classiﬁcation includes solubility
(which is relevant only in absorption), an altered form can be made to understand
disposition and include the physicochemical descriptor PSA/log P ratio and its
Table 1.3 Relationship of the disposition fate of a compound with its permeability across a

biological membrane. Permeability of a biomembrane is favored by lipophilicity and attenuated by
polar functionality (PSA).
Lipoidal
permeability

Low

Medium

High

PSA/log P

High

Medium

Low

Absorption

Low (e.g., aliskiren)
unless MWt less than
250 Da and absorbed
by paracellular route
(e.g., atenolol)
As for absorption

Variable. Inﬂuenced by
permeability and transporters (e.g., nelﬁnavir)

High via transcellular
route (e.g., propranolol)

As for absorption and
metabolism
Transporters and
metabolism

Variable. Inﬂuenced by
metabolism
Metabolism

Bioavailability
Clearance

Renal or biliary
(possible transporter
involvement)

References

correlation with permeability. In this, low-permeability compounds cross membranes paracellularly (aqueous pore) and medium- and high-permeability compounds cross membranes by the transmembrane lipoidal route. This classiﬁcation
is exempliﬁed in Table 1.3 [39].
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