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ABSTRACT: In vitro dissolution methodologies that adequately capture the oral bioperformance of
solid dosage forms are critical tools needed to aid formulation development. Such methodologies
must encompass important physiological parameters and be designed with drug properties in mind.
Two-phase dissolution apparatuses, which contain an aqueous phase in which the drug dissolves
(representing the dissolution/solubility component) and an organic phase into which the drug parti-
tions (representing the absorption component), have the potential to provide meaningful predictions
of in vivo oral bioperformance for some BCS II, and possibly some BCS IV drug products. Before such
an apparatus can be evaluated properly, it is important to understand the kinetics of drug substance
partitioning from the aqueous to the organic medium. A mass transport analysis was performed of
the kinetics of partitioning of drug substance solutions from the aqueous to the organic phase of a
two-phase dissolution apparatus. Major assumptions include pseudo-steady-state conditions, a
dilute aqueous solution and diffusion-controlled transport. Input parameters can be measured or
estimated a priori. This paper presents the theory and derivation of our analysis, compares it with
a recent kinetic approach, and demonstrates its effectiveness in predicting in vitro partitioning pro-
files of three BCS II weak acids in four different in vitro two-phase dissolution apparatuses. Very
importantly, the paper discusses how a two-phase apparatus can be scaled to reflect in vivo
absorption kinetics and forwhich drug substances the two-phase dissolution systemsmay be appropriate
tools for measuring oral bioperformance. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Pharmaceutical solid oral dosage forms must
dissolve in the gastrointestinal lumen and absorb
into the intestinal membrane before reaching the
systemic circulation. The rate and extent of drug
dissolution and absorption depend on the
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characteristics of the active ingredient such as
pKa, crystal form and solubility, as well as proper-
ties of the dosage form [1]. Just as importantly,
characteristics of the physiological environment
such as buffer species, pH, bile salts, gastric
emptying rate, intestinal liquid volume, intestinal
motility and shear rates significantly impact disso-
lution and absorption [2]. While scientists have
used in vitro test methods for many years, no
single test or apparatus accurately captures the
range of key in vivo conditions that have the
potential to affect the relative rates and extents of
in vivo dissolution and absorption for the range
of diverse drug products. Due to the difficulty in
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developing a ‘one size fits all’ physiological disso-
lution apparatus, it is helpful to use the physico-
chemical characteristics of the drug and dosage
form to design a dissolution test that captures
the key physiological conditions that have the
potential to affect the oral bioperformance. For
example, capturing the pH profile encountered
when a drug travels from the acidic stomach to
the less acidic small intestine is important for
low-solubility weak acids and bases with pKas in
the physiological range, whereas the type and
concentration of bile salts in the dissolution
medium rather than the pH profile is important
for low-solubility neutral compounds.
The Biopharmaceutics Classification System

(BCS) attempts to categorize in vivo oral bioperfor-
mance based on a drug’s solubility, extent of
permeation and in vitro testing results [3]. It has
had a significant effect on the regulatory environ-
ment as the Food and Drug Administration (FDA)
and World Health Organization (WHO) consider
biowaivers for some drugs [4]. The BCS classifica-
tion of a drug can be used as a general guideline to
predict whether solubility, dissolution rate, or
permeation rate will be the rate-limiting step in
reaching the systemic circulation. However, even
drugs within a single BCS class have a range of
solubilities, effective human intestinal permeation
rates, particle sizes, doses and dosage forms, all of
which may contribute to differences in dissolution
and absorption characteristics in vivo. Therefore,
for drugs that fall within BCS II, III or IV, using
its BCS classification alone to design the appropri-
ate dissolution test has some limitations. For
instance, performing a USP dissolution test in a
non-physiological volume of buffer (i.e. 900ml)
to predict in vivo performance for certain BCS
Class II (low solubility, high permeation) drugs
may lead to poor in vitro–in vivo correlations
(IVIVCs) due to an unrealistic degree of drug
saturation in the dissolution medium, leading to
in vitro dissolution rates that do not reflect the
in vivo situation.
Two-phase dissolution apparatuses can

evaluate simultaneously the kinetics of both drug
dissolution and partitioning, and can simulate
drug absorption while using a physiological
volume of aqueous fluid (~100ml in fasted
humans [5]). These systems contain a volume of
aqueous medium in which the drug dissolves
Copyright © 2012 John Wiley & Sons, Ltd.
and a second volume of an immiscible organic
medium (e.g. 1-octanol) that allows drug parti-
tioning from the aqueous medium. If designed
properly, the rate of appearance of drug in the
organic phase is expected to be similar to the rate
of absorption in vivo. Assuming that an appropriate
interfacial surface-area-to-volume ratio between the
aqueous and organic phases is used, the organic
phase can help to maintain physiologically relevant
saturation conditions in the aqueous phase and
physiologically relevant partitioning kinetics for
some potential drug candidates.

Researchers have been exploring the utility of
two-phase systems for novel dosage forms such
as lipid-filled capsules and controlled-release
dosage forms, as well as immediate-release
dosage forms since the 1960s. Pillay and Fassihi
employed a two-phase method to study the
dissolution of poorly-soluble nifedipine from a
lipid-based capsule formulation [6]. Their purpose
was to circumvent the possible precipitation of the
drug aswell as analytical difficulties associatedwith
lipid-based capsule formulations. Hoa and Kinget,
as well as Gabriels and Plaizier-Vercammen, devel-
oped two-phase methods to overcome difficulties
in maintaining sink conditions for poorly soluble
anti-malarial drugs such as arteminsinin, dihydroar-
temisinin and artemether, that occurred using
single-phase dissolution methods [7,8]. Grundy
et al. developed a two-phase system to measure
release from the nifedipine gastrointestinal thera-
peutic system (GITS), a push–pull osmotic system,
to maintain sink conditions and to develop an
in vitro–in vivo correlation that could not be achieved
with other dissolution methods such as the flow-
through and differential (ALZA) method [9]. More
recently, Heigoldt et al. performed dissolution
testing of modified release formulations of two
weakly basic BCS II drugs in a two-phase
(‘biphasic’) dissolution test with a pH gradient in
the aqueous medium [10]. They found the test to
be ‘qualitatively predictive’ of the in vivo perfor-
mance and found it to be superior to single-phase
dissolution testing at a single pH. Shi et al. used a
two-phase dissolution apparatus that incorporated
both a USP II vessel and a USP IV flow-through cell
successfully to differentiate between three formula-
tions of celeboxib and to generate a rank-order
relationship between the amount of drug in the
organic phase at 2h and the in vivo area under the
Biopharm. Drug Dispos. 33: 378–402 (2012)
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plasma concentration–time curve (AUC) or maxi-
mum plasma concentration (Cmax) [11].
While two-phase systems have shown improve-

ment over conventional methods in some cases,
limited work has been undertaken to elucidate
the mechanism by which they may facilitate
improved IVIVCs over single phase systems and
determine for which types of drugs and drug
products they could be most useful. The purpose
of this work is to perform a mass transport analy-
sis of the kinetics of partitioning of drugs in
solution from the aqueous to the organic phase
of a two-phase dissolution apparatus. While other
researchers have provided mathematical analyses,
we use a mechanistic approach to understand the
drug transport phenomenon within the system
[12,13]. This paper presents the theory and deriva-
tion of our model and compares it with an existing
kinetic model. It demonstrates the effectiveness of
our analysis in predicting experimental results in
four different in vitro two-phase dissolution appa-
ratuses using the BCS II weak acids ibuprofen,
nimesulide and piroxicam. More importantly, this
paper outlines how a two-phase dissolution appa-
ratus can be scaled to be physiologically relevant
and to reflect in vivo absorption kinetics and to
discuss for which types of drug substances a
two-phase system may be most useful.
Material and Methods

Nomenclature

AI Surface area of the aqueous–organic
interface

Ca Total concentration on ionized and non-
ionized drug in the bulk aqueous phase

Ca,t Total, time-dependent concentration on
ionized and non-ionized drug in the bulk
aqueous phase

Co Concentration of drug in the bulk organic
phase

Co,t Time-dependent concentration of drug in
the bulk organic phase

Co
0 Concentration of drug in the bulk organic

phase, corrected for partition coefficient
Da Diffusion coefficient in the aqueous phase
Do Diffusion coefficient in the organic phase
ha Aqueous diffusion layer thickness
Copyright © 2012 John Wiley & Sons, Ltd.
Fa Fraction absorbed into the intestinalmem-
brane in vivo

Fo Fraction of solute in the organic medium
Fo,1 Fraction of solute in the organic medium

at equilibrium
Ha,i Concentration of hydrogen ions on the

aqueous side of the interface
ho Organic diffusion layer thickness
j Pseudo-steady-state flux of drug across

the aqueous and organic diffusion layers
ja Pseudo-steady-state flux across the aque-

ous diffusion layer
jo Pseudo-steady-state flux across the or-

ganic diffusion layer
ka First-order absorption rate constant from

pharmacokinetics
kaq Mass transfer coefficient across the aque-

ous diffusion layer
korg Mass transfer coefficient across the organic

diffusion layer
K Drug partition coefficient in the aqueous

and organic media (non-ionized species)
Ka Equilibrium constant of the drug associa-

tion reaction in the aqueous medium
Kap Drug apparent partition coefficient in the

aqueous and organic media at the interfa-
cial pH

Kap,t Time-dependent apparent partition coeffi-
cient of drug in the aqueous and organic
media at the interfacial pH

MT Total mass of dissolved drug in the system
PI Drug interfacial permeation rate across the

aqueous and organic diffusion layers
Ra,b Concentration of ionized species in the

bulk aqueous phase
Ra,i Concentration of ionized species on the

aqueous side of the interface
RHa,b Concentration of non-ionized species in

the bulk aqueous phase
RHa,i Concentration of non-ionized species on

the aqueous side of the interface
RHo,b Concentration of non-ionized species in

the bulk organic phase
RHo,i Concentration of non-ionized species on

the organic side of the interface
t Time
tres Residence time in the small intestine
Va Total volume of aqueous medium
Vo Total volume of organic medium
b Equal to Va/(Kap*Vo)
Biopharm. Drug Dispos. 33: 378–402 (2012)
DOI: 10.1002/bdd
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Description of the apparatus

Figure 1 is a schematic of a two-phase dissolution
apparatus. It consists of a flat- or round-bottom
glass vessel that is maintained at constant temper-
ature. It contains both aqueous and organic media
that are present in two distinct layers, and are
agitated by a single shaft fitted with two impel-
lers. At the beginning of the experiment, dissolved
drug is added directly to the aqueous medium.
Partitioning of the drug from the aqueous to the
organic medium is monitored as a function of time
until the equilibrium concentration of drug in
each phase is reached.
Derivation of the model

The kinetics of partitioning of drug from the aque-
ous to the organic phase of a two-phase system is
described based on a physical model approach
Suzuki et al. originally developed to describe
simultaneous chemical equilibria and mass trans-
fer of basic and acidic solutes through lipoidal
barriers [14]. It is assumed that drug transport is
controlled by diffusional resistance arising from
a hydrodynamically controlled or ‘stagnant’ diffu-
sion layer on each side of the aqueous–organic
interface, and the steady diffusion across a thin
film approximation is used to predict the total flux
of drug across the two diffusion layers in series.
Model assumptions are as follows.
Figure 1. Schematic diagramof a two-phase dissolution apparatus

Copyright © 2012 John Wiley & Sons, Ltd.
1. The diffusion coefficient in each medium is
not concentration dependent and aqueous
diffusion coefficients of ionized and non-
ionized drug are equal.

2. Aqueous and organic media behave as ideal
solutions.

3. Drug transport via convection is minimal and
can be neglected.

4. An initial bolus of drug in solution is injected
into the aqueous medium and the net flux of
drug occurs in one direction across each diffu-
sion layer from the well-mixed, bulk aqueous
medium to the well-mixed, bulk organic
medium.

5. The instantaneous concentration profile
within each diffusion layer resembles a steady
state (pseudo-steady-state approximation).

6. Drug concentrations at the aqueous and organic
sides of the interface are in equilibrium.

7. Drug transfer across the aqueous–organic
interface is instantaneous.

8. Mass transfer from the aqueous to the organic
medium occurs only through the interface.

9. Concentration of dissolved drug in either phase
is not affected by processes such as chemical
reaction, degradation, precipitation, etc.

10. The thickness of each diffusion layer is
constant with time.

Figure 2 is a schematic diagram of a two-phase
system tipped on its side, to which a monoprotic
weak acid has been added to the aqueous buffer.
The first transport step is the diffusion of ionized
and non-ionized drug across the aqueous diffusion
layer of thickness ha. According to Fick’s First Law
and using assumptions 1–5, the flux across the
Organic
medium

Aqueous
medium
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aqueous diffusion layer, ja, is given in Equation (1),
where RH are R- are the concentrations of non-
ionized and ionized species, respectively, and
Da is the aqueous diffusion coefficient for both
species.

ja ¼ �Da
d RHð Þ
dx

�Da
d R�ð Þ
dx

(1)

Upon integration from x equal to –ha to zero
(the thickness of the diffusion layer) the flux
across the aqueous diffusion layer is given as a
function of the concentration of drug species in
the bulk, Ra,b, RHa,b, and the concentration of
drug species on the aqueous side of the interface,
Ra,i, and RHa,i, as shown in Equation (2).

ja ¼ Da

ha
Ra;b þ RHa;b
� �� Ra;i þ RHa;i

� �� �
(2)

Using the same assumptions as above, the flux
of drug from the organic side of the interface to
the bulk organic phase can be defined in an analo-
gous manner to Equation (1). It is not assumed
that only non-ionized drug partitions into the
organic medium, allowing for cases when ionized
drug may form complexes with counterions and
partition into the organic medium, for example
(and the model does not change whether or not
this assumption is made) [15]. Upon integration
from x equals 0 to ho (the thickness of the organic
diffusion layer), the flux of drug across the organic
interface, jo, is given by Equation (3), where Ro,i

and RHo,i, are the concentrations of ionized and
non-ionized drug on the organic side of the inter-
face respectively, and Ro,b and RHo,b are the
concentrations of ionized and non-ionized drug
in the bulk organic phase, respectively. Do, is the
drug diffusion coefficient in the organic phase.

jo ¼ Do

ho
Ro;i þ RHo;i
� �� Ro;b þ RHo;b

� �� �
(3)

The concentration of drug on the organic side of
the interface can be related to the concentration of
drug on the aqueous side of the interface (assump-
tion 6) using the apparent partition coefficient at
the interface defined by Equation (4). If the aque-
ous buffer capacity is high enough to maintain a
constant bulk pH during the experiment, then
Copyright © 2012 John Wiley & Sons, Ltd.
the aqueous surface pH is constant and is equal
to the bulk pH, and Kap surface is equal to Kap

bulk.

Kap ¼ RHo;i þ Ro;i

RHa;i þ Ra;i
(4)

Using the pseudo-steady-state approximation
(assumption 5) and assuming instantaneous trans-
fer across the interface (assumption 7), the fluxes
across the aqueous and organic diffusion layers
can be set equal. Setting Equation (2) equal to
Equation (3), eliminating Ro,i and RHo,i using
Equation (4), and letting Ca equal the total aque-
ous bulk drug concentration, RHa,b +Ra,b, and Co

equal the total organic bulk drug concentration,
RHo,b +Ro,b, gives the pseudo-steady-state flux of
drug as a function of the bulk aqueous and the
bulk organic phase concentrations, shown in
Equation (5).

j ¼ DoDaKap

Daho þDohaKap
� � Ca � Co

Kap

� �
(5)

The interface permeation rate, PI, across the
aqueous and organic diffusion layers (barriers in
series) defined by Equation (6) allows for further
simplification of the total flux from the bulk aque-
ous to the bulk organic phase as shown in Equa-
tion (7). PI can also be described in terms of the
mass transfer coefficient across the organic diffu-
sion layer, korg, and the mass transfer coefficient
across the aqueous diffusion layer, kaq, according
to Equation (8), where korg =Do/ho and kaq =Da/ha.

1
PI

¼ ho
DoKap

þ ha
Da

(6)

j ¼ PI Ca � Co

Kap

� �
(7)

1
PI

¼ 1
korgKap

þ 1
kaq

(8)

Equation (6) can be further simplified by relat-
ing Do to Da through the viscosities of the aqueous
and organic media. According to the Hayduk and
Laudie (HL) and Othmer and Thakar (OT) meth-
ods of estimating diffusion coefficient [16,17], the
diffusion coefficient is a function of the molal
Biopharm. Drug Dispos. 33: 378–402 (2012)
DOI: 10.1002/bdd
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volume of the drug and the liquid viscosity. Using
the HL method, Do can be related to Da according
to Equation (9). When 1-octanol is used as the
organic medium, assuming the viscosity of the
aqueous buffer is 0.6915 cP (viscosity of water)
and the viscosity of 1-octanol is 4.84 cP at 37 �C
[18,19], then Do is about equal to 0.11Da.

1

Do

Da
� ma

mo

� 	1:14

(9)

If it is assumed that ha and ho are equal, then the
equation for PI simplifies to Equation (10). ha and
ho depend on factors such as liquid viscosity,
stirring rate, agitator length and design, and ves-
sel geometry. In reality, ho is probably somewhat
larger than ha due to the higher viscosity of the
organic medium (assuming similar rotational
speeds and impeller geometries). However, the
value of these simplifying assumptions is evident
from Equation (10). When Kap is greater than
about 10, PI is primarily determined by the
aqueous diffusion layer permeability (or mass
transfer coefficient, kaq) since the organic phase
is effectively functioning as a sink for the parti-
tioning drug.

PI � Da

ha

Kap

9:1þ Kap

� 	
(10)

The time-dependent concentration of drug in
the aqueous medium can be expressed according
to Equation (11) since mass transfer only occurs
through the interface and drug is not generated
or destroyed in the system (assumptions 8 and
9). AI is the surface area of the aqueous–organic
interface, and Va is the volume of aqueous
medium. Equation (7) can be substituted into
Equation (11) to give Equation (12). The aqueous
and organic concentrations and Kap are given the
subscript, t, to indicate their time dependence.
As stated previously, if the buffer capacity is high
enough, then Kap is not time dependent.
1Do is equal to ~0.12Da according to the OT method. The
Wilke-Chang method gives diffusion coefficient as a function
of an association parameter and liquid molecular weight in
addition to liquid temperature and viscosity, and would esti-
mate that Do is equal to ~0.54Da.

Copyright © 2012 John Wiley & Sons, Ltd.
dCa

dt
¼ � AI

Va
j (11)

dCa

dt
¼ � AI

Va
PI Ca;t � Co;t

Kap;t

� �
(12)

Before integrating Equation (12), Co,t must be
related to Ca,t using mass balance. Using assump-
tions 4 and 9 we can write Equation (13), where
MT is the total amount of drug in the system and
Vo is the volume of organic medium.

MT ¼ Ca;tVa þ Co;tVo (13)

Since, experimentally, the initial bolus of drug is
injected into the aqueous phase at time 0, Ca,t=0 is
equal to MT. Integrating Equation (12) using this
initial condition gives an expression for Ca,t as a
function of time, as shown in Equations (14),
(15). Using the mass balance in Equation (13)
allows determination of the concentration of drug
in the organic phase as a function of time, which is
given in Equation (16). Equations (17) and (18)
give the fraction of drug in the aqueous and
organic phases as a function of time, respectively.

Ca;t ¼ MT

Va 1þ bð Þ e�
AI
Va
PI 1þbð Þt þ b

h i
(14)

b ¼ Va

KapVo
(15)

Co;t ¼ MT

Vo 1þ bð Þ 1� e�
AI
Va
PI 1þbð Þt

h i
(16)

Fa;t ¼ 1
1þ bð Þ e�

AI
Va
PI 1þbð Þt þ b

h i
(17)

Fo;t ¼ 1
1þ bð Þ 1� e�

AI
Va
PI 1þbð Þt

h i
(18)

The value of b (defined in Equation (15)) is the
volume ratio of aqueous to organic media normal-
ized by the apparent partition coefficient, Kap, and
it impacts the rate of partitioning into the organic
medium and the fraction of drug in each phase at
equilibrium. As the normalized organic volume
(Kap*Vo) increases, such as for drugs with high
partition coefficients, the value of b decreases
towards zero. The rate of partitioning is reflected
Biopharm. Drug Dispos. 33: 378–402 (2012)
DOI: 10.1002/bdd
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in the decay constant, which is equal to (1+ b)*
(AI/Va)*PI. The fraction of the dose in the organic
medium at equilibrium, Fo,1, is equal to 1/(1 + b).
When b is less than about 0.1, Equations (14) and
(16)–(18) can be simplified to Equations (19)–(22),
since the predicted concentration or fraction of drug
in each phase at any given time is within 10% of the
value predicted using the full equations.
The exponential decay Equations (19)–(20) are

the integrated solutions to first-order ordinary
differential equations with respect to concentra-
tion or fraction in the aqueous phase, respectively.
Equations (21)–(22) are analogous to first-order
absorption equations prevalent in pharmacoki-
netic modeling. The decay constant, kp, which is
equal to (AI/Va)*PI, can be compared directly with
the pharmacokinetic first-order ‘absorption rate
constant’, ka, since the equations are analogous.

Ca;t ¼ Mt

Va
e�

AI
Va
PIt ¼ Mt

Va
e�kpt (19)

Fa;t ¼ e�
AI
Va
PIt ¼ e�kpt (20)

Co;t ¼ MT

Vo
1� e�

AI
Va
PIt

h i
¼ MT

Vo
1� e�kpt
� �

(21)
Table 1. Properties of the model drugs

Drug Ibuprofen

BCS class II
Structure

Molecular weight (g/mol) 206.3
pKa at 37 �C 4.4 (acidic)a

cLog P 3.84d

Log D pH 4.5–3.4e

pH 5.0–3.1e

pH 6.5–1.7e

pH 6.8–1.4e

pH 7.5–0.7e

Intrinsic solubility at 37 �C (M) 3.3� 10-4a

aMeasured value from reference [40].
bCalculated value from reference [30].
cMeasured value from reference [41].
dCalculated value from reference [26].
eCalculated using a pKa of 4.4 and a Log P of 3.8, assuming only non-ionize
fMeasured value from reference [12].
gMeasured value from reference [27].

Copyright © 2012 John Wiley & Sons, Ltd.
Fo;t ¼ 1� e�
AI
Va
PIt ¼ 1� e�kpt (22)

Materials

Ibuprofen (Albermarle Lot No. 2050-0032F for
experiments 1–4, and Sigma Aldrich, Cat No.
I4883-10G for experiments 5–10), nimesulide
(Sigma Aldrich, Cat No. 1016-25G) and piroxicam
(Sigma Aldrich, Cat No. P0847-10G) powder, as
well as 1-octanol (99% purity) and HPLC-grade
methanol, were purchased commercially. The rele-
vant material properties are included in Table 1.

Apparent partition coefficient

The Kap of piroxicam at 37 �C in pH 7.4 buffer was
determined. Ten mg of drug was added to a glass
vial containing 7ml of 50mM pH 7.4 sodium
phosphate buffer and 7ml of 1-octanol. The glass
vial was placed in an incubator shaker at 37 �C
and 150 rpm and allowed to shake for 2 days, after
which two samples were removed from each
phase and prepared for concentration analysis
using UV. Absorbance was measured at 340 nm
for the 1-octanol phase and 356 nm for the aque-
ous phase.
Nimesulide Piroxicam

II II

308.3 331.3
6.8 (acidic)b 2.3 (basic)c

5.3 (acidic)c

1.79d 0.60d

pH 1.2: 1.92f pH 1.2: 0.92f

pH 7.5: -0.10e pH 7.5: 0.8g

3.8� 10-5f 6.6� 10-5f

d drug partitions into 1-octanol.

Biopharm. Drug Dispos. 33: 378–402 (2012)
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The Kap of ibuprofen at 37 �C in pH 7.5 was
measured. Either 50ml or 100ml (preparation 1
or 2, respectively) of a 511mg/ml solution of ibu-
profen in 1-octanol saturated with 50mM sodium
phosphate buffer (pH 7.5) was added to either
75ml or 150ml (preparation 1 or 2, respectively)
of 50mM sodium phosphate buffer (pH 7.5) satu-
rated with 1-octanol, and the mixture was stirred
vigorously overnight at 37 �C.
The media were allowed to separate for half a

day and two samples were removed from both
phases and prepared for concentration analysis
via UV. The absorbance was measured at 274 nm
for the 1-octanol samples and 221 nm for the aque-
ous samples.
The Kap of ibuprofen at 37 �C in pH 1.2 buffer

was measured. Seventy-five ml of a solution of
1-octanol containing 15.6mg/ml ibuprofen
saturated with 65mM HCl and 50ml of 65mM
HCl saturated with 1-octanol was added to a
37 �C vessel and stirred vigorously overnight (two
preparations were made). The media were allowed
to separate for half a day and two samples were
removed from both phases and prepared for
concentration analysis via UV. The second deriva-
tive of the absorbance was measured at 284nm for
the 1-octanol samples and 237nm for the aqueous
samples.
For each analysis Kap was determined by

calculating the ratio of the concentration of drug
in the 1-octanol to the concentration of drug in
the aqueous medium at equilibrium.
In vitro partitioning experiments

In vitro partitioning experiments were performed
to test the validity of the model. Experiments were
conducted using BCS II model compounds
ibuprofen, nimesulide and piroxicam in three dif-
ferent types of two-phase dissolution apparatuses,
in two different laboratories, by three different
researchers. As all three model compounds are at
least partially ionized within the physiological
pH, experiments were conducted across a pH
range to test the effect of apparent partition coeffi-
cient on the model. 1-Octanol was used as the
organic medium in all cases. Different volumes of
buffer (150, 250ml), different volumes of 1-octanol
(150, 200, 250ml), different impeller rotational
speeds (40, 50, 75, 77 rpm), different pHs and
Copyright © 2012 John Wiley & Sons, Ltd.
different doses (2.5, 3.75, 4, 5, 6.25, 12.5,
15.0mg) were used for the experiments. Details
for each experiment are given in Table 2.
Apparatus 1 was a 9 cm diameter jacketed glass
vessel with a flat bottom. This apparatus utilized a
dual paddle, which consisted of two identical 5 cm
diameter paddles, which were centred vertically in
each phase.

Apparatus 2 consisted of a USP 2 vessel with
a diameter of 9.8 cm, and the paddle was
mounted such that the bottom of the compen-
dial paddle was approximately 2.5 cm from the
bottom of the vessel and the additional paddle
was centred vertically in the 1-octanol. Appara-
tus 3 was a USP 2 apparatus (1000ml with a
hemispherical bottom), which utilized a dual
paddle consisting of an additional paddle (5 cm
diameter) mounted on the regular compendial
paddle, with a vessel diameter of 10.1 cm. The
compendial paddle was mounted such that the
bottom of the paddle was approximately 2mm
from the bottom of the vessel, and the additional
paddle was mounted such that it was centred
vertically in the 1-octanol.

For all experiments the buffer solution was
made up and mixed overnight with 1-octanol in
a 1:1 ratio at 37 �C. The solutions were separated
using a separatory funnel and stored at 37 �C be-
fore and between partitioning runs. The pH of
the buffer saturated with 1-octanol was measured
using a calibrated pH meter. The pH was adjusted
using concentrated HCl or NaOH solution as nec-
essary to bring it to the desired pH. The appropri-
ate volumes of buffer saturated with 1-octanol
and 1-octanol saturated with buffer were then
measured using a graduated cylinder and added
to the dissolution vessel, which was heated to
37� 0.2 �C using a water bath. The phases were
stirred at the desired rotational speed for at least
20min prior to the beginning of the run. Prior to
starting the run, the temperature was measured
with an external thermometer. At the start of the
experiment, drug in solution was injected into
the aqueous buffer. The concentration in each
phase was measured as a function of time until a
plateau was reached in each phase (in most cases).
In all cases, calibrated, UV Fiber Optic Probes
(StellarNet Inc. Black Comet, Tampa, Florida for
Apparatus 1 and 3, or Pion Rainbow, Billerca,
MA for Apparatus 2) were mounted such that
Biopharm. Drug Dispos. 33: 378–402 (2012)
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one collected absorbance data in the aqueous me-
dium and/or one collected absorbance data in the
1-octanol as a function of time. For ibuprofen in
Apparatus 1 and 3, the difference between the
absorbance at 222 nm and 375 nm was correlated
to concentration in either the aqueous or organic
medium using standard solutions. For Apparatus
2, the absorbance of ibuprofen at 222 nm (aqueous
and 1-octanol for all pHs), piroxicam at 336 or
356 nm (aqueous at pH 1.2 or 7.5) and nimesulide
at 300 or 390 nm (aqueous at pH 1.2 or aqueous
and 1-octanol at pH 7.5) were correlated to the
concentration using standard solutions. Experi-
ments were run in duplicate or triplicate for each
condition.
Data analysis

The fraction of the dose in the aqueous buffer
and/or 1-octanol was plotted as a function of
time. The full model (Equation (17)) for the
fraction of the drug in the buffer was fit to the
buffer data and the full model (Equation (18))
for the fraction of the drug in the organic phase
was fit to the 1-octanol data for each experiment
using non-linear least squares regression with
the Nelder-Mead simplex algorithm as the
optimization method using Python™, Software
(Python Foundation, Wolfeboro Falls, NH). PI

was the only adjustable parameter in the analy-
sis. The value of b was calculated using a
measured value of Kap when available, but was
otherwise calculated using an estimated value
of Kap, which was calculated assuming only
non-ionized drug partitions into 1-octanol.
Fitted values and 95% confidence intervals for
PI for each experimental condition were
reported. If both buffer and 1-octanol data for a
single condition were available, a single, best-
fit PI was determined. The average ha for each
experiment was estimated using Equation (10).
The model was also fit to experimental two-

phase partitioning data generated by Grassi
et al. [12]. Numerical values for the fraction of
the dose in the aqueous phase as a function of
time were determined by carefully extracting
the average concentration at each time point
from concentration–time plots using the ruler
tool in AdobeW PhotoshopW CS3 (Adobe, San
Jose, CA) and dividing by the dose.
Copyright © 2012 John Wiley & Sons, Ltd.
Results

Apparent partition coefficient

The measured apparent partition coefficients for
ibuprofen at pH 1.2 and pH 7.5 were 6670.5
(7.9% relative standard deviation (RSD)), and 8.7
(3.7% RSD), respectively. The measured apparent
partition coefficient for piroxicam at pH 7.4 was
0.49 (2.0% RSD).

In vitro experiments

Plots of experimental fraction of drug in aqueous
buffer and/or 1-octanol as a function of time
along with model fits using the best fit PI value
are included in Figures 3–6. The best fit PI and ha
values for each experimental condition are
included in Table 3.
Discussion

Comparison of mechanistic analysis to
kinetic models

A few researchers have introduced kinetic models
to describe aqueous-to-organic phase partitioning
[13,20]. In 2002 Grassi, Coceani and Magarotto
published a comprehensive mathematical model
describing the partitioning kinetics of a solute from
an aqueous to an organic medium [12]. They
proposed a steady-state differential rate equation
for aqueous drug concentration as a function of rate
constants for transfer from the aqueous to the
organic (kwo) and from the organic to aqueous
(kow) phases. Their solution for aqueous concen-
tration, Cw, as a function of time is shown in
Equation (23), where Mo is the total mass of dis-
solved drug in the system, Vw and Vo are the
volumes of the aqueous and organic phases, respec-
tively, andA is the surface area of the interface. Upon
inspection, one can see that Equation (23) is analo-
gous to Equation (14) of our mechanistic model if
one sets kow equal to PI/Kap and kwo equal to PI.

Cw ¼ kowMo

kwoVo þ kowVw

� kowMo

kwoVo þ kowVw
� Cwi

� 	
e� AkwoVoþkowVw

VoVwð Þ

(23)
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Figure 3. In vitro fraction of dose as a function of time for ibuprofen in Apparatus 1 (experiments 3–6 in plots (a)–(d), respectively,
see also Table 3)
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Grassi et al. state that Equation (23) cannot be
applied to partitioning of ‘sparingly soluble drugs
in one or both phases’ and propose an empirical
modification resulting in four different equations
for Cw as a function of time. They select the proper
equation based upon the values of defined model
parameters that are a function of both experimen-
tal and fitted parameters (kow and kwo), which,
according to their analysis cannot be determined
a priori. When ‘Case 3’ of their model is satisfied
(a= 0), their model simplifies to their original
model (Equation (23)). Setting kow equal to PI/Kap

and kwo equal to PI reveals that this occurs for cases
when Cso/Csw is close to or equal to Kap, where Csw

is the equilibrium solubility of drug in the aqueous
phase, and Cso is the equilibrium concentration of
drug in the organic phase. For the majority of small
molecular compounds, Kap~Cso/Csw, assuming
the effect of organic/aqueous mutual saturation
on the Kap is small, and phenomenon such as
Copyright © 2012 John Wiley & Sons, Ltd.
micellization or self-association are not occurring
[21,22]. IfCso andCsw aremeasured inmutually sat-
urated organic medium and aqueous medium re-
spectively, then Kap should be equal to Cso/Cs, and
Equation (23) of the Grassi model (which is equiva-
lent to Equation (14) ourmodel) should be adequate
in describing the partitioning kinetics of the major-
ity of drugs of pharmaceutical interest.

An advantage of our model over existing kinetic
models is that all model parameters are defined
by the experimental set up, can be measured or
calculated, or can be estimated a priori. The values
ofMT,Va,Vo andAI are defined by the experimen-
tal set up. Kap can be measured using established
methods or can be estimated using molecular
descriptors [15,23,24]. PI is a function of Kap, Da,
Do, ha and ho. As Da and Do can be estimated, the
only unknown parameters are ha and ho [16],
and when Kap is sufficiently large, PI is simply a
function of Da and ha, which simplifies estimation
Biopharm. Drug Dispos. 33: 378–402 (2012)
DOI: 10.1002/bdd
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Figure 4. In vitro fraction of dose as a function of time for ibuprofen in Apparatus 2 and 3 (experiments 7–13 in plots (a)–(g), respec-
tively, see also Table 3)
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Figure 5. In vitro fraction of dose as a function of time for piroxicam and nimesulide in Apparatus 2 (experiments 14–20 in plots (a)–(g),
respectively, see also Table 3)
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Figure 6. In vitro fraction of dose as a function of time for piroxicam and nimesulide in Grassi et al.’s experiments (experiments 21–24
in plots (a)–(d), respectively, see also Table 3)
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of PI. Alternatively, PI can be easily determined
experimentally in the two-phase system as has
been done for other systems such as Caco-2 [25].

Apparent partition coefficient

The partition coefficient of ibuprofen at pH 1.2
(drug is 100% unionized) of 6670.5 (Log P of
3.82) is in close agreement with the calculated
Log P value of 3.84 [26]. The measured apparent
partition coefficient of ibuprofen of 8.7 at pH 7.5
is about 40% higher than the estimated value of
5.2, which was calculated assuming only non-
ionized drug partitions into the 1-octanol (using a
pKa of 4.4 and the measured partition coefficient
of the non-ionized drug at pH 1.2). The apparent
partition coefficient of piroxicam of 0.49 at pH 7.4
is relatively close to the value of 0.8 at pH 7.5
determined by Yazdanian et al., which was also
determined at 37 �C [27].
Copyright © 2012 John Wiley & Sons, Ltd.
In vitro partitioning experiments

The model fit the data quite well in all cases.
Deviations from the model are likely due to errors
in the analytical method and/or suboptimal esti-
mates for Kap. As demonstrated in Figures 3–6,
the fraction of dose versus time curves for each
run deviated slightly. These deviations are not
surprising, as analytical error was noted when
taking absorbance readings of mutually saturated
solvents at elevated temperatures. In addition,
using measured rather than calculated values for
Kap for ibuprofen at pH 4.3, 4.4, 4.5, 6.3, and 6.8,
and using a measured value for piroxicam at pH
7.5 rather than pH 7.4 may have given better
estimates for PI in these experiments.

Based on the mass transport analysis, when b is
less than about 0.1 the organic diffusion layer
should cause negligible diffusional resistance,
and the value of PI should be primarily a function
Biopharm. Drug Dispos. 33: 378–402 (2012)
DOI: 10.1002/bdd
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The saturation solubility of Ibuprofen at pH 6.8 was estimated
using the intrinsic solubility and pKa values given in Table 1.
The saturation solubilities of Piroxicam at pH 1.2 and pH 7.5
were taken from reference 12.
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of Da and ha. Therefore, experiments 3–6 con-
ducted with ibuprofen in Apparatus 1 are
predicted to have similar PI values (b was
less than or equal to 0.01 for all conditions). While
PI values were similar between pH 4.3 and 6.3, PI

was somewhat smaller at pH 1.5. The best-fit
PI value for all conditions was 3.0� 10-3 (range
of 2.2–4.8� 10-3) cm/s. Since the contribution of
the organic diffusion layer is expected to be small,
ha values calculated from these experiments
should be reasonably accurate. The best-fit value
across all conditions was 25 (range of 16–34) mm,
which is in the range of 10–50 mm that was
hypothesized a priori to be a practical range.
Ibuprofen partitioning in Apparatus 2 (Exp. 7)
and 3 (Exp. 13) at pH values low enough to
assume negligible organic diffusional resistance
was also measured. Estimated ha values were 39
(37–41) mm and 26 (23–29) mm, respectively in
these systems. As with Apparatus 1, the values
fall within the expected range. Comparisons
between ha in the different apparatuses cannot
easily be made due to the different geometries
and rotational speeds. When b is not less than
0.1, PI should increase with increasing Kap. The
expected trend was observed for ibuprofen in
Apparatus 2 (compare experiments 10 and 12 and
experiments 9 and 11), Piroxicam in Apparatus 2
(compare experiments 15 and 18 and experiments
16 and 19), Piroxicam in Grassi et al.’s work (com-
pare experiments 21 and 22) and nimesulide in
Grassi et al.’swork (compare experiments 23 and 24).
Since an increase in impeller rotational speed

should act to decrease the thickness of the
aqueous and organic diffusion layers, PI should
increase with increasing rotational speed. This
trend was observed in all experiments in which
it was tested. For ibuprofen in Apparatus 2, a
two-fold increase in impeller rotational speed led
to a two-and-a-half-fold increase in PI at both pH
6.8 (compare experiments 9 and 10) and pH 7.5
(compare experiments 11 and 12). For piroxicam
in Apparatus 2, a two-fold increase in rotational
speed led to about a six-and-a-half fold increase
in PI (compare experiments 17 and 18). This result
may be occurring due to the smaller Kap of pirox-
icam at pH 7.5 (~0.49) compared with ibuprofen at
pH 6.8 (~25.0) or pH 7.5 (8.7). When Kap is large,
although an increase in rotational speed decreases
both ha and ho, the contribution of ho to PI is
Copyright © 2012 John Wiley & Sons, Ltd.
minimal. However, when Kap is small, the values
of both ha and ho have an effect on the value of
PI. For instance, assuming ha and ho are equal,
and Do = 0.11 Da (valid for a system of buffer and
1-octanol at 37 �C), when Kap is between 10 and
20, the contributions of ha and ho on PI are about
equal. However, when Kap is 0.5, the contribution
of ho is about 20 times that of ha.

The value of MT/Va is not expected to have
an effect on PI. A small difference (~7%) between
PI values was observed for ibuprofen at pH 6.8
in Apparatus 2 (compare experiments 8 and 9).
More significant differences were observed for
piroxicam in Apparatus 2 at pH 1.2 (compare
experiments 14, 15 and 16), for which PI values
differed by anywhere between about 14% and
64%, and piroxicam in Apparatus 2 at pH 7.5
(compare experiments 18 and 19), for which
values differed by about 73% and 275%. MT/Va

and PI. Since there was no trend between an
increase inMT/Va and PI, and because the concen-
tration of drug in the aqueous medium was far
from saturation for all experiments (≤ 0.3% for
ibuprofen at pH 6.8, ≤ 24% for piroxicam at pH
1.2, and≤ 3% for piroxicam at pH 7.5.2) the
unexpected impact of MT/Va on PI may be due
to experimental error. As can be observed by
examining Figures 3–6, replicate runs at each
condition varied in some cases, and the shapes of
the experimental curves sometimes deviated
slightly from the predicted curves.
Scaling parameters for ensuring
physiological relevance

To maintain the physiological relevance of the two-
phase system, Ca,t in vitro should be maintained
close to Ca,t in vivo. Maintaining a physiological
Ca,t is important for drugs with high dose numbers
since Ca can be very close to Cs, and can thus have a
large impact on both the dissolution and partition-
ing rates in these cases [3]. As AI, Va, PI and MT all
influence Ca,t in the two-phase system, they are
important parameters to consider.

The partitioning rate coefficient, kp, (equal to
(AI/Va)*PI) reflects the rate at which drug parti-
2
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tions into the organic medium. Therefore, one ap-
proach to establish physiological relevance is to
keep the in vitro kp equal to the expected absorp-
tion rate coefficient, ka, in vivo. This approach
assumes first-order absorption kinetics and a
relatively high fraction absorbed in vivo (Fa). Using
a known or estimated ka and after measuring or
estimating PI, AI/Va can be adjusted such that kp
and ka are similar according to Equation (24).

kp ¼ AI

Va
PI

� 	
in vitro

¼ ka ¼ A
V
Peff

� 	
in vivo

(24)

While ideally Va in vitro would be set equal to
the intestinal liquid volume, V, in vivo, it is not
necessary to do so for dissolution studies as long
as MT/Va and dose/V are similar. The average to-
tal fasted intestinal volume in vivo is about 100ml
in humans, which may be contained within a
number of liquid pockets [28]. Neglecting gastric
emptying rate and assuming a bolus of dissolved
drug in the intestine in vivo, MT is equal to the
dose. For more slowly releasing dosage forms, MT

is equal to the amount of dissolved drug, which
depends on a number of factors. Thus, the simplest
way to ensure physiological relevance of the in vitro
dissolution test is to set MT/Va in vitro equal to
dose/V (dose/100ml in fasted humans).
Although ka is not typically known a priori

(especially for drugs early in development) it may
be estimated. Several models exist for estimating
in vivo ka in humans for passively absorbed drugs
[29]. The value of ka can also be estimated using esti-
mates of A/V and Peff. Peff in humans for passively
Table 4. Calculated length, surface area, and surface-area-to-volum
compression assuming a constant perimeter

% compression aa (cm) bb (cm) Leng

95 0.1 2.8 1
90 0.2 2.8
70 0.6 2.8
60 0.8 2.7
50 1.0 2.6
30 1.4 2.5
0 2.0 2.0

aEqual to average radius, r (equal to 2 cm), times (100%�% compression)/1
bEqual to √(r2/0.5 - a2). Uses approximate formula for the perimeter of an
(2p*r= p=2p*(a2 + b2)/2).
cEqual to 100 cm3/a/b.
dEqual to 2*p*r*length.
eEqual to surface area/100 cm3.

Copyright © 2012 John Wiley & Sons, Ltd.
absorbed drugs can be estimated using models that
use molecular descriptors as input parameters
[29,30], and it can also be estimated based on
Caco-2 or rat perfusion studies [29]. While Peff must
be estimated for each drug, we propose using an
average in vivo A/V to estimate ka. Assuming the
small intestine to be a perfect cylinder, Amidon
et al. estimated A/V to be equal to 2/r, where r is
the radius of the small intestine [3]. Assuming a
radius of 2 cm [5], this relationship would suggest
an A/V of 1.0. However, as the human small intes-
tine is a convoluted tube, it is likely that a com-
pressed rather than a perfect cylindrical geometry
would allow for a more accurate calculation of the
geometrical surface area and AI/Va. Assuming a
radius of 2 cm, a volume of 100ml, and a constant
perimeter, we calculated AI/Va based on percent
compression, as shown in Table 4. While there is
evidence that the liquid in the small intestine is
not continuous, but instead is contained in multiple
liquid pockets, for simplicity, our calculation
method assumes that the compressed cylinder is
completely full of liquid. Assuming the liquid
contained in the liquid pockets assumes the shape
of the intestine, our calculation method should be
valid for discrete or continuous liquid since the
surface area of each pocket would be additive.
Literature values of total small intestinal length give
an average of about 300 cm [5]. As shown in Table 4,
zero percent compression (perfect cylinder) shows
that 100ml of liquid would fill 8 out of the 300 cm
(assuming the liquid takes the shape of the intes-
tine), while the 100ml would reside in 19 out of
the 300 cm if the intestine were 70% compressed.
e ratio, AI/Va, of a 100ml cylinder as a function of percent

thc (cm) Surface aread (cm2) AI/Va
e (cm-1)

12.6 1415.1 14.15
56.4 708.9 7.09
19.2 241.2 2.41
14.7 184.3 1.84
12.0 151.2 1.51
9.3 116.3 1.16
8.0 100.0 1.00

00%.
ellipse and sets it equal to the perimeter of a circle with a radius of 2
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Table 5. Minimum and maximum AI/Va values for 100 and 1000ml hemispherical in vitro dissolution vessels

Capacity Diameter Minimum aqueous volumea Maximum aqueous volumeb Minimum AI/Va
c Maximum AI/Va

c

ml cm ml ml cm-1 cm-1

100 4 27 50 0.25 0.47
1000 (USP II) 10 288 500 0.16 0.26

aValue gives minimum volume needed to achieve an aqueous liquid height high enough to allow for 1 cm below the bottom of the impeller for the
100ml vessel (impeller is 0.8 cm tall) and 2.5 cm below the bottom of the 2 cm high impeller for the 1000ml vessel (impeller is 2 cm tall) as well as 1 cm
above the impeller for both vessels. Values calculated assuming a perfect hemispherical bottom.
bValue is half of the nominal capacity of the vessel, which assumes a 1:1 ratio of aqueous to organic medium.
cMinimum AI/Va is the aqueous-organic surface area divided by the maximum aqueous volume and maximum AI/Va is the aqueous-organic surface
area divided by the minimum aqueous volume.

395MECHANISTIC ANALYSIS OF A PHYSIOLOGICAL DISSOLUTION APPARATUS
Rather than using geometrical considerations,
Sugano used an equation relating human jejunal
effective permeation rate to Fa to estimate AI/Va

in humans in vivo to be about 2.3 cm-1 [31].3 AI/Va

was estimated in humans to be about 1.9� 1.4 cm-1

by dividing average ka values from the literature
for drugs dosed to humans that were passively
absorbed, completely permeation rate limited,
and at least 90% absorbed, by their estimated
human jejunal permeation rate, which was
estimated using molecular descriptors using
model 1b from Winiwarter et al., 1998 [32]. Aver-
age AI/Va values in the range of 1.9 to 2.3 suggest
percent compressions in the range of 60 to 70,
which seem plausible anatomically. While it is
convenient to assume an average human AI/Va,
it is likely that this ratio varies based on differences
in the volume of liquid and how it is distributed
throughout the small intestine, and perhaps on the
drug itself depending on the site of absorption.
Since the in vitro AI/Va is dictated by the diameter

and geometry of the vessel, options for this param-
eter are limited if standard, hemispherical vessels
are used. Table 5 shows the minimum and
maximum AI/Va that can be achieved in a 1000ml
USP II vessel and a 100ml vessel of similar propor-
tions. These estimates are based on practical
constraints such asmaintaining aminimumaqueous
volume to achieve a practical liquid height.
While PI is dependent upon the properties of

the drug substance and aqueous buffer, the diffu-
sion layer thicknesses can be modified to some
extent through the stirring rate, agitator length
3In Sugano’s analysis AI/Va is represented by A/V for a perfect
cylinder times the Degree of Flatness (DF), such that AI/Va in
our analysis = 2/r X DF in Sugano’s analysis. They take r to be
1.5 cm in humans and DF to be 1.7.

Copyright © 2012 John Wiley & Sons, Ltd.
and design, and vessel geometry. A balance must
be maintained between keeping the dosage form
adequately suspended (if necessary), maintain-
ing a level aqueous–organic interface with a
well-defined surface area, and maintaining
physiological hydrodynamics (if desired). Given
these constraints, PI is more of a defined rather than
an adjustable parameter.

Given the somewhat limited range of in vitro
AI/Va and the inability to fully control PI, the
desired kp will not be achievable in all cases.
Table 6 gives the estimated ranges for ka and kp
for BCS II compounds. Since the range of kp
(0.002 to 50� 104 cm/s) values envelops the range
of estimated ka values when A/V is assumed to be
2, there is a good chance that kp may be obtained
as desired in many cases. However, the ability to
do so depends on the relationship between Peff

and PI, which cannot be easily predicted.
In addition to maintaining the correct kp and

MT/Va values, ideally a two-phase experiment
should be designed such that Fo,1 is similar to
Fa in vivo. Fa can be estimated using Equation
(25), where tres is the residence time in the small
intestine. An average value for tres in the fasted
human small intestine is about 3.5 h [5]. Once Fa
has been estimated, the value of b required to
achieve a Fo,1 similar to Fa can be determined
using Equation (26). As Kap increases, the required
Vo relative to Va needed to achieve a given Fo,1
decreases. An upper limit of a Vo that is three
times Va (Va/Vo≥ 0.33) seems to be a practical
cut-off for determining when the required Vo

becomes impractical. When the Log Kap of a com-
pound at the desired pH is at least ~0.5 and Va/Vo

is at least 0.33, then Fo,1 is at least 0.90 (b≤~0.11).
The importance of Kap can be demonstrated by ex-
amining the required in vitro Va/Vo for metoprolol,
Biopharm. Drug Dispos. 33: 378–402 (2012)
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Table 6. Estimated ranges of the average absorption rate coefficient in vivo (ka) and the average partitioning rate coefficient in vitro
(kp) for BCS II compounds based on ranges for surface area to volume ratio in vivo (A/V) and in vitro (AI/Va), and average
permeation rate in vivo (Peff) and in vitro (PI)

A/Va Peff� 104b ka� 104c AI/Va
d PI� 104e kp� 104f

cm-1 cm/s s-1 cm-1 cm/s s-1

2 1 to 14 2 to 28 0.16 to 0.47 0.01 to 100 0.002 to 50
(1 to 7) (1 to 100)

aEstimated based on an A/V of 2 and plausible percent compression based on Table 2.
bApproximate range for measured human jejunal effective permeation rate for BCS II compounds from reference [32].
cCalculated – equal to A/V * Peff� 104.
dRange from Table 1 assuming standard USP guidelines for impeller positioning.
eEstimated using equation 28 assuming ha from 10 to 50 mm and Da from 10-5 to 10-7 cm2/s.
fCalculated – equal to AI/Va* PI� 104.
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which is used as a reference compound to desig-
nate drug substances as having low or high perme-
ability according to the BCS [33]. Greater than 90%
of an oral dose of metoprolol is known to be
absorbed in the small intestine. Metoprolol has a
log P of 2.2 (neutral species), but a log Kap of about
�0.8 at pH 6.5 [34], which is often taken to be the
average fasted state pH in the upper small intestine.
Because of its low Kap in the intestinal pH range, 6
litres of 1-octanol would be required to achieve a
Fo,1 of 0.9 (Va/Vo of 1/60), making metoprolol a
less than ideal candidate for the two-phase system
despite its high extent of in vivo absorption. How-
ever, for ibuprofen, which is> 99% absorbed in
humans and has a calculated Log Kap of 1.7 at pH
6.5, only 200ml of 1-octanol would be needed to
achieve a Fo,1 of 0.99 (Va/Vo of 1/2) [35].

Fa ¼ 1� e�katres (25)

b ¼ Va

KapVo
¼ 1� Fa

Fa
(26)

We present a few case studies to demonstrate
how a two-phase system would be set up to
mimic in vivo absorption rate for a few com-
pounds for which in vivo ka values have already
been determined in humans. We took the ka values
of four compounds dosed as oral solutions
(ibuprofen, valproic acid, felodipine and ondanse-
tron) from the publication by Linnankoski et al.
[36] that were passively absorbed, demonstrated
completely permeation rate-limited absorption,
had Fa values of one, and had calculated Log D
values at pH 6.5 (average fasted human intestinal
pH [5]) greater than one. We then used our
Copyright © 2012 John Wiley & Sons, Ltd.
proposed scaling factors, AI/Va, MT/Va and Va/
(Kap Vo) to estimate the vessel size, aqueous
volume, organic volume and dose that would be
required to achieve a ‘physiological two-phase set-
up’ for these compounds when performing two-
phase dissolution experiments, as outlined below.

1. Determine dissolution vessel size and in vitro
Va using AI/Va.

• Estimate ka in vivo.
• Estimate PI using Equation (10) with the

following values.
– Estimate Da using Hayduk-Laudie method.
– Assume ha equals 30 mm.
– Kap = 10 cLogD 6.5

• Estimate desired AI/Va using Equation (24).
• Determine which dissolution vessel size can

achieve similar AI/Va (with the preference
being a 1000ml USP 2 vessel using the
standard set-up for stirrer position) and which
value of Va must be used to achieve that value.

2. Determine MT (dose in vitro) using MT/Va.

• Estimate in vivo dose/V (dose/100ml in fasted
humans).

• MT in vitro= (in vivo dose/V) * Va

3. Determine Vo in vitro using b=Va/(Kap Vo).

• Determine Fa in vivo using Equation (25).
• Determine ideal b in vitro using Equation (26).
• Vo =Va/(10

cLogD 6.5 * b). Select Vo such that Fo, 1
is within 10% of Fa.

The results are tabulated in Table 7. Valproic
acid requires a high AI/Va of 0.52, which is at
Biopharm. Drug Dispos. 33: 378–402 (2012)
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the top of the achievable range. An AI/Va as high
as about 0.47 can be achieved with a standard
100ml vessel and minimum height of 1 cm below
the impeller. Ibuprofen and ondansetron require
AI/Va values of 0.29 and 0.31, respectively. Values
in this range can be achieved with any vessel in
the range of 100 to 1000ml. Felodipine requires
an AI/Va of 0.62, which cannot be achieved conve-
niently in the two-phase system. Figure 7
compares the average in vivo absorption profiles
using the given ka values with the predicted
in vitro partitioning profiles using the kp values
from Table 7 for ibuprofen, valproic acid and
ondansetron. Despite the differences between ka
and kp due to the constraints of the vessels, the
in vitro and in vivo curves match up quite well,
demonstrating similarities between in vivo absorp-
tion and predicted in vitro two-phase partitioning
profiles of drugs in solution that result when the
apparatus is scaled using the parameters AI/Va,
MT/Va and Va/(Kap Vo).
The purpose of these case studies is to demon-

strate how a two-phase system can be set-up
to be physiologically relevant when conducting
an experiment using a solid dosage form.
When these scaling parameters are maintained
at physiological values as described above, and
a physiological aqueous buffer is used, the satura-
tion conditions in the aqueous medium of the
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Figure 7. Comparison of fraction absorbed in vivo (in humans) and
USP 2 vessel for ibuprofen and ondansetron, and a 100ml hemisph
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two-phase system are expected to be similar to
saturation conditions in vivo, and the in vitro par-
titioning rate is expected to be similar to the
in vivo absorption rate, facilitating potential
IVIVCs for some drug candidates as described in
the next section.
Potential drug candidates

Two-phase dissolution apparatuses can be useful
tools to scientists developing solid oral drug
formulations. As no one dissolution apparatus
currently captures the range of physiological
conditions affecting dissolution and absorption, it
is important that the chosen apparatus encompasses
the most important factors for the particular drug
product of interest. If the key physiological scaling
parameters (AI/Va, MT/Va and Va/(Kap Vo)) for the
two-phase system described above are properly
designed, and a physiological aqueous buffer is
used, it is reasonable to expect similar saturation
conditions between the in vitro aqueous medium
and the intestinal lumen and to expect an in vitro
partitioning rate that is similar to the in vivo absorp-
tion rate of a drug substance. However, an IVIVC
has the potential to be developed only for drug
substances for which the Fa is similar to the fraction
bioavailable. Thus, for a drug substance to be a
candidate for the two-phase system it should have
60 80 100 120

e, min

Valproic acid in vitro

Valproic acid in vivo

Ondansetron in vitro

Ondansetron in vivo

Ibuprofen in vitro

Ibuprofen in vivo

estimated fraction partitioned in 1-octanol in vitro in a 1000ml
erical vessel for valproic acid using the simplified model
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a relatively high Fa in vivo, should be relatively
hydrophobic (i.e. LogKap at pH6.5 should be greater
than about ~0.5–1 so a practical volume of organic
medium can be used to achieve an extent of in vitro
partitioning that is similar to the Fa), and its
Fa should be similar to its fraction bioavailable
(i.e. low first-pass metabolism and gut metabolism/
degradation).
The feasibility of using the two-phase system to

predict in vivo performance should be verified by
properly scaling the apparatus as discussed above
and performing experiments using solid dosage
forms of drugs with different physicochemical
properties (e.g. acid-base character, particle size,
pH-solubility profile, human jejunal effective per-
meation rate, dose), using relevant aqueous media
types (e.g. surfactant level, buffer species, constant
or variable pH). In each case, solubility and disso-
lution rate of drug in the chosen buffer should be
compared with solubility and dissolution rate of
drug in the chosen buffer saturated with organic
medium. Unpublished data from our laboratory
shows no difference between dissolution rates of
ibuprofen particles in sodium acetate buffer
(50mM, pH 4.5, isotonic) and sodium acetate
buffer saturated with 1-octanol. However, the
presence of organic medium in buffer containing
surfactant could have greater effects on solubility
and dissolution rate as well as on rate and extent
of partitioning into the organic medium [37].
Research has shown that long-chain alcohols such
as 1-octanol can form mixed micelles with ionic
surfactants [38]. Depending on the relative
concentrations of the long-chain alcohol and
surfactant, the alcohol can decrease the critical
micelle concentration (CMC) of surfactant, increase
the ionization of micelles, and change the micellar
size and structure [38,39].
In addition to the possible impact of surfactants

on dosage form performance in the two-phase ap-
paratus, integrity of the aqueous–organic interface
should also be considered. Shi et al. successfully
performed two-phase experiments at polysorbate
80 concentrations as high as 0.23mM [11]. We have
demonstrated the formation of a clear, distinct
aqueous-organic interface using Fasted State
Simulated Intestinal Fluid and Fed State Simulated
Intestinal Fluid (Phares FaSSIF and FeSSIF,
Muttenz, Switzerland), and 0.7mM sodiumdodecyl
sulphate (SDS) in a USP II apparatus as 25, 50 and
Copyright © 2012 John Wiley & Sons, Ltd.
75 rpm (unpublished data). The interface was
somewhat obscured at 100 rpm. However, we rec-
ommend running USP II two-phase experiments
at speeds lower than 75 rpm to minimize formation
of a vortex.

Since the two-phase system adds a level of
complexity compared with single-phase systems
it is also important to outline for which drug sub-
stances and drug products a two-phase system
may lead to improved IVIVCs over a single-phase
system that employs a large aqueous volume (e.g.
900ml). A two-phase system will likely be more
useful when dissolution is limited by solubility
(i.e. dose number is high), which often occurs
when solubility is low and dose is moderate-to-
high. In this situation the drug saturation profile
in the aqueous medium will likely be different in
a two-phase system with 100ml of aqueous buffer
and a sufficient volume of organic medium to
achieve physiologically relevant extent and rate
of partitioning than it would be in a single-phase
system with 900ml of medium. Another case
when a two-phase system may provide an
improved IVIVC over a single-phase system is
when the rate of appearance of drug in the organic
medium is limited at least in part by permeation
rate, which can occur for drugs with low to mod-
erate average intestinal permeation rates.

In general, a two-phase test may be most useful
for some BCS II compounds (which often have
solubility limitations), but may presumably also
be useful for some BCS IV compounds (which of-
ten have solubility and permeation rate limita-
tions). As each class contains drugs with a range
of properties, it will be important to assess the
potential applicability of two-phase systems based
on key drug physicochemical properties such as
acid-base character, particle size, pH-solubility
profile, human jejunal effective permeation rate
and dose.
Conclusion

Two-phase dissolution apparatuses simulta-
neously capture the processes of drug dissolution
and partitioning, thereby simulating absorption
while maintaining a physiological volume of
buffer. They have the potential to provide mean-
ingful predictions of in vivo performance for some
Biopharm. Drug Dispos. 33: 378–402 (2012)
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drug products, and can therefore be useful tools to
industrial and academic scientists for designing
and developing drug product formulations.
While researchers have been exploring the

utility of two-phase systems for simple and novel
oral dosage forms since the 1960s, and have
shown improved predictive capabilities over
conventional methods, no one has elucidated the
mechanism by which two-phase dissolution appa-
ratuses may facilitate improved IVIVCs over
conventional single-phase systems, or determined
for which drugs and dosage forms these appara-
tuses could be most useful. We performed a mech-
anistic, drug-transport analysis of the partitioning
of solutes in solution in an in vitro two-phase
dissolution apparatus, and demonstrated the
ability of our model to successfully describe the
in vitro partitioning profiles of three BCS II weak
acids in four different experimental set-ups. In
contrast to previous kinetically derived mathe-
matical models, our model uses physical input
parameters that are known or can be estimated
a priori. To establish the physiological relevance
of the test for the drug product of interest, we
have proposed scaling factors (AI/Va, MT/Va

and Va/(Kap Vo)), the values of which can be
determined based on molecular descriptors.
When these scaling parameters are maintained at
physiologically relevant values and a physiologi-
cal aqueous buffer is used, the saturation condi-
tions in the aqueous medium of the two-phase
system are expected to be similar to saturation
conditions in vivo, and the in vitro partitioning rate
is expected to be similar to the in vivo absorption
rate. Potential IVIVCs between the in vitro parti-
tioning and in vivo absorption profiles may result
for some drug products that have relatively high
fraction absorbed values and low extents of
hepatic first-pass metabolism and gut degradation/
metabolism. While this manuscript focuses on an
analysis of drugs in solution, these scaling factors
can be applied to dissolution of solid dosage forms
in two-phase dissolution apparatuses, which will
be the focus of future work.
The two-phase system may be a more physio-

logically relevant tool than a conventional single-
phase system for some BCS II, and possibly some
BCS IV drugs. Although the dissolution-partitioning
behaviour of a drug dosage form is complex and
dependent upon drug physicochemical properties,
Copyright © 2012 John Wiley & Sons, Ltd.
dose, permeation rate, dosage form type and formu-
lation composition, it is probable that two-phase
systems may be particularly useful for drug
products that experience solubility-limited dissolu-
tion and/or a permeation rate limitation in vivo, or
include functional excipients thatmay affect dissolu-
tion and/or absorption at physiological concentra-
tions. To help determine the general applicability of
the two-phase system and provide recommenda-
tions for determining for which drugs and dosage
forms a two-phase dissolution apparatus may be
most useful, our mass transport analysis could be
extended to include simultaneous dissolution and
partitioning of drug substances from dosage forms,
and tested in a two-phase system using solid dosage
forms of drugs with different physicochemical
properties (such as acid-base character, particle size,
pH-solubility profile, human jejunal effective perme-
ation rate, and dose) using relevant aqueous media
types. The in vivo relevance could be ascertained by
performing studies in dogs or humans (or by using
existing in vivo data from the literature) and compar-
ing the deconvoluted in vivo absorption profileswith
the in vitro organic phase partitioning profiles.
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