
CHAPTER 11

ENABLING FORMULATIONS

“If an elderly but distinguished scientist says that something is possible he is almost
certainly right, but if he says that it is impossible he is very probably wrong.”

—Arthur C. Clarke

Biopharmaceutical modeling is expected to be a useful tool for design and selec-
tion of an enabling formulation. The suitability of an enabling formulation is
different for each drug. A trial and error approach has been undertaken to find a
suitable enabling formulation. However, there is a high demand to improve the
efficiency of drug discovery and development. By understanding the rate-limiting
process, rational design and selection of an enabling formulation would become
possible. In this chapter, each enabling technique is reviewed from the viewpoint
of biopharmaceutical modeling.

11.1 SALTS AND COCRYSTALS: SUPERSATURATING API

Salt formation is most widely used as a measure to overcome the dissolution
rate and/or solubility-permeability-limited absorptions for dissociable drugs. After
dissolution of the salt, a supersaturated drug concentration can be induced in
the intestine (Fig. 11.1). This transient supersaturated drug concentration can be
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Figure 11.1 Dissolved drug concentration from a salt.

maintained during the intestinal transit time1 and can enhance the oral absorption
of a drug. Figure 11.2 shows the schematic presentation of the dose–AUC profile.
In most cases, a salt form significantly outperforms a free form.

For biopharmaceutical modeling of a salt, an appropriate nucleation model
is required to predict the precipitation in vivo. The use of classical nucleation
theory would be just a starting point to incorporate the nucleation process into
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Figure 11.2 Dose–AUC pattern theoretically predicted for a salt.

1The equilibrium solubility of a drug at a pH in the pH-controlled region becomes the same value,
regardless of the starting material being a salt or a free form (Section 2.3).
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biopharmaceutical modeling (Section 3.3). In addition, none of the in vitro
dissolution models have been successful in predicting the supersaturation in vivo
[1].2 The nucleation of a free form can occur not only in the bulk fluid but also
at the solid surface of the drug [2–5].

In this section, we first discuss the three possible scenarios for the oral absorp-
tion of a salt. Some case examples are then discussed. A case by case strategy of
biopharmaceutical modeling is then discussed. The discussion about a salt can be
also applicable for cocrystals, anhydrates, and amorphous APIs (supersaturating
APIs) (see also spring and parachute approach; Fig. 11.14).

11.1.1 Scenarios of Oral Absorption of Salt

There are several possible scenarios for the oral absorption of a salt (Fig. 11.1) [6].

(A) The dissolved drug concentration (Cdissolv) does not reach the critical
supersaturation concentration (Cdissolv, crit) because the dose is not high
enough and/or a high permeation clearance reduces Cdissolv. The nucle-
ation induction time is longer than the intestinal transit time. The dose
number based on Cdissolv, crit (Dosupersaturation = Dose/(VGI × Cdissolv, crit))
is less than 1. Precipitation of the free form does not occur both in the
bulk fluid and solid surface.

(B) The nucleation induction time is shorter than the intestinal transit time,
but the supersaturated concentration is maintained for several minutes to
hours.

(C) As the salt form of a drug dissolves, the concentration of the drug reaches
Cdissolv, crit in the GI tract (Dosupersaturation > 1), and a free form immedi-
ately precipitates out (mostly as fine particles). The precipitated free form
redissolves rapidly (faster than absorption flux), and therefore, Cdissolv is
maintained at the saturated solubility of the precipitant (free form) during
the absorption process. The solid form of the precipitant can be a stable
form (crystalline) or semistable form (amorphous).

(D) A free form precipitates out at the surface of dissolving salt as an insoluble
layer.
(D-1) The precipitated free form forms a loose and porous layer on the

surface of the salt. The dissolution of the drug continues, however,
at a somewhat slower rate than the original salt because of the
extra barrier for dissolution.

(D-2) The precipitated free form completely covers the surface of a salt.
Further dissolution is controlled by the solubility of the free form
on the solid surface. Although the supersaturable form exists below
the surface layer, it is not available for dissolution.

2Using a nonsink dissolution test, a rank-order comparison of various salts might be possible.
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11.1.2 Examples

11.1.2.1 Example 1: Salt of Basic Drugs. AZ0865 mesylate (45–159
mg/dose) [1] and indinavir sulfate (250–500 mg/m2) [7] might be the case for
scenario (A). In this dose range, the oral absorption of these drugs is dose-linear
(Figs. 7.23 and 11.3).

FTI-2600 might be the case for scenario (C). In the in vitro dissolution test,
after the HCl salt was dissolved, the free base immediately precipitated out in
an amorphous form. However, it was not further converted to a crystalline form
(Fig. 11.4). In this case, Cdissolv in the small intestine is determined by the solu-
bility of the amorphous form.3

Ziprasidone HCl and mesylate are also likely to be the cases for scenario
(C). The solubility values of these salts in the unbuffered water are 0.08 and
0.73 mg/ml, respectively [9], suggesting that if there is no precipitation, Fa%
should be 100% at 40-mg dose in humans. The equilibrium solubility of ziprasi-
done in a pH 7.4 buffer is 0.0008 μg/ml. The relative bioavailability in humans
in the fasted state is ca. 30–50% compared to that in the fed state and other
solubility-enhanced formulations (Table 11.1) [10]. At 20–80 mg, the oral absorp-
tion is dose-subproportional in the fasted state, but it is dose-proportional in the
fed state [11]. These observations suggest that precipitation occurred in vivo in
the fasted state. As the particle size of the HCl salt had only a little effect on
the oral absorption (20 vs 105 μm), it is unlikely that precipitation of the free
base occurred at the solid surface (but this is not conclusive) [12]. Interestingly,
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Figure 11.3 Dose dependency of AUC after administration of indinavir sulfate in
humans [7].

3This concentration could be much higher compared to the solubility of a crystalline form. Therefore,
the concentration of the drug is supersaturated against a crystalline.
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Figure 11.4 FTI-2600. (a) Dissolution profile of FTI-2600 crystalline free base and HCl salt in FaSSIF, (b) PXRD pattern of the initial
and precipitated solids. Initial material: (a) crystalline free base and (b) HCl salt. (C) In vivo PK profile. Mean ± SD plasma concentrations
of FTI-2600 following oral administration in achlorhydric beagle dogs (n = 5) under fasted conditions at a dose of 3 mg/kg. �, FTI-2600
crystalline free base dissolved in 10% HCO60 solution; ©, a mixture of FTI-2600 HCl salt and lactose encapsulated in hard gelatin capsules;
, FTI-2600 crystalline free base suspended in 5% gum arabic. Source: Adapted from Reference 8 with permission.
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TABLE 11.1 Bioavailabilities of Ziprasidone Salts and Formulations

Dose, AUC, Fa%
API mg Formulation Fasted/Fed ng h/ml BA% (Fh Model) Fa%a

HCl 40 Capsule Fasted 481 23 55 38
40 HPMC-coated

HCl tablet Fasted 822 39 93 66
Free 40 Nanosuspension Fasted 962 45 109 77
HCl 20 Capsule Fed 627 59 142 100

a On the basis of the AUC of 20-mg capsule in the fed state.

HPMC (hydroxypropylmethylcellulose) coating significantly increased the oral
absorption of the HCl salt probably due to precipitation inhibiting effect of the
HPMC polymer [9]. Nanoparticles of the free base also significantly increase the
oral absorption of ziprasidone [9].

REV 5901 might be the case for D-2) [2]. The pH–solubility profiles of both
the base and the salt at 37◦C were identical and were in agreement with a pKa
value of 3.67. The solubility of the drug (ca. 0.002 mg/ml at pH 6) increased
gradually with a decrease in pH and reached 0.95 mg/ml at pH 1. At pH < 1, the
solubility decreased as a result of the common-ion effect. At pH values greater
than pHmax, due to the rapid conversion of the salt to the free base at the surface
of the salt, the dissolution rates of both the base and the salt were found to be
identical.

11.1.2.2 Example 2: Salt of Acid Drugs. It is often speculated that the
salt of an acid should have a similar bioavailability with the free acid, as the
salt will be immediately converted to a free acid when it comes into contact
with the acidic pH in the stomach. However, salt formation often increases the
bioavailability of acid drugs with low solubility.

The oral absorption of phenytoin sodium might be the case for scenario (C).
Phenytoin is an acidic compound with a pKa value of 8.4, and its solubility is
35–40 μg/ml at 37◦C in the pH range of 1–7.4. Therefore, only about 5 mg
of the drug dissolves in the GI fluid (∼130 ml) and the excess drug precip-
itates out in a finely divided state [13]. As shown in Figure 11.5, the oral
absorption of phenytoin sodium is significantly higher than that of free acid (of
50–100 μm particle size) at 400-mg dose (5.7 mg/kg) in humans. As no super-
saturation was observed in an in vitro dissolution test at pH 1.2 and 5 (50 mg in
500 ml), phenytoin sodium would be converted to the free acid immediately in
the stomach and/or in the small intestine [14]. Interestingly, the oral absorption
from the fine particles of phenytoin free acid (4 μm) and the sodium salt was
found to be similar in humans at 280- (4 mg/kg) and 210-mg (3 mg/kg) doses,
respectively [14].

In dogs, the oral absorption from phenytoin sodium was ca. twofold higher
than that of fine particles (4 μm) at 50 mg/kg [14].
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Figure 11.5 Plasma concentration–time profile of phenytoin in humans after adminis-
tration of 400-mg dose. Sodium salt: amorphous form with 1–3 μm particle size. Free
acid: crystalline with 50–100 μm particle size.

11.1.2.3 Example 3: Other Supersaturable API Forms. As an anhydrate
has higher solubility than a hydrate, it can induce supersaturation. Figure 11.6
shows the dissolution and the Cp –time profiles of carbamazepine in dogs. The
conversion rate from anhydrate to hydrate in the water is slow and is inhibited
by the bile-micelles [4]. Four anhydrate forms have been identified [15], and one
of them is used in a marketed drug product [16].

Recently, cocrystals attracted a lot of attention in pharmaceutical industries.
Implementation of high throughput solid form screening increased the success
rate of finding cocrystals [18]. Cocrystals can behave like salts, so that after
fast dissolution in the GI tract, a supersaturated concentration can be maintained.
However, a limited number of oral absorption data is available in the literature
[19–21]. Figure 11.7 shows the case examples for which an increase in oral
absorption is observed by forming a cocrystal [16].

An amorphous form is often discussed as the API form to increase Fa%.
However, a naked amorphous API is often not stable and is not suitable for
drug development. Therefore, the amorphous state is often stabilized as solid
dispersion formulations.

11.1.3 Suitable Drug for Salts

11.1.3.1 pKa Range. For the development of a salt, the balance of bioavail-
ability and storage stability should be considered. Long-term physical and chem-
ical stability over a 2-year period at room temperature is usually required for
marketing. For a base drug, no compound with pKa < 4.6 has been marketed as
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Figure 11.6 (a) Dissolution and (b) Cp-time profiles of carbamazepine polymorphs and
dihydrate. (a) pH 1.2 at 37◦C under nonsink conditions. (b) Plasma concentration-time
curves after oral administration of 400 mg to dogs (n = 4; mean ± S.E.). , anhydrate
form I; , anhydrate form III; , dehydrate; and , solution. CZP, carbamazepine. Source:
Adapted from Reference 17 with permission.

a salt in the past (Tables 11.2 and 11.3) [22]. This does not necessarily mean
that a compound with a pKa < 4.6 cannot be marketed as a salt. But the devel-
opment of a compound with low pKa values might be more challenging, as it
has an inherent risk of disproportionation. Figure 11.8 shows the pKa values of
drugs and its counterions for the marketed drugs. It is commonly believed that
when the difference between the pKa of an acid and a base is greater than 2, a
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TABLE 11.2 Classification of Acids and Bases According to their Strengtha

pKa

Attribute Acids Bases

Very strong <0 14
Strong 0–4.5 9.5–14
Weak 4.5–9.5 4.5–9.5
Very weak 9.5–14 0–4.5
Extremely weak 14 <0

a Reference 22.

stable salt can be formed (“rule of two”) [23]. If the pHmax of a salt is lower
than the microenvironmental pH of the excipients, the risk of disproportionation
(conversion to a free base) becomes higher. Even a small portion of a free base
(<0.1%) can induce catastrophic precipitation (Fig. 11.9) [3]. However, quan-
titative detection of a trace amount of a free base is practically impossible. A
nonsink dissolution test may be used to investigate the stability of a salt [24].

11.1.3.2 Supersaturability of Drugs. By the kinetic pH titration method
(Section 7.8.1), Box et al. [25] identified some chemical structural characteristics
of supersaturable and nonsupersaturable drugs. Typical chemical features are
listed in Table 11.4. In the case of nonsupersaturable drugs, an amorphous solid
(or oil) precipitated out and this amorphous form did not get converted to a
crystalline form during the experimental time.4 Recently, it was demonstrated that

4Salt formation is often used to obtain a crystalline material when the free form does not crystallize.
In addition, in the case of a base, salt formation can avoid absorption of CO2 from the air.
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TABLE 11.3 Excipient Microenvironmental pHa

Excipient pH

Dibasic calcium phosphate anhydrous USP (A-Tab granules) 2.21
Dibasic calcium phosphate anhydrous (Sigma Chemicals) 3.59
PVP 3.7
Microcrystalline cellulose NF (Avicel PH102) 4.07
Microcrystalline cellulose JP (Avicel PH101) 4.03
Microcrystalline cellulose NF (Avicel PH105) 4.14
Lactose monohydrate NF (Fast Flo 316, spray-dried) 4.24
Mannitol 4.7
Microcrystalline cellulose 4.7
Sodium starch glycolate NF (Explotab) 4.77
Crospovidone 4.9
Colloidal SiO2 5.2
Sodium croscarmellose 5–7
Lactose 6.1
Maize starch 6.3
Calcium carbonate USP (Vicron 75-17-FG) 6.58
Magnesium stearate 7.1
Carbonate carbonate USP (Calcipure GCC300) 7.20
Magnesium stearate NF 7.45
Hydrogenated castor oil 7.5
Calcium carbonate USP (Precarb 150) 7.69
Calcium carbonate USP (Vicality Medium PCC) 8.07

a Reference 22.

0 2 4 6 8 10 12 14
pKa

Xinafoate
Tosylate
Pamoate
Besylate
Benzoate
Phosphate
Malate
HBr
Tartrate
Citrate
Mesylate
Fumarate
Succinate
Maleate
Sulfate
HCl
Free form

Figure 11.8 Graph depicting the most basic pKa of an active ingredient versus the
counter ion chosen as in its product. Source: Adapted from Reference 22 with permission.
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TABLE 11.4 Typical Features of Chasers and Nonchasersa

Supersaturable Drugs Nonsupersaturable Drugs

• Can be acids, bases, and
ampholytes

• Sum of H-bond donor + acceptor
is 3 or above

• Solid form of precipitant tends to
be crystalline

• High melting point of free form
• Solubility usually increases with

temperature

• Only observed for bases
• Little capacity for H-bonding; most

have no H-bond
• Low melting point of free form;

mainly liquid at 25◦ C
• Solubility unchanged or decreases

with temperature

a Reference 25.

the nucleation induction time is related to the effectiveness of a supersaturable
formulation to increase the oral absorption of a drug [26].

11.1.4 Biopharmaceutical Modeling of Supersaturable API Forms

Given the lack of any appropriate in vitro dissolution test and computational
model, the current best practice to predict the clinical performance of a salt form
is to carefully perform in vivo experiments and interpret the data. Dogs would
be practically the most appropriate species to investigate the oral absorption of
a salt (Section 7.10).
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A nonsink in vitro dissolution test can be first used to rank-order the per-
formances of salt APIs and other forms (Section 7.8.4). The dose/fluid volume
ratio should reflect the clinical situation, as it would affect the extent of super-
saturation. The buffer species and capacity would also be critically important to
represent the in vivo situation. An in vitro method tends to underestimate the
extent and duration of supersaturation [1]. Gentle stirring without using a paddle
is preferable. A stirring bar should not be used, as it artificially induces nucleation
by scratching the vessel wall.

On the basis of the results from a nonsink dissolution test, we may be able to
follow these strategies for biopharmaceutical modeling.

• If no precipitation is observed in the nonsink dissolution test, biopharmaceu-
tical modeling can be performed by assuming that both Sdissolv and Ssurface
are equal to the solubility of the salt (=Ksp

0.5).
• If the dissolution profile shows a high plateau concentration, such as in

FTI-2600 (Fig. 11.4) and carbamazepine anhydrate form I (Fig. 11.6), bio-
pharmaceutical modeling can be performed by assuming Sdissolv is equal
to the plateau concentration and Ssurface is the theoretical solubility of the
administered solid (e.g., Ksp

0.5 for a salt).
• If the dissolution profile of a salt is identical to that of the free form, bio-

pharmaceutical modeling can be performed in the same manner as the free
form.

• When the supersaturation duration is within 3.5 h (such as in carbamazepine
anhydrate form III; Fig. 11.6), the preexponential and surface energy param-
eters of the nucleation equation (Section 3.3) can be obtained by curve fitting
the in vitro data. Then, these parameters are used to estimate the in vivo oral
absorption.

It should be remembered that in vitro tests tend to underestimate supersatura-
tion. Therefore, the above modeling strategy will give a pessimistic estimation.
One of the typical mistakes in biopharmaceutical modeling for a salt is that the
equilibrium solubility of a salt in a buffer at a pH is used as the solubility input.
This would result in a dramatic underestimation of the oral absorption of a salt.

Manufacturability is critically important as well. For robust manufacturing
processes and long-term storage stability, it is preferable to select the most stable
form among the polymorphs. Salt formation can improve the manufacturability
by increasing the stability of the API form [27].

11.2 NANOMILLED API PARTICLES

Nanomilling technology has been proven to be effective in increasing the oral
absorption of the solubility-UWL-limited cases, although it is often speculated
that nanomilling is only effective in dissolution-rate-limited cases (Fig. 11.10).
As discussed in Section 10.2.2, the oral absorption of a drug with low solubility
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Figure 11.10 Effect of formulations on the oral absorption of danazol in fasted dogs
(20 mg/kg). The particle sizes of conventional and nanosuspension were 10 and 0.16 μm,
respectively. Source: Adapted from Reference 31 with permission.

becomes solubility-permeability limited when the dose is larger than 20 mg
and particle size is smaller than 10 μm. Considering the dose of many drugs
with low solubility (Table 8.3), the oral absorption of these drugs should be
solubility-permeability limited. In addition, an increase in solubility by nanosiz-
ing (cf. the Ostwald–Freundlich equation) was also speculated as the reason for
enhancing oral absorption. However, this mechanism is unlikely both theoret-
ically and experimentally. The Ostwald–Freundlich equation predicts that this
effect becomes significant only when the particle size is less than 100 nm even
assuming highest surface tension for a drug (such as that of alkanes) (Section
2.3.9). This point was recently experimentally confirmed for drugs with low
solubility (Section 7.6.3.4).

As an alternative explanation, the particle drifting effect (PDE) was introduced
(Section 4.7.2). API particles can be drifted into the UWL, and the drug molecules
diffuse into the epithelial membrane from the surface of the API particles in the
UWL. Even though the PDE was first introduced to explain the oral absorption
of SL-U drugs from conventional formulations, this effect would be larger for
nanoparticles.

Figures 10.4 and 10.5 show simulated Fa% of danazol and cilostazol in dogs.
Introduction of the PDE significantly decreased the discrepancy between sim-
ulated and observed Fa%. The Fa% of atovaquone, fenofibrate, and aprepitant
nanoparticle formulations was also appropriately simulated (Table 8.3).
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The beads mill method has been widely used to prepare a nanomilled formula-
tion in drug discovery and development [28–30]. A drug API is suspended in an
aqueous media and strongly stirred with beads. Glass beads and zirconium beads
are often used. A polymer is usually added to avoid aggregation of nanomilled
particles. The size of the API can be monitored during the milling process, for
example, using DLS. After milling, the beads are removed by filtration. The par-
ticle size can be reduced to a few hundred nanometer range depending on the
property of the API.

11.3 SELF-EMULSIFYING DRUG DELIVERY SYSTEMS
(MICELLE/EMULSION SOLUBILIZATION)

The micelle and emulsion solubilization system has been used for many drugs.
These formulations are often referred to as self-emulsifying drug delivery systems
(SEDDS ). SEDDS can be categorized into four types, depending on the composi-
tion of the formulation (Table 11.5) [32]. The formulation type should be selected
not only by the biopharmaceutical performance but also by the manufacturability.
Solubility in liquid excipients often limits the maximum dose strength, especially
for a type I SEDDS formulation.

Once in contact with the GI fluid, the SEDDS forms dispersed micelles.
For type I and II formulations, bile-micelle solubilization and the digestion of
lipid components by lipase largely affect the performance of these formulations
(Fig. 11.11) [33]. The drug concentration in the mixed micelle phase after diges-
tion of the formulation was found to correlate with the exposure of a drug [32, 34].
After entering the intestinal enterocytes, a lipophilic compound of log Poct > 5
can be carried by the lymphatic system (Fig. 11.12) [35, 36]. The lymphatic
flow is significantly slower than the blood flow. Therefore, the appearance of the
drug in the systemic circulation is usually slow. It is well known that the lipid
components affect the lymphatic absorption. For example in rats, the lymphatic
absorption of halofantrine is 2%, 6%, and 16% from the short-, medium-, and
long-chain fatty acid triglyceride formulations, respectively (Table 11.6) [37].
The liver first-pass effect can be avoided via lymphatic transport.

Owing to its complex absorption mechanism, no mechanistic computational
modeling has been reported (as of 2011). Construction of an in vitro model is also
challenging. Therefore, preclinical animal models would be required to assess the
performance of SEDDS formulations. The droplet size of emulsions (especially
after lipid digestion) seems to have a significant effect on their performance. The
drug molecules dissolved in micelles with less than 400 nm size were suggested
to be effective for permeation, probably because it can readily defuse the UWL.

Micelle-solubilized drugs can diffuse the UWL, and the unbound fraction of
a drug can then permeate the epithelial membrane [35]. Therefore, the UWL
and unbound fraction should be at least taken into account for biopharmaceu-
tical modeling of SEDDS. The micelle size (hence diffusion coefficient) could
change depending on the excipient component, lipid digestion, and interaction
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Figure 11.11 Oral absorption process of the lipid-based formulations.
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Figure 11.12 Lymphatic absorption [35, 36].

with endogenous bile-micelles. The unbound fraction of a drug in the mixed
micelle phase after digestion by lipase should also be considered (Fig. 11.13). If
the drug is absorbed via the lymphatic route, the lymphatic flow rate should
be taken into account. Even though an API drug is fully solubilized in the
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TABLE 11.6 Bioavailability of Halofantrine Free Base (Mean% Dose ± SD,
n = 4) in Lymph-Cannulated Rats after Oral Administrationa

Formulation Lymphatic Transport Total

LCT (C18) 15.8 ± 2.2 22.7 ± 4.0
MCT (C8–10) 5.5 ± 1.5 19.2 ± 4.5
SCT (C4) 2.2 ± 1.8 15.2 ± 3.1
Aqueous suspension 0.34 ± 0.5 6.4 ± 0.8

Cumulative mass of halofantrine recovered over 12 h in mesenteric lymph calculated as a percentage
of dose.
The lymph flow (g/12 h) in each experimental group was 13.8 ± 2.2, 10.0 ± 2.8, 7.82 ± 0.7, and
4.20 ± 2.2 g/12 h, respectively, for groups dosed with LCT, MCT, SCT, or the aqueous suspension
formulation.
a Reference 37.

1. Carry out in vitro  digestion of formulation
 using a pH-stat

Free oil

Lamellar phase

Mixed micellar phase

Ca2+ soaps
4. Assay each phase for drug.
 Carry out mass balance if possible

3. Separate (as best as possible) the
 component phases and measure
 volumes

2. Ultracentrifuge the resultant dispersion
 (after 0, 15, and 60 min of digestion).
 Long-chain TG oil gives four phases

Figure 11.13 Lipase digestion study and components of digestion. TG, triglyceride.
Source: Adapted from Reference 32 with permission.

formulation, after dispersed in the GI fluid, it can precipitate out in the GI tract.
Simulation of this precipitation phenomenon is also a challenging area.

11.4 SOLID DISPERSION

It is well known that solid dispersions and amorphous formulations can signifi-
cantly improve the oral absorption of drugs with low solubility [38, 39]. As this
type of formulations can increase the unbound drug concentration, it would be
effective for both SL-E and SL-U cases [40]. Drugs can also exist in the polymer
micelles after the erosion of solid dispersion. For biopharmaceutical modeling,
considering the proposed mechanism of oral absorption from solid dispersion
[40], both unbound molecules and polymer-micelle-bound molecules should be
explicitly taken into account. Owing to its complex absorption mechanism, no
mechanistic computational modeling has been reported in the literature (as of
2011).

Solid dispersions can be prepared by spray drying, freeze-drying, rapid evap-
oration, etc. The drug API is dissolved in an organic solvent with polymers, and
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then the organic solvent is removed. Freeze-drying and rapid evaporation would
be a convenient method to prepare a small-scale sample. A miniscale spray dryer
is commercially available and can be used in drug discovery. Hot melt extrusion
can also be used to prepare a solid dispersion. As a polymer, HPMC, HPMC-AS,
PVP, etc. are often used.

One drawback of the solid dispersion formulation is its storage stability. Crys-
tallization is often observed during storage, resulting in a change in the dissolution
profile. It could be kinetically stable to survive more than 2 or 3 years, but a large
amount of polymer would be required to stabilize the formulation. Prediction of
long-term stability of solid dispersion is a challenging area.

When administering the solid dispersions as a suspension in an aqueous media,
the stability of the solid dispersion in the vehicle should be carefully checked.
A rapid crystallization is often observed. In addition, dissolution performance
should be checked by a dissolution test. A nonsink dissolution test should be
used to investigate the supersaturation duration.

11.5 SUPERSATURABLE FORMULATIONS

The concept of supersaturable formulation emerged recently [41–44]. The dif-
ference between supersaturated5 and supersaturable formulations is that the latter
one is in itself thermodynamically stable but induces supersaturated drug con-
centration once dissolved in the intestinal fluid. Figure 11.14 shows the spring
and parachute concept for the supersaturable formulations.

 

Spring
Salts
Cocrystals
Water-miscible solution
SEDDS
Mesoporous silica adsorbent

Parachute
HMPC
PVP
etc.

Saturate solubility

Figure 11.14 Spring and parachute concept.

5For example, solid dispersion.
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Salts, cocrystals, liquid formulation (including type IV SEDDS), and meso-
porous silica adsorbents [45–49] have been used as the “spring” to induce the
supersaturated drug concentration [44]. Various polymers have been used to pro-
long the duration of supersaturation (“parachute”). As this type of formulation
can increase the unbound drug concentration, it would be effective for both SL-E
and SL-U cases. For biopharmaceutical modeling, the nucleation theory should be
taken into account. However, little is known about the mechanism of the inhibition
of supersaturation by a polymer. Inhibition of nucleation process was previously
suggested as an inhibition mechanism. However, recently, inhibition of crystal
growth was suggested as an inhibition mechanism as well [50]. Biopharmaceutical
modeling for supersaturable formulations is the subject of future investigation.

11.6 PRODRUGS TO INCREASE SOLUBILITY

To increase the aqueous solubility of drugs with low solubility, a hydrophilic
group can be attached to a drug molecule. A phosphate prodrug has been used to
increase the solubility of amprenavir (fosamprenavir) (Fig. 11.15). The phosphate
moiety is cleaved to the parent drug at the surface of the epithelial membrane,
which then permeates the epithelial membrane.

The oral absorption of phenytoin was found to be significantly increased by
water-soluble prodrugs (Table 11.7) [51, 52]. Solubility of these phenytoin pro-
drugs are ca. 150 mg/ml (cf. the solubility of free acid is 0.04 mg/ml).

Biopharmaceutical modeling of the oral absorption of this type of prodrug has
not been reported. The rat mucous layer scrap and Caco-2 cells were found to
cleave the phosphate prodrug, whereas MDCK cells do not [53].

11.7 PRODRUGS TO INCREASE PERMEABILITY

Practically, a formulation approach to improve membrane permeability has not
been successful in the past6 because an effective enhancer often shows toxicity
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Figure 11.15 Prodrugs to improve solubility: (a) fosamprenavir and (b) phenytoin pro-
drugs [51, 52].

6Capric acid formulation for rectal administration is an exception.
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TABLE 11.7 Bioavailability of Phenytoin Prodrugs

BA%

Prodrug II 65 ± 23
Prodrug III 76 ± 45
Prodrug IV 51 ± 6
Sodium salt 14 ± 3
Free acid 10a

a Predicted value for 190 μm.

to the intestine. Therefore, prodrug approaches are usually pursued to improve
the membrane permeability of a drug.

11.7.1 Increasing Passive Permeation

Most of the prodrugs in the market were designed to increase the passive tran-
scellular permeation of a parent drug by masking hydrophilic functional groups,
such as carboxyl, hydroxyl, and guanidine groups [54, 55]. In many cases, pro-
drugs are converted to the parent drugs by esterase [54]. Animal models may not
be suitable to evaluate the performance of a prodrug due to the species differ-
ence in carboxyl esterase [54]. In addition, Caco-2 cells express different types
of carboxyl esterase from the in vivo human intestine [54, 56, 57].

Although not yet investigated, biopharmaceutical modeling will be soon appli-
cable for prodrugs. Estimation of the conversion rate in the intestinal lumen and
enterocyte is of particular importance. Mizuma [58] summarized the relationship
between the conversion clearance and absorption clearance.

11.7.2 Hitchhiking the Carrier

Valacyclovir is a prodrug of acyclovir (Fig. 11.16) [59]. Valacyclovir is designed
to hitchhike PEP-T1 expressed in the small intestine. This approach has been
extensively investigated [60–64]. In addition to PEP-T1, bile acid transporter
[62] and glucose transporter [65–67] were also investigated as a candidate for
this approach.

11.8 CONTROLLED RELEASE

Biopharmaceutical modeling for controlled-release (CR) formulations is one of
the most highly demanded tasks for biopharmaceutical modeling. CR can be
categorized as prolonged release, timed release, and stimuli-triggered release. A
prolonged-release formulation is designed to gradually release a drug. A timed-
release formulation is designed to release a drug at a predefined time elapsing
after administration. The stimuli-triggered formulations, such as an enteric coating
formulation, are designed to release a drug by a specific stimulus at the desired GI
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Figure 11.16 Valacyclovir.

position, for example, pH. In the following sections, each category is discussed
in detail, as well as the key aspects of biopharmaceutical modeling.

The objectives of biopharmaceutical modeling for a CR development can be
divided into (A) mechanistic simulation of release profile from the formulation
and (B) convolution of the release pattern with the PK profile. For (A), various
factors had to be taken into account, for example, the mechanism of water pen-
etration into the formulation, erosion of the excipient, dissolution of a drug, and
the effect of shear force. This type of investigation is important for designing
the formulation and manufacture process. On the other hand, (B) is often used
to figure out the release pattern required to achieve a desirable PK profile. Even
though (A) and (B) can be merged in the future, currently these two are sepa-
rately investigated. In the following sections, we first discuss (B) and then briefly
discuss (A).

11.8.1 Fundamentals of CR Modeling

For a CR formulation to work, the following two points are fundamental:

• CR formulation is designed to show a robust release profile against the
variations in the physiological environment, such as pH, bile concentration,
and agitation strength.

• The rate-limiting process of drug absorption should be the drug release
process from the formulation, rather than intestinal membrane permeability.

These trivial points mean that the use of complicated physiological biopharma-
ceutical modeling is not required in most cases. Even though the CR function
is provided in commercial modeling software, these programs only calculate the
convolution of user-defined release profile and PK profile. Currently, little or no
mechanistic biopharmaceutical modeling has been reported, in which the effect
of physiological environment on the release profile of CR formulation has been
taken into account. Therefore, a convolution of drug release and drug disposition
functions might be sufficient for biopharmaceutical modeling (the use of a com-
plicated physiological GI model may not be required or should even be avoided
considering the transparency of the model).
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11.8.2 Simple Convolution Method

A simple configuration, such as zero-order release/dissolution function plus
one compartment PK model, would be sufficient for many cases. The release/
dissolution function can be selected based on the in vitro release/dissolution
profile of the formulation. Therefore, the success of biopharmaceutical modeling
is critically dependent on the dissolution test conditions. It is well known that
the buffer species used in a dissolution test can have significant impact on the
release/dissolution profile of a CR formulation. A phosphate buffer, which is
most widely used as a dissolution media (including FaSSIF and FeSSIF), may
not be suitable, whereas a bicarbonate buffer would be more suitable [68, 69].

11.8.3 Advanced Controlled-Release Modeling

It is very difficult to incorporate the effect of biological factors into the modeling
of CR formulation. To do this task, a mechanistic model that can handle the effect
of physiological factors on the release profile is required. Currently, mechanistic
simulation of drug release from a matrix-type CR formulation is under extensive
investigation [70–72]. Jia and Williams used the computational fluid dynamic
(CFD) simulation to investigate the dissolution behavior of a tablet. X-ray micro-
tomography (XMT) was used to provide the structural input [73] for CFD.

11.8.4 Controlled-Release Function

In biopharmaceutical modeling, the release profile can be represented by a
CR function, which is linked to the virtual particle bins (Section 5.4.3). For
prolonged- and timed-release formulations, the binary CR function can be
programmed to activate the dissolution of the particles as a function of time
after oral administration. For triggered-release formulations, the binary CR
function can be programmed to activate the dissolution of the particle by a
specific physiological condition or elapsed time, such as pH (Section 5.4.3).

11.8.5 Sustained Release

11.8.5.1 Objectives to Develop a Sustained-Release Formulation. The
key objectives for prolonged release could be to

• reduce the dosing frequency to increase compliance;
• decrease the systemic side effects by lowering the Cmax/Cmin ratio;
• avoid degradation by the acidic pH of the stomach;
• deliver the drug to fit to the circadian rhythm of a disease.

If CR is needed to reduce Cmax-related side effects, the dosage form might have
a 4–6 h delivery duration. If the objective is to avoid degradation of acid-labile
drugs, enteric coating formulations can also be used. The timed- or prolonged-
release formulation can be used to adjust the Cp –time profile with the circadian
rhythm of a disease.
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11.8.5.2 Suitable Drug Character for Sustained Release. Feasibilities
of a drug for a CR formulation are summarized in Table 11.8 (except enteric
coating formulation) [74]. Among these properties, mathematical biopharmaceu-
tical models can support the assessment of Peff, absorption mechanism, first-pass
metabolism, etc. The drug should have reasonable solubility and permeability
along the GI tract. The assessment of regional differences is discussed in detail
in Section 13.6.

11.8.5.3 Gastroretentive Formulation. The gastroretentive formulation
gained a lot of interest, as it can continuously supply drug to the upper small
intestine. Therefore, this technology can be applied to a drug that shows
site-specific and/or saturable membrane permeation in the upper small intestine,
especially the ones with little colonic absorption, such as gabapentin (Fig. 11.17).
Ofloxacin, metformine, ciprofloxacin, gabapentin, morphine, prazosin, cefaclor,
tramadol, baclofen, carvedilol, levodopa, diazepam, and misoprostol have been
marketed as gastroretentive formulation [75].

Swelling [77] and floating [75] systems are most often used. The swelling
system formulation increases its size larger than the pylorus diameter when it
is exposed to the gastric fluid. As erosion of the swelled formulation occurs,
the size of the formulation reduces and the formulation eventually exits into the
small intestine. The initial formulation size is typically ca. 10 mm, and the size
expands a few fold in the stomach.

The floating system has sufficient buoyancy to float over the gastric contents
and remain in the stomach for a prolonged period. While the system floats over
the gastric contents, the drug is slowly released [75]. Floating systems can be
further classified as effervescent and noneffervescent systems.

Biopharmaceutical modeling would be beneficial to support the design of
release profile. The gastric emptying time of a formulation can be modified to
represent the in vivo situation.

11.8.6 Triggered Release

11.8.6.1 Time-Triggered Release. Time-triggered release (pulsate release)
is of particular interest for chronotherapy [78, 79]. Single unit and multiple
unit systems have been investigated. Biopharmaceutical modeling for multiple
unit systems are straightforward, as the release from a granule can be easily
represented by the conditional binary CR function (Section 5.4.3). For single unit
system, the migrating motor complex affects the gastric emptying time (Section
6.2.2).

11.8.6.2 pH-Triggered Release. Enteric coating is often used to avoid
degradation of a drug in the stomach and/or to protect the stomach from
irritation by a drug. The coating polymer is usually an acid polymer that does
not dissolve at an acidic pH but dissolves in a neutral pH of around 5–6.
Polymethacrylic resins are widely used as pH-sensitive polymers for the purpose
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TABLE 11.8 Suitability for Controlled-Release Formulation

Dose, mg <1 Greater development complexity
(potential drug content
uniformity issue)

10–250 Average degree of difficulty
�250–300 Could need more than one tablet

to accommodate the drug load
Dose Number <0.004 Several technology options exist

for CR development
0.004<, <0.4 Average degree of difficulty

0.4<, <4 CR development will be
challenging but feasible

4<, <40 Need solubilization; CR
development will be difficult

>40 CR development is practically
impossible

Absorption
Mechanism

Transcellular passive diffusion Average degree of difficulty

Other mechanisms including
efflux

Performance could be difficult to
predict

Permeability
(Peff), cm/s

< 0.3 × 10−4 CR formulations with prolonged
delivery duration may not be
feasible; likely will not be
bioequivalent to IR

0.3<, <3 × 10−4 CR development challenging but
feasible; might not be
bioequivalent to IR

>3 × 10−4 CR development should be
feasible; likely to be
bioequivalent to IR

Metabolism
and Efflux

High presystemic or first-pass
metabolism

Relative BA of CR formulation
might be low

Compound is P-gp or CYP3A4
substrate

CR performance difficult to
predict

PK or PD
Half-Life

<1–2 h Half-life too short for CR
development

2–10 h Acceptable half-life
>10 h Compound might not need CR

for reducing dosing frequency

IR, immediate release.

of enteric coating and colon targeting, for example, commercially available
ones such as Eudragit®. Different types of Eudragit, whether water insoluble
or water soluble, are used for colon targeting. Eudragit L dissolves at pH ≥ 6,
whereas Eudragit S dissolves at pH ≥ 7 because of the presence of a higher
amount of esterified groups than carboxylic groups.



COMMUNICATION WITH THERAPEUTIC PROJECT TEAM 371

OH

O

NH2

Gabapentin

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 10 20 30 40

P
la

sm
a 

co
nc

en
tr

at
io

n 
of

 g
ab

ap
en

tin
 (

ng
/m

l) 

Time (h)

Immediate-release formulation

Gastroretentive extended-release formulation 

Figure 11.17 Gabapentin plasma concentration (mean ± SE)-time profiles following
single-dose oral administration of the drug (600 mg) as immediate-release and gastrore-
tentive extended-release formulations under fed state (1000 kcal, ∼50% from fat). Source:
Replotted from Reference 76.

The pH-triggered formulation for colonic targeting has been investigated.
Compared to enteric coating, colon targeting by a pH-sensitive polymer is dif-
ficult because of the intra- and interindividual variation in the intestinal and
colonic pH.

Biopharmaceutical modeling for pH-sensitive formulations is relatively
straightforward. The CR function can be programmed to activate as the virtual
particle bins sense the pH environment (Section 5.4.3). The postprandial pH
change in the stomach should be taken into account when investigating the food
effect on the pH-triggered CR formulation.

11.8.6.3 Position-Triggered Release. The diazo functional group is liable
for bacterial degradation in the colon. This property can be used to deliver an
active drug to the colon. The prodrug approach has been most successful in the
past, for example, sulfasalazine. Bacteria-degradable polymers have also been
investigated [80, 81]. Biopharmaceutical modeling can be performed in the same
manner with the pH-triggered formulation.

11.9 COMMUNICATION WITH THERAPEUTIC PROJECT TEAM

Biopharmaceutical modeling is often requested from a project team to investigate
the feasibility of enabling formulations. This request should be responded starting
with consultation. In more than 50% cases, probably more than 80% cases, the



372 ENABLING FORMULATIONS

requests from a project team can be solved without actually performing biophar-
maceutical modeling. For example, the CR feasibility table (Table 11.8) can be
used as the guidance. Discovery project teams tend to place too much hope on
enabling formulations and biopharmaceutical modeling, as they are often exposed
to exaggerated advertisements about the capability of these technologies. The sub-
ject matter experts should objectively communicate the pros and cons of these
techniques to the discovery project teams.

The first step is to listen to the customers and work together to derive a prob-
lem statement. In many cases, the customer is not aware of the true problem
and simply asks us to run biopharmaceutical modeling. We should first discuss
various perspectives of the project (e.g., target disease, patient population, avail-
able PK and physicochemical data, and deadline). The second step is to identify
the cause of inappropriate exposure. Biopharmaceutical modeling will be helpful
to quantitatively identify the cause of inappropriate exposure from a standard
formulation. If the cause is a metabolic clearance process, enabling formations
cannot be helpful (an alternative administration route may work). The third step
is to identify the suitable enabling formulations for the drug (Fig. 11.18).

The last step is the assessment of the effect of an enabling formulation on oral
absorption of a drug. However, because the absorption enhancement mechanisms
of the enabling formulations are complicated, biopharmaceutical modeling might
not be applicable. In addition, there might not exist any appropriate in vitro
method. Therefore, an in vivo test should also be considered. In the preclinical
stage, in vivo dog models would be practically the most appropriate method to
test the performance of formulations. These points should be well communicated
to the other disciplines that are overexpecting the ability of current commercial
biopharmaceutical modeling programs.

For CR simulation, the tabled data of release profile obtained from an in vitro
dissolution test is often used for simulation. When a commercial program is used
in this way, it should be remembered that the effect of physiological factors are
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Figure 11.18 Decision tree for enabling formulation.
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not taken into account for the release profile from the formulation. A simple
combination of release kinetics and disposition kinetics would be sufficient for
many cases, as the dissolution (of API) and membrane permeability is usually
not the rate-limiting step for a CR drug product.
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CHAPTER 12

FOOD EFFECT

“It is not just food. It is M&S food.”
—Marks & Spencer TV ad.

The modeling and simulation (M&S) of the food effect on oral drug absorption
is one of the key areas where biopharmaceutical modeling can be applied. It
is preferable to design a compound and formulation that is less susceptible to
the food effect. In addition to meals, fruit juice and alcohol also affect the oral
absorption of a drug.

12.1 PHYSIOLOGICAL CHANGES CAUSED BY FOOD

The changes in physiological conditions by food intake have already been dis-
cussed in Chapter 6 and are only briefly described here. The bile acid concen-
tration in the GI fluid increases from ca. 3 mM in the fasted state to ca. 15 mM
in the fed state. The stomach pH is increased from 1.5 to 6 immediately after
food intake and gradually decreases to the fasted pH in 1 h [1]. In the small
intestine, pH in the fed state is about 6, which is slightly lower than that in
the fasted state (pH 6.5). The stomach emptying time (T1/2) increases from ca.
10 min in the fasted state to ca. 60 min in the fed state. Food intake increases the
intestinal motility and intestinal and hepatic blood flows. Among these physio-
logical changes, the increase of bile micelles is the most significant postprandial
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change that affects the oral absorption of a drug. The development of a simulated
intestinal fluid to mimic the postprandial state has been extensively investigated.

12.1.1 Food Component

Food components have a significant impact on the food effect. FDA recom-
mends that food effect studies should be conducted using meal conditions that
are expected to provide the greatest food effect. A high fat (∼50% of total caloric
content of the meal) and high calorie (∼800–1000 kcal) meals is recommended
as a test meal for food effect studies. This test meal should derive approximately
150, 250, and 500–600 kcal from protein, carbohydrate, and fat, respectively.
An example test meal would be two eggs fried in butter, two strips of bacon,
two slices of toast with butter, 4 oz of hash brown potatoes, and 8 oz of whole
milk (Table 12.1) [2].

The contraction of the gallbladder is stimulated by a small amount of lipid
ingested. Carbohydrates increase the motility of the intestinal tract but not the
gallbladder contraction [3]. Typical viscosities of meals lie in the range of 10
to 100,000 cP. Marciani and coworkers utilized echo planar magnetic resonance
imaging (MRI) in humans to monitor the changes in viscosity of meals and
demonstrated significant and rapid reductions in viscosity with time due to dilu-
tion by the gastric fluids [4]. Figure 12.1 shows the effect of food component
on the stomach pH [5]. Protein increased the gastric pH, whereas carbohydrate
(Moducal) and lipid did not.

12.1.2 Fruit Juice Components

Recently, fruit juice–drug interaction has been extensively investigated. Grape-
fruit is known to affect the oral absorption of CYP3A4 and OATP substrates.
Figure 12.2 shows the major flavonoids in the grapefruit juice. Table 12.2 shows

TABLE 12.1 Examples of Meals Used in Food Effect Studies

Standard Breakfast Meala Ensure Plusb

One English muffin with butter Energy, kJ, 1263
One fried egg Energy, kcal, 300
One slice of cheese Carbohydrate, g, 40.4
One slice of Canadian bacon Protein, g, 12.5
One serving of hash browned (fried shredded) Total fat, g, 8.4
potatoes Saturated fatty acids, g, 0.98
6 oz orange juice Essential fatty acids, g, 2.9
8 oz whole milk Dietary fiber, g, 0
Carbohydrate 73 g, 292 kcal, 1222 kJ, 45% of calories Water, g, 155
Protein 29 g, 116 kcal, 485 kJ, 18% of calories Minerals, vitamins
Fat 27 g, 240 kcal, 1004 kJ, 37% of calories

a FDA office of generic drugs.
bNutritive value per 200 ml.
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Figure 12.1 Stomach pH changes after meal administration. Source: Replotted from
Reference 5.

Figure 12.2 Structures of flavonoids and furanocoumarins present in grapefruit juice.
Source: Adapted from Reference 8 with permission.
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TABLE 12.2 Grapefruit Juice Componenta

Concentration, μM

Type of Grapefruit Juice Naringin Bergamottin 6′,7′-Dihydroxybergamottin

Pink (3 brands) 782 ± 113 10.0 ± 2.9 0.6 ± 0.3
White (5 brands) 1010 ± 287 24.5 ± 7.6 14.5 ± 22.1
Red (6 brands) 473 ± 277 9.5 ± 6.3 5.6 ± 6.5

a References 6 and 8.

the typical concentration range of these flavonoids. The interaction via CYP3A
is due to its high concentrations of DHB (6′,7′-dihydroxybergamottin) and/or the
spiroester dimers, which are very potent irreversible inhibitors of enteric CYP3A
[6]. Concentrated grapefruit juice was suggested to increase the GET, whereas
normal grapefruit juice does not [7]. In addition, orange juice was suggested to
decrease the oral absorption of OATP substrates (Section 12.2.3.2).

12.1.3 Alcohol

The concomitant intake of alcohol can cause an uncontrolled rapid release of
a controlled-release formulation (dose dumping). Since a controlled-release for-
mulation usually contains a larger drug amount than an IR formulation, if this
amount is released at once, this could be a risk in clinical situations [9]. The FDA
released drug-specific guidelines to test the effect of ethanol (5%, 20%, and 40%
v/v) on the in vitro release profile of formulation (for tramadol, oxymorphone,
morphine sulfate, bupropion, and metoprolol succinate) [10].

The alcohol intake delays the GET. Beer (500 ml), red wine (500 ml), and
whiskey (125 ml) delayed the GET to 40, 70, and 25 min, respectively, compared
to the control value of 15 min with 500 ml water [11].

In a prolonged-release formulation of hydromorphone, the Cmax increased 1.9-
and 5.5-fold when taken with 20% and 40% ethanol, respectively [12]. On the
other hand, OROS [osmotic-controlled release oral delivery system (OROSTM)]
formulation of the same drug was not susceptible to ethanol [13].

The effect of ethanol on intestinal membrane permeability is not well char-
acterized [9]. Ethanol is metabolized mainly by the alcohol dehydrogenases and
aldehyde dehydrogenases and to a minor extent by CYP2E1. About 99% of
ethanol is metabolized in the liver [9].

12.2 TYPES OF FOOD EFFECTS AND RELEVANT PARAMETERS
IN BIOPHARMACEUTICAL MODELING

12.2.1 Delay in Tmax and Decrease in Cmax

The delay in stomach emptying occurs, regardless of the drug property. However,
the delay in Tmax and reduction in Cmax are often not observed for BCS II drugs,
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as an increase in drug solubility in the intestine in the fed state masks these
effects.

To investigate the appropriateness of the kinetic model for gastric emptying,
biopharmaceutical modeling of acetaminophen was investigated, as shown in
Figure 12.3 [14–16]. Acetaminophen is often used as a marker to investigate the
GET. By setting the GET T1/2 to 60 min, oral PK profile of acetaminophen in
the fed state is appropriately reproduced (Fig. 12.3).

12.2.2 Positive Food Effect

A drug that shows a positive food effect usually has a dose number greater than
1 [18, 19] and high permeability (BCS II) [20, 21].

12.2.2.1 Bile Micelle Solubilization. Bile micelle solubilization has been
suggested to be the major reason for a positive food effect for compounds with
low solubility with Do > 1 (solubility-permeability-limited (SL) cases). However,
this looks contradicting to the free fraction theory, as bile micelle solubilization
would not increase the concentration of unbound drug (Section 2.3.3). This con-
tradiction can be dispelled by considering the difference between the UWL- and
epithelial-membrane-limited cases (SL-U and SL-E, respectively).
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Figure 12.3 Food effect on acetaminophen PK. Dose = 1000 mg, Sdissolv = 23.7 mg/ml,
kperm = 0.038 min−1 (estimated from rat SPIP data [14], FgFh = 0.8 [14], dp = 1 μm
(immediate dissolution), k12 = 0.95 h−1, k21 = 1.41 h−1, k13 = 0.51 h−1, and V1 = 0.6
l/kg [17]. Gastric T1/2 = 10 min (fasted) and 60 min (fed). Source: Observed data from
Reference 15.
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The drug molecules bound to bile micelles can pass through the UWL. Once
carried close to the epithelial membrane, the drug molecules, which are in rapid
dynamic equilibrium between the bound and unbound states, then permeate the
epithelial membrane. In the case of solubility-UWL-limited drugs (SL-U), the
former process is slower than the latter process and becomes the rate-limiting
step. Bile micelles increase the solubility of a drug (Sdissolv) (i.e., increase the
dissolved drug concentration (Cdissolv)). At the same time, as the diffusion of bile-
micelle-bound drug molecules is slower than that of unbound drug molecules, bile
micelle binding reduces the effective diffusion coefficient (Deff) of a drug in the
UWL (Section 8.4.6). However, the Deff does not become zero (cf. Deff = fu ×
Dmono + (1 − fu) × Dbm). Consequently, the flux across the UWL is increased by
bile micelle solubilization of a drug (cf. flux = Cdissolv × PUWL). For example,
PUWL of griseofulvin would be slightly decreased (0.6-fold), while its solubility
is increased 2.3-fold, resulting in a net positive food effect (1.6-fold). Reduction
in the effective permeability of griseofulvin by bile binding was experimentally
observed [22].

Figure 12.4 shows the relationship between the lipophilicity of a drug and the
clinical food effect for SL-U cases (undissociable drugs). A positive food effect
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Figure 12.4 Relationship between lipophilicity of a drug and clinical food effect for SL-
U cases (undissociable drugs). The solid line indicates an a priori theoretical line derived
from log Kbm − log Poct and log Ptrans,0 − log Poct relationships. Dmono and Dbm for the
fasted and fed states were set to 7, 0.5, and 1.1 × 10−6 cm2/s, respectively. VGI ratio was
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by bile micelle solubilization would be observed for a compound with its log Poct
greater than 2. The theoretical line in Figure 12.4 shows an a priori prediction
derived from the log Kbm –log Poct equation (Eq. 2.17), the log Ptrans,0 –log Poct
equation (Eq. 4.34), and the diffusion coefficient of bile micelles. This theoreti-
cal line corresponds to the maximum food effect, so that when Fa% in the fed
state is 100%, the fed/fasted AUC ratio can become less than the predicted val-
ues (Fig. 12.5). For example, if a drug has Fa% = 50% in the fasted state, the
fed/fasted AUC ratio cannot exceed 2. Atovaquone (Fa% in the fasted state =
30%, the hereinafter the same), fenofibrate (51%), efavirenz (82%), cyclandelate
(>40%), quazepam (>56%), and etretinate (30–70%) [23] would be such cases
(Table 12.3). The positive food effect can be more than 10-fold, for example,
halofantrine HCl (13-fold, 250 mg in dogs, log Poct = 8.9) [24] and indomethacin
farnesil (>50-fold, 150 mg in humans, calculated log Poct = 9.6) [25]. The rela-
tionship between solubility ratio (FeSSIF/FaSSIF) and clinical food effect for
SL-U cases is shown in Figure 12.5.

On the other hand, in the case of solubility–epithelial membrane limited
drugs (SL-E), the oral absorption would not be increased by bile micelle sol-
ubilization. The bile-micelle-bound fraction cannot permeate across the epithe-
lial cell membranes. Therefore, the flux through the epithelial membrane (the
rate-limiting step) would not be increased (flux = Sdissolv × fuPep = Sblank/fu ×
fuPep = Sblank × Pep). Pranlukast was suggested to be a typical example for this
case (Tables 8.2 and 8.3). The solubility of pranlukast is increased ca. ninefold
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Figure 12.5 Relationship between solubility ratio (FeSSIF/FaSSIF) and clinical food
effect for SL-U cases. (a) I.V. and (b) P.O.
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TABLE 12.3 Food Effect for undissociable and Free Acid Drugs with Low
Solubilitya

Solubility, mg/ml References

Dose, Food Effect Solubility Food
log Poct mg (Fed/Fasted)b FaSSIF FeSSIF Ratio EffectSolubility

Indissociable
Atovaquone 5.1 1000 3.8 0.0024 0.0087 3.6 19 26
Bropirimine 1.3c 500 1.9 — — — 19 —
Carbamazepine 2.1 400 1.2 0.185 0.29 1.6 18 27
Celecoxib 3 400 3.5 0.0462 0.103 2.2 28 29
Chlorothiazide −0.24 500 1.7 0.87 0.83 0.95 18 26
Cyclandelate 4.49c 100 2.5 — — — 30 —
Danazol 4.2 100 4 0.018 0.047 2.6 19 26
Dicoumarol 2.7 250 1.85 — — — 18 —
Efavirenz 4.1 600 1.3 — — — 19 —
Etretinate 8.48 100 5.5 0.0034 0.017 5 18 31
Fenofibrate 5.2 200 1.4 0.014 0.037 2.6 — 32
FK-143 3 500 2.2 — — — 18 —
Ganciclovir −1.7 1000 1.2 — — — 19 —
Griseofulvin 2.18 125 1.7 0.015 0.034 2.3 19 26
Hydrochloro-

thiazide
−0.03 50 1.2 — — — 19 —

Ivermectin 3.2 30 2.6 0.12 0.6 5 33 26
Methoxsalen 1.7 1000 1.9 — — — 18 —
Lopinavir 2.3 400 1.7 — — — — —
Nitrofurantoin −0.54 100 1.4 — — — 19 —
Phenytoin 2.5 350 1.9 0.041 0.059 1.4 18 26
Praziquantel 2.44c 1800 3.7 — — — 34 —
Proquazone 3.13 600 2 — — — 18 —
Quazepam 4.3 20 1.6 — — — 18 —
Repirinast 2.05c 300 2.4 — — — 18 —
Rufinamide 0.9 600 1.4 — — — 18 —
Spironolactone 3.3 200 2 — — — 18 —
Telaprevir 4 750 4.2 — — — 35 —
Troglitazone 2.7 400 1.6 0.0048 0.011 2.3 19 31
Free acid
Acitretin 6.4 25 1.9 — — — 19 —
Isotretinoin 6 80 1.9 0.053 0.188 3.5 19 31
p-Aminosalicylic

acid
1.6 6000 1.7 — — — 19 —

Pranlukast 4.2 225 1.3 0.088 0.8 9.1 19 26

a Compiled mainly from References 18, 19 for ≥ 1.2 cases.
bAUC ratio.
cCalculated by the ACD software.
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Figure 12.6 Plasma concentration-time curves for racemic propranolol after simultane-
ous dosing with 80-mg oral (p.o.) (b) and 0.1 mg/kg intravenous (i.v.) doses (a) (dotted
line, fasted state; solid line, fed state). Mean ± SE; n = 6. Source: Adapted from Refer-
ence 41 with permission.
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in the fed state. However, the food effect is only a 1.5-fold increase at 300 mg
(cf. Fa% in the fed state is 11%). As the effective intestinal fluid volume would
be increased after the food intake (estimated to be 1.2- to 1.5-fold), a slightly
positive food effect can be observed for this class of drugs.

In the case of dissolution-rate-limited absorption, the bile micelle solubiliza-
tion would increase the dissolution rate, leading to a positive food effect. For
example, a positive food effect (2.6-fold) was observed in ivermectin (30-mg
dose in humans) [36]. However, the increase in the dissolution rate by bile
micelles is smaller than that of solubility as the effective diffusion coefficient
is decreased [37].

A positive food effect is also observed for an oil formulation such as fen-
retinide (corn oil-polysorbate 80 [38], fed/fasted ratio = 3.2 [18]), pleconaril
(MCT, 2.23) [39], and cyclosporine (emulsion, 3.8) [18].

In theory, the increase in the solubility of a drug by bile micelles may increase
the drug concentration in the cytosol for SL-U cases, resulting in a decrease in the
first-pass metabolism and the efflux transport. However, it is difficult to differ-
entiate the contribution of increase in solubility, saturation of efflux transporter,
and metabolism by inspecting the clinical PK data for such cases.

12.2.2.2 Increase in Hepatic Blood Flow. Fg is expressed as Fg = 1−
CLh/Qh. Therefore, the increase of the hepatic blood flow would reduce the
hepatic first-pass effect and increase the bioavailability (Fig. 12.8). Drugs with
CLh of more than 6.5 ml/min/kg (32% of Qh in humans) may exhibit a significant
positive food effect [40]. Propranolol was suggested to be a typical example
(Fig. 12.7) [41]. The BA% of propranolol (80-mg dose) was increased from 27%
to 46% by food. Propranolol is mainly metabolized by CYP2D6, 1A2, and 2C19,
suggesting that this positive food effect would not be Fg related [42]. Metoprolol
[43], tolterodine [44], and propafenone [40] might be the other examples (1.4-,
1.5-, and 1.6-fold positive food effect, respectively; all metabolized mainly by
CYP2D6). Rizatriptan might be another example (1.2-fold positive food effect
[18], metabolized by monoamine oxidase) (Fig. 12.7; Table 12.4) [45].

12.2.2.3 Increase in Intestinal Blood Flow. Little or no positive food
effect has been observed for atrovastatin [87], nisoldipine [88], and midazolam
[89]. This evidence might suggest that intestinal blood flow has little effect on
Fg [40].

Buspirone might be a case of positive food effect caused by the increase in the
intestinal blood flow. Fg of buspirone is low (0.16) [90, 91]. AUC and Cmax of
unchanged buspirone increased by 84% and 116%, respectively, whereas the total
amount of buspirone immunoreactive material did not change. This suggested
that the presystemic metabolic clearance of buspirone was decreased by the food
effect. As the dose number of buspirone is less than 0.5 (dose 20 mg, solubility
>0.2 mg/ml), the solubility increase would not be the reason for the positive food
effect. Deramciclane might be another example. AUC and Cmax of unchanged
deramciclane increased by 30% and 20%, respectively, whereas the total amount
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Figure 12.7 Hepatic clearance and food effect. The line indicates the theoretical predic-
tion by Fh = 1 − CLh/Qh.

of metabolite did not change [92]. Chloroquine and clarithromycin show positive
food effects (1.4- and 1.2-fold, respectively) [18, 40], and CYP3A4 is involved
in their metabolism. Fg of clarithromycin was estimated to be 0.87 from the
grapefruit juice effect [93]. However, it is difficult to exclude the possibility of
increase in Fh of these drugs. For drugs with low solubility and low Fg such as
saquinavir, it is difficult to identify the main reason for the positive food effect.

12.2.2.4 Inhibition of Efflux Transporter and Gut Wall Metabolism. The
components of grapefruit juice inhibit the CYP3A4 metabolism in the gut wall
and significantly increase the exposure of a drug, which undergoes the gut wall
metabolism. The inhibition of CYP3A4 by grapefruit juice occurs in the intestinal
wall, but not in the liver [94]. Therefore, the grapefruit effect on bioavailability
of a drug was suggested to be a good surrogate to estimate Fg [94]. The mean
recovery half-life of intestinal CYP3A4 is 23 ± 10 h, which is shorter than that
in hepatic CYP3A4 (1–6 d) [94].

To the best of the author’s knowledge, little or no clinical evidence showing
inhibition of P-gp by fruit juice has been reported [95]. With 220 ml single-
strength grapefruit juice, digoxin AUC 0–24 was minimally increased to 1.1-fold,
compared with water (not statistically significant) [96, 97]. In vitro, fruit juices
moderately inhibited the P-gp effect [98].
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Figure 12.8 Effect of food and fat content on gabapentin Cp-time profiles following
a single-dose oral administration of gabapentin (600 mg) as gastric retention extended-
release formulation. The low fat meal contained 836 kcal, <30% of which was from fat.
The high fat meal contained 945 kcal, of which approximately 50% was from fat. Source:
Replotted from Reference 100.

TABLE 12.4 Positive Food Effect via Increase in Hepatic Blood Flow

CLh, ml/min/kg Food Effect (Fed/Fasted) References

Chloroquine 4.6 1.4 40
Diazepam 0.4 0.9 40
Diprafenone 10.6 1.4 40
Fluconazole 0.3 0.9 40
Labetalol 27.0 1.4 116
Metoprolol 15.0 1.4 40
Oxycodone 11.1 1.2 18
Pindolol 4.1 1.2 40
Prednisolone 1.0 1.1 40
Primaquine 6.8 1.1 40
Propafenone 14.3 1.6 40
Propranolol 16.0 1.6 40
Pyrazinamide 0.3 1.0 40
Quinidine 3.2 1.0 40
Selegiline 19.8 3 117
Stavudine 1.7 0.9 40
Theophylline 0.7 1.1 40
Timolol 6.2 1.2 40



TYPES OF FOOD EFFECTS AND RELEVANT PARAMETERS 391

Even though it has been theoretically suggested that the bile acids and food
components can inhibit apical efflux transporters, little or no clinical evidence
was reported.

In biopharmaceutical modeling, Fg estimation would be the key factor to
estimate the effect of grapefruit juice on exposure of a drug (Section 4.10).

12.2.2.5 Desaturation of Influx Transporter. From the theoretical point
of view, a slow gastric emptying can reduce the concentration of a drug in the
upper intestine and increase the permeability of a drug via an uptake transporter.
Together with the prolonged exposure of a drug to an upper-intestine-specific
transporter, this could result in an increase in Fa%.

Gabapentin is absorbed via an l-amino acid transporter. This drug showed a
dose-subproportional oral absorption. When dosed after a meal containing fat, the
exposure of gabapentin was increased by 12% [99]. Interestingly, the food effect
is more significant when dosed as a gastric retention formulation (Fig. 12.9) [100].
As this drug is very hydrophilic and zwitterionic, it is unlikely that pH and bile
had affected its solubility in the intestine. Capsule and solution administration
gave an identical oral absorption [99]. Therefore, the increase in exposure in the
fed state would be due to the desaturation of uptake transport of gabapentin.

Ribavirin [101] and riboflavin [102] also show a positive food effect (both
1.4-fold). These compounds were also absorbed via influx transporters [103, 104].

12.2.3 Negative Food Effect

A drug that shows a negative food effect usually has a dose number less than 1
[18, 19] and low permeability (BCS III) [20, 21]. When compared to the positive
food effects, the reasons for the negative food effects would be more complex.
Two or more reasons may be acting simultaneously.

12.2.3.1 Bile Micelle Binding/Food Component Binding. Bile micelle
binding has been suggested to be the reason for a negative food effect in drugs
with low permeability and Do < 1 [22, 26, 31, 105–111]. Bile micelle binding
reduces the unbound drug concentration at the epithelial surface and reduces
the effective permeability of a drug (Fig. 12.9). In many low to moderately
lipophilic base drugs, the food intake reduces the Cmax and AUC. In spite of
their hydrophilicity, nadolol and atenolol were found to bind to bile micelles
and the effective intestinal permeability was reduced due to the reduction in the
unbound fraction [112]. The extent of the negative food effect was found to
quantitatively correlate with the free fraction ratio in FeSSIF/FaSSIF [31].

It is interesting that many compounds that show a negative food effect
(Table 12.5) also show a bimodal PK profile [113], for example, pafenolol [108],
talinolol [114] (Fig. 12.10), and maraviroc [115] (Fig. 12.11).1 The second peak

1These drugs are also P-gp substrates and show dose-supralinear exposure (Section 14.2). A slower
gastric emptying in the fed state may desaturate the efflux and decrease oral absorption of these
drugs.
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No bile micelle With bile micelles

Do < 1

Do > 1

Effective for UWL permeation
(Positive food effect for SL-U)

Effective for
epithelial membrane permeation
(little food effect for SL-E)

Effective for UWL permeation
(no food effect)

Effective for
epithelial membrane permeation
(negative food effect for PL)

Figure 12.9 Concentration of free and bile-micelle-bound drug molecules in the presence
and absence of undissolved solid drug. The bile-micelle-bound fraction is 50% for both
Do > 1 and Do < 1 cases.

was found to be larger than the first peak, suggesting that the enterohepatic
recirculation is not the reason for the bimodal PK profile. It was suggested that
the drug molecules once bound to bile micelles in the upper small intestine
would be released at the end of ileum as the bile acids are almost completely
reabsorbed by a site-specific bile acid transporter (Fig. 12.12; Section 13.6.3.2)
[108].

The oral absorption of bisphosphonates is significantly reduced when taken
with food. Complex formation with Ca2+ would be the reason for this negative
food effect.

12.2.3.2 Inhibition of Uptake Transporter. Fruit juice components can
inhibit the uptake of a transporter substrate at the intestinal epithelial mem-
brane. The oral absorptions of intestinal OATP substrates such as fexofena-
dine (Fig. 12.13) [118], celiprolol [119], talinolol [114], and aliskiren [120] are
reduced when they are coadministered with grapefruit juice by 63%, 84%, 44%,
and 61%, respectively. Inhibition of OATP uptake of these drugs by grapefruit
components was suggested as the mechanism for clinical observation. It should
be noted that orange juice is often taken in a food effect study (Table 12.1).
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TABLE 12.5 Negative Food Effect

Drug Food Effecta Comments References

5-Aminosalicylic acid 0.52 — 19
6-Thioguanine 0.41 — 18
Alendronate <0.15 Bisphosphonate 129
Aliskiren 0.32 — 130
Ambenonium chloride 0.3 Quaternary amine 18
Amoxicillin 0.55 — 18
Aspirin 0.768 — 18
Atenolol 0.8 — 18
Bisamide 0.73 — 18
Bromazepam 0.67 — 18
Capecitabine 0.69 — 18
Captopril 0.44 — 18
Clodronate 0.7 Bisphosphonate 19
Didanosine 0.45 — 19
Delavirdine 0.74 — 65
Endralazine 0.33 — 131
Entecavir 0.79 — 19
Eptastigmine 0.63 — 19
Estramustine 0.674, 0.411 Alkylating agent 18
Etidronate 0 Bisphosphonate 132
Fenoldopam 0.35 Desaturation of metabolism 121
Fexofenadine 0.73b — 133
Furosemide 0.55 — 19
Hydralazine 0.45 — 18
Indinavir sulfate 0.57 — 31
Isoniazid 0.57 — 19
Ketoprofen 0.78 — 18
Maraviroc 0.76 — 115
Melagatran 0.14 — 134
Melphalan 0.45 Alkylating agent 18
Metformin 0.76 — 18
Methotrexate 0.77 — 18
Nadolol 0.74 — 135
Nimodipine 0.62 — 18
Pafenolol 0.6 — 108
Penicillamine 0.49 — 18
Pidotimod 0.51 — 19
Pravastatin 0.69 — 19
Riluzole 0.8 — 31
Risedronate 0.44 Bisphosphonate 136
Sotalol 0.8 — 19
Sulpiride 0.71 — 18
Tacrine 0.79 — 18
Talinolol 0.5 — 137
Tamsulosin 0.7 — 19

(continued )
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TABLE 12.5 (Continued )

Drug Food Effecta Comments References

Tegaserod 0.45 — 138
Telmisartan 0.7 Solid dispersion formulation 139
Tetracycline 0.6 — 18
Tyramine 0.41 — 18
Voriconazole 0.56 — 125
Zafirlukast 0.78 Solubilized formulation 140
Zidovudine 0.67 — 18

a Compiled mainly from References 18, 19 for ≤ 0.8 cases.
bNo orange juice included in the food study.
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Talinolol

Figure 12.10 Mean (± SD) serum talinolol concentration–time profiles (n = 24) for
orally administered talinolol (50 mg) with 300 ml of water, with 300 ml of grapefruit juice
(GFJ acute), or after ingestion of 300 ml of grapefruit juice thrice daily for 6 d (GFJ
chronic). Source: Adapted from Reference 114 with permission.

12.2.3.3 Desaturation of First-Pass Metabolism and Efflux Transport.
Because of the slow stomach emptying, the dissolved drug concentration in the
intestine in the fed state becomes lower than that in the fasted state, leading to
desaturation of the first-pass metabolism (both at liver and gut wall) and the efflux
transport in the intestine. Fenoldopam might be an example for this case [121].
The mean relative bioavailabilities (fed/fasted) were 35% and 81%, respectively,
for fenoldopam and its sulfate metabolite (SK&F 87782) (Fig. 12.14).
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Figure 12.11 Mean plasma maraviroc concentration–time profiles after oral administra-
tion of maraviroc. Source: Adapted from Reference 115.
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Figure 12.12 Bimodal PK and bile-micelle binding.
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Fexofenadine

Figure 12.13 Mean plasma fexofenadine concentration-time profiles (n = 10) for orally
administered fexofenadine (120 mg) with 300 ml water, grapefruit juice (GFJ) at 25% of
regular strength (25% GFJ), GFJ, orange juice (OJ), or apple juice (AJ) followed by 150 ml
of the same fluid every 0.5-3 h (total volume, 1.2 l). Source: Adapted from Reference 118
with permission.

Indinavir sulfate might be another example. The oral absorption of this drug
was reduced by protein, carbohydrate, fat, and viscosity meal treatment (AUC
ratio (fed/fasted) 32%, 55%, 67%, and 70%, respectively) [5]. The negative food
effect by protein was considered to be due to the increased stomach pH. Oral
absorption of indinavir sulfate is reduced by omeprazole, supporting this mech-
anism [122]. However, even though the meals containing carbohydrate and fat
did not increase the stomach pH, they induced the negative food effects. Indi-
navir shows supraproportional exposure (40 vs 1000 mg) [123]. The negative
food effect was reversed when a CYP3A4 inhibitor, ritonavir, was coadminis-
tered [86]. Grapefruit juice does not increase the bioavailability of indinavir,
suggesting that intestinal metabolism is negligible [7]. Therefore, the slow gas-
tric emptying and increased intestinal fluid volume in the fed state might have
reduced the drug concentration in the portal vein and desaturated the liver first-
pass metabolism. Delavirdine might also belong to this type of drugs, as it shows
dose-supralinear exposure [63].

Voriconazole (pKa = 1.63, log Poct = 1.69) [124] is an interesting example. In
the fed state, the AUC of voriconazole after single dose of 200 mg is reduced to
57% of that in the fasted state. This negative food effect is less significant after
multiple doses (78% at day 7) [125]. The bioavailability of voriconazole is 100%
in the fasted state, and hence, there is no first-pass metabolism in the fasted state
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Figure 12.14 Mean plasma concentration (Cp)-time profile of (a) fenoldopam and
(b) SK&F 87782 in humans in the fasted and fed states. Source: Replotted from
Reference 121.

[124]. The solubility is similar in FaSSIF (0.66 mg/ml) and FeSSIF (0.73 mg/ml)
(i.e., unbound fraction is similar), and the dose number is 1.2 (based on FaSSIF
solubility and 200-mg dose) [31]. The gastric pH had no effect on oral absorption
[126]. Therefore, the reduction of solubility in the stomach and permeability in the
small intestine can be excluded from the possible mechanisms. Desaturation of
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the first-pass metabolism would be one possible mechanism for the negative food
effect. The AUC is dose-supralinear in 1.5–6.0 mg/kg after i.v. administration.
Therefore, another possible mechanism for the negative food effect could be that
as the Cmax decreases due to slow gastric emptying, desaturation of systemic
clearance (non-first-pass) occurred, leading to a decrease in AUC.

12.2.3.4 Viscosity. Food increases the viscosity of the chyme, and this can be
a cause for a negative food effect. Solid meals caused a significant negative food
effect on the oral absorption of bidisomide, whereas an equivalent caloric liquid
food of relatively low viscosity did not. The negative meal effect on bidisomide
was also generated by viscous zero-calorie meals [127]. The viscosity of chyme
is greatest in the upper intestine where digestion of food is at its least complete.
Therefore, viscosity is important when the drug is absorbed in the upper intestine.
Food viscosity has been suggested to delay the disintegration of a paracetamol
tablet [128].

12.2.3.5 pH Change in the Stomach. An increase in the stomach pH was
speculated to be a reason for the negative food effect for base drugs with low
solubility, as it would decrease the solubility and dissolution rate of a base drug
in the stomach. However, little or no clinical evidence was reported to support
this speculation. Actually, in contrast to the speculation, in the case of base drugs
with low solubility, the food effect is usually positive (Table 12.6). A negative
food effect is merely found for Do > 1 cases [18, 19]. The increase in the
solubility and the dissolution rate of a drug in the small intestine would cancel
out the decrease in solubility in the stomach in the fed state.

12.2.3.6 pH Change in the Small Intestine. A decrease in the small intesti-
nal pH was also speculated to be a reason for the negative food effect in a base
drug with low permeability, as it would decrease the intestinal epithelial mem-
brane permeability of the drug [21]. However, the microclimate pH is maintained
relatively constant even when the bulk fluid pH was changed between pH 6.0
and 8.0 (Fig. 6.16). In addition, if this speculation was true, this pH effect should
result in a positive food effect for acid drugs with low permeability. However,
this is not clinically observed [18, 19]. On the contrary, acid drugs with low per-
meability usually show no or negative food effect (e.g., pravastatin, furosemide).
As discussed earlier, the negative food effect observed for bases with low per-
meability can be explained by bile micelle binding. At present, little evidence
exists to support a negative food effect via the intestinal pH change. Further
investigation is required to prove this hypothesis.

12.3 EFFECT OF FOOD TYPE

It is well known that the positive food effect largely depends on the fat content
of the food. The oral absorption of atovaquone in humans was higher when
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TABLE 12.6 The Stomach pH and Food Effects for Dissociable Drugs with Low
Solubility

Fa% Changea References

High/Low Food Effect
Drug pKa Gastric pH (Fed/Fasted) Gastric pH Food

Free base
Albendazole 4.2 0.71 (1400 mg) 5 46 47
Aprepitant 4.2 — 1.31 (125 mg) — 48
Cinnarizine 7.5 0.13–0.27

(25 mg)
1.2–1.7 (50 mg) 49 50

Clofazimine 8.5 0.85 (200 mg) 1.45 (200 mg) 51 51
Dasatinib 6.8 0.4 (50 mg) 1.2 (100 mg) 52 52
Dipyridamole 6.2 0.63 1 53 54
Gefitinib 5.28, 0.53 (250 mg) 1.37 55 55

7.17
Ketoconazole 2.9, 6.5 0.08 (200 mg) 0.61 (200 mg)b

1.05 (200 mg)
1.34 (200 mg)d

1.59 (400 mg)c

1.45 (600 mg)c

1.02 (800 mg)c

56 —

Itraconazole 3.7 0.35 (200 mg)e

0.54 (200 mg)f
3 (100 mg) — 57

Posaconazole 3.6
4.6

0.66 (400 mg) 5 (400 mg) 58 58

Triclabendazole 3.1 — 3.7 (600 mg) — 59

Salt of base
Amiodarone HCl 9.0 — 2.4 (600 mg) — 60
Atazanavir sulfate 4.25 0.25 (300 mg) 1.7 (400 mg) 61 62
Darunavir

(ethanolate)
2.2 1 (400 mg) 1.4–1.8 (400 mg) 63 63

Dabigatran
etexilate
mesylate

4.0, 6.7 0.35 (200 mg) 1.42 (200 mg) 64 64

Delavirdine
mesylate

4.6 0.52 (300 mg) 0.74 (300 mg)g 65 65

Erlotinib HCl 5.6 0.51 (150 mg) 2.9 (150 mg) 66 66
Halofantrine HCl 8.2 0.5 (250 mg in

dogs)
3–5 (250–500 mg)h

13 (250 mg in dogs)i
67 —

Indinavir sulfate 3.8, 6.2 0.53 (800 mg) 0.57 (800 mg)g ,j

0.88 (800 mg)
(+RTV)k

68 —

Lapatinib tosylate 4.6, 6.7 — 4.25 (1500 mg) — 69
Nelfinavir sulfate 6.0 0.36 (1250 mg) 2.4 (500 mg)

5.2 (1250 mg)
70 71
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TABLE 12.6 (Continued )

Fa% Changea References

High/Low Food Effect
Drug pKa Gastric pH (Fed/Fasted) Gastric pH Food

Nilotinib HCl
monohydrate

5.4 0.66 (400 mg) 1.8 (400 mg) 72 73

Saquinavir
mesylate

7.0 — 6.7 (600 mg) 70, 74 75

Ticlopidine HCl 7.6 0.8 (250 mg) 1.2 (250 mg) 76 76
Ziprasidone HCl 6.5 — 2 (80 mg) — 77

Salt of acid
Raltegravir

potassium
6.6 3.1 (400 mg) Variable

(Table 12.6)
78 79

a AUC ratio.
bReference 80.
cReference 81.
d Reference 56.
eReference 82.
f Reference 83.
g Suggested to be due to desaturation of the hepatic first-pass effect.
h Reference 84.
i Reference 24.
j Reference 85.
k Reference 86.

TABLE 12.7 Effect of Food Type on Atovaquone (500-mg Tablet) Absorption in
Humansa

AUC, μgh/ml Cmax, μg/ml

Fasted 121 ± 74 1.5 ± 1.3
Two slices of toast 147 ± 144 1.7 ± 0.6
Two slices of toast + butter (23 g fat) 356 ± 165 5.7 ± 1.3
Two slices of toast + butter (56 g fat) 469 ± 152 8.3 ± 2.0
Fasted/CCK-OP (i.v.) 180 ± 47 1.7 ± 0.9

a Reference 141.

the fat content was higher (Table 12.7) [141]. To investigate the sole effect of
endogenous bile micelles, cholecystokinin octapeptide (CCK-OP) was infused to
induce gallbladder shrinkage. Compared to meals that are low and high in fat,
CCK-OP had a smaller effect, suggesting that fat and/or digested fat affected the
solubilization of atovaquone. This evidence support the advantage of FeSSIFv2
(which contains fatty acids and monoglycerides) compared to the original FeSSIF
[142] as a surrogate for the real in vivo fluid in the fed state. The oral absorption
of phenytoin in dogs (300 mg) was increased by casein and oleate (ca. 1.5- and
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TABLE 12.8 Effect of Food Type on LY303366 (250 mg) Absorption in Dogsa

AUC, μgh/ml Cmax, μg/ml

Fasted 21.2 ± 5.84 1.1 ± 0.27
Mixed meal (Ensure, 250 kcal) 8.9 ± 2.56 0.5 ± 0.17
Lipid meal (20% Intralipid, 250 kcal) 7.5 ± 1.84 0.4 ± 0.13
Protein meal (CASEC, 125 kcal) 8.9 ± 2.77 0.5 ± 0.20
Carbohydrate meal (Moducal, 125 kcal) 25.2 ± 5.13 1.6 ± 0.30

a Reference 144.

TABLE 12.9 Food Effect on Oral Absorption of Raltegravir Potassium (400 mg)
in Humansa

Cmax, μM (90% CI) AUC 0–12 (μM h) (90% CI)

Fasted 2.71 (1.80–4.08) 10.0 (7.20–14.0)
Low fat 1.31 (0.87–1.97) 5.38 (3.86–7.50)
Moderate fat 2.85 (1.89–4.29) 11.3 (8.12–15.8)
High fat 5.32 (3.53–8.01) 21.2 (15.2–29.6)

a Reference 79.

2-fold, respectively), but not by glucose and saline [143]. The positive food effect
was reversed by coadministration of CCK antagonist. These results may suggest
that the bile secretion is necessary, but not sufficient, for the positive food effect
via increased solubility.

The extent of the negative food effect is also affected by the type of food. The
oral absorption of LY303366 was reduced by lipid and protein meals, but not by
carbohydrate meal (Table 12.8) [144]. Coadministration of CCK antagonist did
not reverse the negative food effect.

Raltegravir is an interesting example [79]. With food low in fat, the food effect
is negative, whereas with a meal high in fat, it is positive (Table 12.9).

12.4 BIOPHARMACEUTICAL MODELING OF FOOD EFFECT

12.4.1 Simple Flowchart and Semiquantitative Prediction

It is empirically well established that when the dose number (Do) of a drug
is larger than 1, the food effect, when it occurs, would be positive [18, 19,
31]. In addition, the drugs with high lipophilicity also tend to show a positive
food effect. These empirical classifications are theoretically supported by the
GUT framework and would suggest that bile micelle binding/solubilization is
the most frequent and significant reason for the positive food effect. The pos-
itive food effect is often observed for SL-U cases, sometimes as well as for
DL cases.
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Figure 12.15 Mechanism-based flowchart to estimate the food effect by bile micelles.

On the other hand, for Do < 1 and drugs with low permeability, a negative
food effect would be observed.2 As discussed, based on the GUT framework, the
food effect by bile micelles will be (Fig. 12.15)

• permeability-limited case: negative food effect
• dissolution-rate-limited case: positive food effect
• solubility–epithelial membrane permeability limited case: no or a little pos-

itive food effect
• solubility–UWL permeability limited case: positive food effect.

12.4.2 More Complicated Cases

Food intake simultaneously changes various physiological factors. Theoretically,
biopharmaceutical modeling can handle this complicated situation. However, as
the first step, we should first confirm that the effect of each physiological factor is
well simulated by biopharmaceutical modeling. Prospective prediction of the food
effects on intestinal metabolism and a carrier-mediated transport are challenging.
As a prerequisite for this, the effect of these factors on Fa% in the fasted state
should be well predicted. However, this has not been achieved yet (Chapter 14).

2Telmisartan [44] and zafirlukast [45] show negative food effect, although these compounds have
low solubility, probably because these drugs are formulated using a solubilization technique.



REFERENCES 403

Predictions for the effects of various meal types are also a challenging area. The
first step will be characterizing the GI physiology after taking various types of
meals.

Meanwhile, the applicable area of biopharmaceutical modeling will be limited
to some simple factors such as bile micelles, GET, and gastric pH.
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