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A B S T R A C T

The aim of this work is to develop a gastrointestinal (GI) drug absorption model based on a reaction limited
model of dissolution and consider its impact on the biopharmaceutic classification of drugs. Estimates for the
fraction of dose absorbed as a function of dose, solubility, reaction/dissolution rate constant and the stoichio-
metry of drug-GI fluids reaction/dissolution were derived by numerical solution of the model equations. The
undissolved drug dose and the reaction/dissolution rate constant drive the dissolution rate and determine the
extent of absorption when high-constant drug permeability throughout the gastrointestinal tract is assumed.
Dose is an important element of drug-GI fluids reaction/dissolution while solubility exclusively acts as an upper
limit for drug concentrations in the lumen. The 3D plots of fraction of dose absorbed as a function of dose and
reaction/dissolution rate constant for highly soluble and low soluble drugs for different “stoichiometries” (0.7,
1.0, 2.0) of the drug-reaction/dissolution with the GI fluids revealed that high extent of absorption was found
assuming high drug- reaction/dissolution rate constant and high drug solubility. The model equations were used
to simulate in vivo supersaturation and precipitation phenomena. The model developed provides the theoretical
basis for the interpretation of the extent of drug's absorption on the basis of the parameters associated with the
drug-GI fluids reaction/dissolution. A new paradigm emerges for the biopharmaceutic classification of drugs,
namely, a model independent biopharmaceutic classification scheme of four drug categories based on either the
fulfillment or not of the current dissolution criteria and the high or low % drug metabolism.

1. Introduction

From the first physicochemical dissolution experiment in 1897 to
the mid-50s when dissolution was introduced in drug research, the
question associated with the mechanism of dissolution process attracted
the interest of many physicochemical scientists (Dokoumetzidis and
Macheras, 2006; Higuchi, 1967; Macheras and Iliadis, 2016). The di-
lemma of diffusion- or reaction-limited dissolution was then transferred
in 50s to the pharmaceutical field with two additional, important and
interconnected aspects for the drug dissolution experiments: i) the re-
lation of the agitation rates of the (official) dissolution tests with the
dissolution mechanism(s) and ii) the relevance of the in vitro agitation
conditions with the conditions in the gastrointestinal (GI) lumen and
the associated correlations between the in vitro and in vivo dissolution
data. The latter aspect progressively gained popularity since: i) dis-
solution was increasingly used as a surrogate for bioavailability, ii) food
mimicking and biorelevant media were utilized in drug dissolution

studies to emulate the fed or fasted state and iii) in vitro-in vivo corre-
lations (IVIVC) were developed (Cardot and Davit, 2012; González-
García et al., 2015; Klein, 2010; Macheras et al., 1986).

A MEDLINE search reveals that the first physicochemical studies in
the literature, using the search terms ‘solubilization AND drug’, ‘su-
persaturation AND drug’ or ‘supersaturation AND dissolution’, were
published in 1966, 1974 and 1976, respectively (Anderson and Morgan,
1966; Griffith et al., 1976; Holzbach and Pak, 1974). For half a century
now all these terms are found in dissolution studies dealing with solid
dispersion formulations, drug coprecipitates with water-soluble poly-
mers (e.g. hydroxylpropylmethyl-cellulose, polyvinylpyrrolidone or
polyethylene glycol etc.), as well as classical or micellar solubilization
approaches using artificial surfactants (e.g. sodium lauryl sulfate) or
biosurfactants (e.g. bile salts). The main scope of these studies and
many others of similar nature is to improve the bioavailability of drug
as a result of the enhancement of solubility and/or the dissolution rate.
Although the fast dissolution rate is attributed to either a high energy
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coprecipitate (de Ilarduya et al., 1998) or to the various amorphization
strategies (Cheow et al., 2014; Li et al., 2014; Vrbata et al., 2014), the
reaction limited dissolution model (RLMD) is neither implied nor
modeled in the studies. However, the rapidity of drug dissolution at the
early stages in many of these studies does not fit with the diffusion
principles; on the contrary, a very rapid initial dissolution rate indicates
that a ‘rapid reaction’ has taken place between the drug's solid particles
and the species/components of the dissolution medium.

As a matter of fact, the diffusion limited dissolution mechanism is
considered as the prevailing mechanism of drug dissolution since early
60s. Classical pharmaceutics and biopharmaceutics books published in
70s and 80s do not even quote a hint for the RLMD. The prevalence of
the diffusion limited dissolution mechanism is mainly due to the the-
oretical work of Levich (Levich, 1962) on diffusion kinetics in the liquid
phase using a rotating disk dissolution apparatus under fully controlled
hydrodynamic conditions. According to the diffusion layer model, the
general expression for the rate of drug dissolution is:

= −dC
dt

k C C( )s (1)

where C is the drug concentration at time t, Cs is the solubility of drug in
the studied medium and k is a composite first-order constant. Eq. (1)
reveals that dissolution is a passive process and the saturation solubility
drives the dissolution rate. However, the assumptions associated with
the diffusion layer model of drug dissolution have been considered
unphysical (Wang et al., 2012); in fact, the view of a constant layer
thickness is an over simplification since modern hydrodynamics studies
show that this layer is a function of the Sherwood number. Besides, the
application of the ideal assumptions for a Fickian-type diffusion limited
dissolution under in vivo conditions has been questioned (Macheras and
Argyrakis, 1997). This study places emphasis on the hydrodynamic si-
tuation in a compendial in vitro test versus an expected in vivo dissolu-
tion; it introduces the concept of homogenous stirring conditions of the
in vitro tests due to the re-randomization of drug species and the het-
erogeneous conditions prevailing in vivo because of the insufficient
stirring. An extensive discussion for the limitations of the diffusion
layer model, along with the development of a reaction limited model of
dissolution and its application to supersaturated dissolution curves can
be found in the literature (Charkoftaki et al., 2011; Dokoumetzidis
et al., 2008).

Another piece of evidence in favor of RLMD has been observed in
the course of dissolution studies (Crisp et al., 2007; Dokoumetzidis
et al., 2008). The study (Crisp et al., 2007) clearly demonstrates that the
interfacial reaction at the drug's surface becomes dominant when the
nanoparticles of danazol and itraconazole smaller than 1 μm were ex-
amined. In the study (Dokoumetzidis et al., 2008), the models based on
functions associated with the diffusion layer model failed to reveal the
governing role, of the saturation solubility for the dissolution process.
However, one recent article on the theoretical analysis of drug dis-
solution focuses on the question “how important a reaction limited is as
opposed to a diffusion limitation?” (Shekunov and Montgomery, 2016).
This study shows that both mechanisms can matter and each me-
chanism may prevail depending on the specific situation given. For
example, the contribution of the reaction limited mechanism becomes
more dominant when the surface kinetic coefficient may decrease as a
function of solution composition.

The development of Biopharmaceutics Classification System (BCS)
(Amidon et al., 1995) and relevant software dealing with GI absorption
rely on Eq. (1) for the description of in vivo drug dissolution. According
to Eq. (1), a monotonic exponential increase of drug concentration to-
wards the saturation solubility as a function of time is anticipated in
dissolution studies. However, is not uncommon to see supersaturated
dissolution curves in in vitro and in vivo studies (Brouwers et al., 2009),
while the associated concept ‘kinetic solubility’(Box and Comer, 2008)
is increasingly used in the field and drug precipitation phenomena are
frequently observed and studied under in vivo conditions (Jakubiak

et al., 2016; Khan et al., 2016).
The aim of this work is to formulate a reaction limited dissolution

model (RLMD) for the study of gastrointestinal absorption of drugs.
Furthermore, the impact of RLMD on the biopharmaceutic classification
of drugs is explored.

2. Materials and methods

The RLMD developed (Dokoumetzidis et al., 2008) relies on the
bidirectional chemical reaction with microconstants k1 and k−1 at the
solid-liquid interface of the undissolved drug species (s) with n free
species/components of the dissolution medium (w), yielding the dis-
solved species of drug complex with solvent c:

+ →
← ⎯⎯⎯

−

s nw c
k

k

1

1 (2)

The unidirectional case of Eq. (2) implies sink conditions and cor-
responds to a complete dissolution of drug dose while the more general
case of the bidirectional reaction corresponds to saturation of solution
i.e. the reaction reaches chemical equilibrium. Assuming that the molar
concentration of the solvent species w can be considered equal to the
initial concentration w0 of the free solvent species, the rate of dissolu-
tion, expressed in terms of drug concentration, C in mass/volume units
is as follows (Dokoumetzidis et al., 2008):

= ⎛
⎝

− ⎞
⎠

−∗
−

dC
dt

k D
V

C k C
α

1 1 (3)

where k
⁎
1= k1[w0]b (molecular weight of the complex c)1-α, α, b are

exponents that determine the order of the reaction, D is the initial
quantity (dose) in mass units and V is the volume of the dissolution
medium.

Eq. (3) reveals that the rate of dissolution is driven by the con-
centration of the undissolved species and not the saturation solubility
implied in the diffusion layer model of dissolution (Eq. (1)). Interest-
ingly, the saturation solubility Cs in the RLMD model corresponds to the
concentration when the reaction equilibrium is reached i.e. Cs is equal
to the concentration at the steady state Css when the drug dose D is in
excess (Dokoumetzidis et al., 2008):

=
+

∗

∗
−

Css
k

k k
D
V

1

1 1 (4)

Moreover, Eq. (3) was proven (Dokoumetzidis et al., 2008) not only
capable in mimicking the dissolution profiles of classic equations based
on the diffusion layer model but also it exhibited additional flexibility.
Most importantly, a modified version of Eq. (3) using a time dependent
expression for k1 ∗ nicely described supersaturated experimental dis-
solution data of carbamazepine in presence of D-alpha–tocopheryl
polyethylene glycol 1000 succinate (Charkoftaki et al., 2011):

= + +∗ −k K λ t( (1 ) )h
1 (5)

where K is a constant in (time)h–1 units, h is a unit less number and λ is
a constant in (time)–h units, preventing the entire expression from ap-
proaching zero for large times.

Supersaturated dissolution curves have been also observed in dis-
solution studies with sparingly soluble compounds (Parikh et al., 2016;
Verma and Rudraraju, 2015). A quite relevant term, ‘wetting kinetics’
has been coined (Verma and Rudraraju, 2015). Similarly, super-
saturated dissolution data whereas metastable forms are gradually
transformed to the most stable physical form have been observed
(Greco and Bogner, 2012; Pouton, 2006). Due to the monotonic nature
of Eq. (1), all these cases cannot be explained with Eq. (1) while the
RLMD relies on a ‘reaction’ concept and seems to capture the dynamics
of the classical dissolution data as well as the supersaturated dissolution
data (Charkoftaki et al., 2011).
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2.1. Consideration of RLMD under in vivo conditions

The current biopharmaceutic classification guideline (FDA, 2015)
relies on solubility and permeability values. The use of solubility arises
from the use of diffusion layer model to emulate drug dissolution in the
fundamental articles of the gastrointestinal drug absorption (Amidon
et al., 1995; Oh et al., 1993). In the same vein, the RLMD can be also
considered under in vivo conditions. One can write the equation of drug
dissolution-uptake in a manner similar to that used for the development
of BCS (Amidon et al., 1995; Oh et al., 1993) assuming the same
homogeneous tube model:

= ⎛
⎝

− ⎞
⎠

− −∗
−

dC
dt

k D
V

C k C
P
R

C· ·
2·

·L
L

α

L
eff

L1 1 (6)

where CL is the concentration of dissolved drug in the intestinal lumen,
Peff is the effective permeability of the drug and R is the tube radius.

Visual inspection of Eq. (6) reveals the two parameters controlling
oral drug absorption, namely, the dissolution rate constant k⁎1 for the
reaction of the undissolved drug species with the fluids and/or com-
ponents of the gastrointestinal lumen and the drug permeability, Peff. It
should be emphasized that the undissolved drug mass (expressed in
terms of concentration, − C )D

V L drives the dissolution rate while the
uptake is assumed to follow the classical passive diffusion pathway.

2.1.1. Model development
The proper mathematical treatment of the fundamental dissolution-

reaction (Eq. (2)) and the corresponding reaction/dissolution/uptake
(Eq. (6)) require molecular concentrations and knowledge of the stoi-
chiometry (α) of the dissolution-reaction. However, the use of mole-
cular concentrations in the complex-unstirred GI fluids is inappropriate;
moreover, the stoichiometry of the reaction is unknown while the ex-
ponent α is also associated with the geometry and roughness of the solid
particles. This means that the exponent α can take both integer and non-
integer values (Valsami and Macheras, 1995). For all above reasons, the
model used for the drug dissolution-uptake for a given dose D was based
on the amount of undissolved, dissolved and absorbed drug, qU(t), qL(t)
and qA(t), respectively. The rate of variation of these amounts is given
by the following differential equations

= − + =
= − − =

= =

∗
−

∗
−

q t k q t k q t q D
q̇ t k q t k q t P R q t q

q t P R q t q

˙ ( ) · ( ) · ( ) (0)
( ) · ( ) · ( ) (2· / )· ( ) (0) 0

˙ ( ) (2· / )· ( ) (0) 0

U U
α

L U

L U
α

L eff L L

A eff L A

1 1

1 1

(7)

The system of equations above describes three processes:

i) the rate of drug dissolution is equal to k1∗⋅ qU(t)α, where k1∗ is the
dissolution rate constant (expressed in amount1-α ⋅ time−1 units) for
the reaction of the undissolved drug species with the fluids and/or
components of the gastrointestinal lumen; the exponent α is di-
mensionless and accounts for the stoichiometry/heterogeneous
conditions in drug dissolution. In the homogeneous case α=1,

ii) the rate of drug precipitation k−1 ⋅ qL(t), where k−1 is the rate
constant of precipitation, and

iii) the rate of drug absorption (2 ⋅ Peff/R) ⋅ qL(t), where Peff and R are
the effective drug permeability and the tube radius, respectively.

Moreover, the solubility CS constraints the amount of dissolved drug
qU(t) to be lower than CS ⋅ V, where V is the volume of the tube. Thus,
the set of differential Eq. (7) is constrained at any time t by the in-
equality

≤q t C V( ) ·L S (8)

Given the mass-balance equation, D= qU(t)+ qL(t)+ qA(t), the set
of differential equations becomes

= − − − − =
= =

∗
−q t k D q t q t k q P R q t q

q t P R q t q
˙ ( ) ·[ ( ) ( )] · (t) (2· / )· ( ) (0) 0

˙ ( ) (2· / )· ( ) (0) 0
L L A

α
L eff L L

A eff L A

1 1

(9)

By integrating the last differential equation, the fraction of dose
absorbed Fα(t) up to time t is given by

∫= =F t q t D P R D q τ dτ( ) ( )/ (2· / )/ · ( )·a A eff

t

L
0 (10)

2.1.2. Simulation work
We used the Eqs. (7)–(10) quoted above, to estimate Fa(t) and si-

mulate the in vivo drug processes. For simulation purposes, Fa(t) is
considered for the mean intestinal transit time t=MITT≈ 199min (Yu
et al., 1996). A high permeable drug with absorption number An=10
(Oh et al., 1993) was considered; this value corresponds to Peff=0.050
cm/min . The half-life of the precipitation process was set at 14 min
leading to k−1= 0.050 min−1; typical values R=1 cm and V=250
mL were used. Also, two solubility values were used CS=1 and 0.05
mg/mL. The set of Eqs. (8) and (9) was solved numerically to estimate
Fa(MITT) from Eq. (10) for values of k1∗ ranging from 10−4 to
10−1mg1−α ⋅min−1 and for values of D ranging from 100 to 1000 mg.
Simulations were performed using integer (1 and 2) and non-integer
(0.7) values for α. The parameters values 1 and 2 are the most plausible
values for the stoichiometry of the reaction. The simplest, homogeneous
case (α=1) corresponds to a well-mixed dispersion with the drug solid
particles exhibiting the same probability to react (dissolve) with the
solvent species. The use of a non integer value i.e. 0.7 relies on the
concept of fractal reaction kinetics developed by R. Kopelman in his
seminal article on fractal reaction kinetics (Kopelman, 1988). In this
context, the “heterogeneous” reactions, when the reactants are spatially
constrained on the microscopic level by phase boundaries (e.g. solid
particle surface-GI fluids), exhibit fractal orders for elementary reac-
tions and rate coefficients with temporal “memories”. This work
(Kopelman, 1988) emphasizes the importance of the size-topology-
fractal dimension of the sample for heterogeneous reactions and the
violation of old Wenzel's law (Wenzel, 2009), which states that the
larger the interface, the faster the reaction. In addition, this article
(Kopelman, 1988) plays particular emphasis on the “active” part of the
surface and the relevant non-integer fractal dimension of the surface of
the solid particles. These concepts were introduced in biopharmaceu-
tics-pharmacokinetics by (Macheras and Argyrakis, 1997). Since then a
plethora of fractal kinetics and most recently fractional kinetics papers
were published in biopharmaceutics-pharmacokinetics literature fo-
cusing among other topics on the heterogeneity of drug dissolution
(Macheras and Dokoumetzidis, 2000), drug absorption (Dokoumetzidis
and Macheras, 2009) and nonlinear IVIVC (Kytariolos et al., 2010),
most of which have been included in a book (Macheras and Iliadis,
2016).

We also generated the amount and time profiles for the undissolved,
dissolved, and absorbed drug species by assigning the following values:
D=200 mg, k−1= 0.050 min−1, k1∗=0.1 mg1−α ⋅min−1, CS=1
mg/mL, for a low permeable drug with Peff=0.001 cm/min. A set of
simulations were also performed to demonstrate that the model cap-
tures the dynamics of drug supersaturation and precipitation phe-
nomena.

3. Results

The simulation results are shown in Figs. 1, 2 and 3 for the cases
α=1, 2 and 0.7, respectively using a relatively soluble drug (CS=1
mg/mL) and an insoluble drug (CS=0.05 mg/mL) as model drugs.

The top plot of Fig. 1 for α=1 and CS=1 mg/mL demonstrates
that the increase of Fa(MITT) for all doses considered is proportional to
the increase of reaction/dissolution rate constant k1∗. Extensive
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absorption (Fa(MITT) > 90%) is observed for k1∗ > 0.015 min−1. On
the contrary, the bottom plot of Fig. 1 for an insoluble drug (CS=0.05
mg/mL) and α=1 shows that extensive absorption is observed only for
low drug doses and k1∗ close to the assigned maximum 0.1 min−1.

A different pattern is observed at the top of Fig. 2 for α=2 and
CS=1 mg/mL. Extensive absorption is observed for all k1∗ values
considered but only for high drug doses, namely, close to the maximum
dose assigned 1000 mg. For low drug doses, Fa(MITT) increases with k1∗

(top of Fig. 2). This behavior is associated with the predominant role of
the squared term in brackets of Eq. (9) in determining the drug dis-
solution rate. For a low soluble drug, the bottom plot of Fig. 2 shows
that extensive absorption is observed for low drug doses and high k1∗

values. When the dose is increased above its lowest value 100 mg,
Fa(MITT) is also increasing with k1∗. However, the values of Fa(MITT)
decrease steeply for D > 250 mg and all k1∗ values considered due to
solubility limitations (bottom of Fig. 2).

The results shown in Fig. 3 with α=0.7 have a similar pattern to
that shown in Fig. 1; however, Fa(MITT) values in Fig. 3 are lower
compared to the corresponding results presented in Fig. 1 for all cases
examined since the exponent 0.7 of the term in brackets of Eq. (9) slows
down the drug dissolution rate.

Figs. 4, 5 and 6 show the amount, time profiles for the undissolved,
dissolved and absorbed drug for the relatively soluble drug (CS=1 mg/
mL), with low permeability (Peff=0.001 cm/min) and by assigning α
values equal to 0.7, 1 and 2, respectively. The above simulations were
obtained with D=200 mg, k−1= 0.050 min−1 and k1∗=0.1

mg1−α ⋅min−1.
Fig. 7 demonstrates the impact of the rate constant k−1, which

governs the rate of drug precipitation, on the undissolved, dissolved
and absorbed drug, time profiles. Fig. 8 shows two cases associated with
supersaturation and precipitation phenomena.

4. Discussion

The results of Figs. 1 to 3 indicate that the solubility acts as an upper
cutoff limit for the lumen drug concentration values. Solubility does not
have a leading role in driving the dissolution rate (see the model Eqs.
(9) and (10)) as it happens to be the case in the diffusion limited model
of drug dissolution. The driving force of dissolution rate is the un-
dissolved amount of drug (see the model Eq. (9)); therefore, the prin-
cipal elements of the reaction/dissolution of drug with the GI fluids/
components, namely, the reaction/dissolution rate constant k1∗, the
dose D, and the stoichiometry α determine the final estimate of
Fa(MITT).

Figs. 4, 5 and 6 demonstrate the expected shape for all curves,
namely, a continuous decrease as a function of time for qU(t), a
monotonic increase as a function of time for qA(t) while qL(t) is in-
creasing initially reaching a maximum and then decreases gradually.
Also, Figs. 4 to 6 demonstrate that the increase of α results in higher
qL(t), lower qU(t) and higher qA(t) time profiles since all other para-
meters are the same. It should be noted that the case α=0.7 in Fig. 4
corresponds to “fractal kinetics” which has been observed in dissolution
studies in biorelevant media (Niederquell and Kuentz, 2014). The
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Fig. 1. Simulations of Fa(MITT) with α=1 as a function of k1∗ and D with CS=1 (top)
and 0.05mg/mL (bottom).
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extent of absorption ranges from 22 to 63mg (11 and 31.5% of D, re-
spectively) since a low value forPeff was utilized in all cases.

Due to solubility limitations and the solubility constrain (Eq. (8)),
all simulations (data not shown) for the amount, time profiles for all
drug species of the insoluble drug (CS=0.05 mg/mL) exhibited limited
dissolution assigning the parameters values reported in Figs. 4–6. In all
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Fig. 3. Simulations of Fa(MITT) with α=0.7 as a function of k1∗ and D with CS=1 (top)
and 0.05mg/mL (bottom).
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Fig. 4. Amount, time profiles for the undissolved (continuous curve), dissolved (dashed
curve) and absorbed (dot curve) drug species assigning D=200 mg, k−1= 0.050 min−1,
k1∗=0.1 mg1−αmin−1, CS=1 mg/mL, Peff=0.001 cm/min and α= 0.7.
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Fig. 5. Amount, time profiles for the undissolved (continuous curve), dissolved (dashed
curve) and absorbed (dot curve) drug species assigning D=200 mg, k−1= 0.050 min−1,
k1∗=0.1 mg1−α ⋅min−1, CS=1 mg/mL, Peff=0.001 cm/min and α=1.
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Fig. 6. Amount, time profiles for the undissolved (continuous curve), dissolved (dashed
curve) and absorbed (dot curve) drug species assigning D=200 mg, k−1= 0.050 min−1,
k1∗=0.1 mg1−α ⋅min−1, CS=1 mg/mL, Peff=0.001 cm/min and α= 2.
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Fig. 7. Amount, time profiles for the undissolved (continuous curve), dissolved (dashed
curve) and absorbed (dot curve) drug species assigning D=200 mg, k−1= 0, k1∗=0.1
mg1−α ⋅min−1, CS=1 mg/mL, Peff=0.001 cm/min and α= 0.7.
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cases, most of the drug remains undissolved for the time course of the
study (MITT=199 min) while the amount absorbed was found to
be< 8 mg.

It should be noted that the amount, time profiles for the un-
dissolved, dissolved and absorbed drug are also dependent on k−1

value, which governs the precipitation step. Thus, Fig. 7 shows higher
qL(t), lower qU(t) and higher qA(t) time profiles when compared to Fig. 4
using the same parameter values as in Fig. 4 and assigning k−1= 0
min−1 i.e. no precipitation.

4.1. The RLMD captures the dynamics of supersaturation and precipitation
phenomena in the GI lumen

According to the current guidelines (EMA, 2010; FDA, 2015), Class I
drugs (highly soluble and permeable) are well characterized and spe-
cific dissolution requirements are quoted in the guidelines. On the
contrary, the extensive absorption of many Class II drugs (low solubi-
lity, high permeability) cannot be explained on the solubility principles
of BCS and the relevant dissolution criteria of the guidelines (Rinaki

et al., 2004; Yazdanian et al., 2004). During the last two decades, ex-
tensive in vitro dissolution work has been focused on the use of bior-
elevant media to interpret drug absorption under fasted and fed state
conditions (Bou-Chacra et al., 2017; Fotaki and Vertzoni, 2010). Nu-
merous studies and a plethora of biorelevant media have been utilized
to mimic in vivo dissolution and demonstrate the increased solubility
and dissolution rate of Class II drugs in these media (Bou-Chacra et al.,
2017). Despite the extensive work in this field of research, all results are
explained on the basis of diffusion layer model of dissolution. In-
tuitively, one should expect a kind of interaction between the solid
particles and the components of dissolution media as it is explained in
(Charkoftaki et al., 2011). Moreover, supersaturation and precipitation
phenomena, which are frequently encountered in dissolution studies,
are routinely explained relying exclusively on diffusional principles,
i.e., the enhanced saturation (thermodynamic or kinetic) solubility
drives the higher rate of dissolution. In our days, the oral bioavailability
enhancement through supersaturation for poorly absorbed drugs is
becoming very popular and the term “supersaturating drug delivery
systems” has been coined for these formulations (Brouwers et al., 2009;
Fong et al., 2017).

The in vivo model developed herein can capture the “interaction” of
drug/formulation with the gastrointestinal fluids and most importantly
the dynamics of supersaturation and precipitation phenomena asso-
ciated with the dissolution process. In this context, two examples are
presented in Fig. 8.

In the first example, we utilized the following model parameters
α=1, CS=0.05 mg/mL, D=200 mg, k1∗=0.01 min−1, k−1= 0
min−1 and Peff=0.005 cm/min to generate in vivo qL(t) time profiles
for the formulation shown with the dashed line in Fig. 8a. Assuming
that this formulation is tested in a “reactive” in vivo dissolution
medium, a supersaturated dissolution curve was simulated, Fig. 8a,
solid line; this was accomplished by applying a 3-fold increase for the
dissolution-reaction rate constant, k1∗=0.3min−1, and a simultaneous
10-fold increase for the saturation solubility, CS=0.5mg/mL. Fig. 8a
illustrates the qL(t) time profile, which show that supersaturated dis-
solution data qL(t)> (0.05mg/mL) (250mL)= 12.5mg, are main-
tained for 32min, (Fig. 8a solid line).

Fig. 8b shows a case of a very rapid precipitation
k−1= 10min−1which operates for 20min between 60 and 80min; all
other parameters take values α=1, CS=0.05mg/mL, D=200 mg,
k1∗=0.01 min−1, k−1= 0 min−1 and Peff=0.005 cm/min. This sce-
nario mimics the sudden acid/base type precipitation associated with
the reaction of the dissolved drug species with H+ species frequently
encountered in GI absorption studies. The amount, time profiles for the
undissolved qU(t), dissolved qL(t) and absorbed qA(t) drug show a
sudden change (increase or decrease at 60min, which is maintained up
to 80min), Fig. 8b. One should also note the re-dissolution of drug after
80min and the corresponding decrease in qU(t) and increase of qA(t)
time profiles, Fig. 8b. All these changes result in double peaks in plasma
concentration-time profiles, which are usually encountered in the lit-
erature.

In an analogous manner, one can also consider-analyze dissolution
studies with drugs in polymorphic forms which exhibit metastable and
stable solubility. Usually, when the metastable solubility is reached,
precipitation starts operating; this can be modeled by shifting the value
of k−1 from zero to a certain value. Further on, the transition towards
the polymorphic form with stable lower solubility can be modeled in a
similar manner.

A validation exercise, which relies on the fitting of the model to the
available concentration, time data was not undertaken. Unfortunately,
there no reliable drug concentration, time data in the gastrointestinal
fluids measured at various time points. In addition, a combination of
models based on diffusion- and reaction- limited dissolution seems to
operate under in vivo conditions (Shekunov and Montgomery, 2016).
Therefore, future GI modeling work should include both dissolution
mechanisms.
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Fig. 8. (a) Amount, time profile (dashed curve) for the dissolved drug was generated
using α=1, CS=0.05 mg/mL, D=200 mg, k1∗=0.01 min−1, k−1= 0 min−1 and
Peff=0.005 cm/min ; the supersaturated qL(t) time profile (continuous curve) was gen-
erated using the same parameter values and assigning k1∗=0.3 min−1, CS=0.5 mg/mL.
Note that supersaturated data, qL(t) > (0.05mg/mL) (250mL)= 12.5mg, which is the
plateau value for the dashed curve, are maintained for 32min. (b) Amount, time profiles
for the undissolved (continuous curve), dissolved (dashed curve) and absorbed (dot
curve) drug species for a very rapid precipitation (k−1= 10min−1which operates only
between 60 and 80min); all other parameters take values: α=1, CS=0.05 mg/mL,
D=200 mg, k1∗=0.01 min−1, k−1= 0 min−1 and Peff=0.005 cm/min.
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4.2. Towards a new paradigm for the biopharmaceutic classification of
drugs

The use of solubility and permeability as the key parameters for the
current biopharmaceutic classification guidelines (EMA, 2010; FDA,
2015) rely on the classical passive consideration for both dissolution
and permeation processes operating under in vivo conditions. (Amidon
et al., 1995; Oh et al., 1993). According to the diffusion layer model of
dissolution used for the development of BCS (Amidon et al., 1995; Oh
et al., 1993), the saturation solubility drives the dissolution rate. Some
concerns have raised for the proper biopharmaceutic classification of
drugs in relation to the solubility estimates, namely, whether the de-
termined values represent genuine equilibrium solubilities (i.e., ther-
modynamic values) or whether they represent the values associated
with a metastable condition (i.e., kinetic values) (Box and Comer,
2008). In addition, the solubility/dose ratio has been proposed as a
more reliable parameter for use in the BCS (Rinaki et al., 2003b) as-
suming that drug dissolution follows the diffusion layer model of dis-
solution.

The present work relies on an in vivo model of drug dissolution as-
suming a reaction limited approach. Visual inspection of the first of Eq.
(9) reveals that the undissolved dose drives the dissolution rate, the
permeability controls the uptake of drug while solubility acts as an
upper cutoff limit for the drug concentrations in the lumen (Eq. (8)). It
should be noted here that several aspects for the role of dose for clas-
sification purposes in the BCS has been pointed out previously
(Bergström et al., 2014; Rinaki et al., 2003a); thus, the solubility/dose
ratio was found to drive the dissolution rate in the diffusion layer model
of dissolution (Rinaki et al., 2003a), the “critical dose” concept and a
“dose-dependent BCS” have been proposed (Charkoftaki et al., 2012)
and recently the change in the “highest dose strength” concept of the
BCS EMA guideline (EMA, 2010) has been criticized (Daousani and
Macheras, 2015; Sediq et al., 2014).

This analysis indicates that solubility is not the driving force for the
dissolution rate if a reaction limited model of dissolution operates
under in vivo conditions. Due to the lack of knowledge about the in vivo
dissolution mechanisms, a model independent biopharmaceutic classi-
fication scheme would be more reasonable. For example, the current
dissolution requirements (% of dose dissolved at a given time interval)
of the relevant biopharmaceutical guidelines (EMA, 2010; FDA, 2015)
can be used as sole model independent parameters for biopharmaceu-
tical classification purposes. Coupling these parameters with % drug
metabolized (a model independent parameter used in BDDCS (Wu and
Benet, 2005)), a fully model independent biopharmaceutic classifica-
tion scheme can be formulated, Fig. 9. Although an estimate for the
dimensionless solubility/dose ratio can be derived easily, estimates for
a plethora of drugs including the NSAIDs (ketoprofen, ibuprofen,

indomethacin, naproxen) with different physicochemical properties are
available in the literature e.g. see Table 1 in (Macheras and Karalis,
2014). It is worthy to mention that the role of dose for the diffusion
limited dissolution model in the context of the classical BCS has been
explained, including ibuprofen as an example of Class migration, by our
group previously (Charkoftaki et al., 2012). Class migration is con-
sidered here too; it is associated with the supersaturated phenomena
(see Fig. 10 and relevant text below).

The lack of knowledge for the in vivo dissolution mechanisms stated
above is substantiated from the in vitro findings of (Shekunov and
Montgomery, 2016). According to these authors “the contribution of
surface kinetics (a synonym of reaction limited kinetics) appears to be
significant constituting ~20% resistance to the dissolution flux in the
compendial rotating disk apparatus at 100 rpm. The surface kinetics
contribution becomes more dominant under condition of fast laminar or
turbulent flows or in cases when the surface kinetics coefficient may
decrease as a function of solution composition or pH.” These findings
based on experimental data available for approximately 100 com-
pounds of pharmaceutical interest obtained under fully controlled
conditions, indicate that the contribution of the two concurrent dis-
solution mechanisms vary in accord with the hydrodynamic conditions,
the solution composition and pH. Accordingly, the contribution of the
two mechanisms under in vivo conditions cannot either predicted or
estimated using the current models since they are based exclusively on
diffusion limited dissolution.

Based on the experience gained so far with the application of BCS
for regulatory purposes, one can conclude that the extensive absorption
of highly soluble drugs (Class I and Class III) is nicely explained on the
basis of solubility estimates assuming the prevalence of the diffusion
layer model of dissolution under in vivo conditions, Fig. 10, right hand
side - abscissa. On the contrary, the extensive absorption of several
Class II drugs e.g. NSAIDs (Yazdanian et al., 2004) cannot be explained
on the basis of the classical solubility estimates and the dissolution
criteria associated with the diffusion layer model of dissolution. On the
contrary, the plethora of ‘supersaturating drug delivery systems’
(Brouwers et al., 2009; Fong et al., 2017) of Class II drugs exhibiting
enhancement of bioavailability indicates that these drugs follow a re-
action limited model of dissolution, Fig. 10, left hand side - abscissa. It
should be emphasized that weak acids like NSAIDs were found (Fong
et al., 2017) to exhibit the highest enhancement of bioavailability fol-
lowing the supersaturation concepts. These observations prompted us
to propose a property (solubility) dependent dissolution mechanism in
relation to the extent of drug's absorption, Fig. 10; plausibly, all drugs
can be plotted in (the fraction absorbed, dimensionless solubility/dose
ratio) plane of Fig. 10 provided that estimates for both variables are
available. Needless to say that the dissolution mechanisms can coexist
under in vivo conditions and the contribution of each one towards the

Fig. 9. A model independent biopharmaceutic clas-
sification system based on % metabolism (high, low)
and the fulfillment (√) or not (x) of the current dis-
solution criteria. The dimensionless abscissa denotes
the (solubility)⋅(volume)/dose values of drugs. The
border line drugs lie between 1 and 3.6. These
numbers correspond to drugs, which have solubility
and dose values equal to the amount needed to sa-
turate 250mL (routinely used as the volume of gas-
trointestinal fluids) and 900mL (the typical volume
of the official dissolution tests) of water, respectively.
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dissolution of drugs will remain a mystery for the many years to come.
The current BCS is often used not only for bioequivalence con-

siderations but also in early development for an initial biopharmaceu-
tical assessment of new drug candidates. Based on such an assessment
or more advanced physiologically-based modeling, dissolution specifi-
cations are later defined. In parallel, regulatory bodies require a ra-
tional for setting dissolution specifications. The proposed classification
(Fig. 9) is based on the current FDA and EMA dissolution requirements,
which are re-named “dissolution criteria' for the biopharmaceutical
classification purposes of this study. However, improvements in the
understanding of the relevant supersaturation phenomena can help the
modification and/or addition of the current experimental methodolo-
gies for more appropriate/advanced “dissolution requirements”. For
example, the biorelevant dissolution work can be shifted towards media
assessing the supersaturation behavior of compounds of pharmaceutical
interest. New methodologies focusing on the relevant contribution of
the two dissolution mechanisms under varying agitation conditions can
be developed. The elegant work of (Shekunov and Montgomery, 2016)
can be the starting point to better explain the difference of the dis-
solution-limitation versus assumed reaction-limitation when comparing
the hydrodynamic situation in a compendial in vitro test versus an ex-
pected in vivo dissolution. The results of such studies can be further
coupled with physiologically-based models to improve the predictive
power of the models. Besides, computational approaches based on
molecular descriptors or physicochemical properties can shed light on
the supersaturation phenomena for Class II and IV drugs.

5. Conclusions

The reaction limited in vivo dissolution model developed can explain
both classical, supersaturated concentration-time profiles including a
precipitation phase too. The undissolved dose drives the dissolution
rate while the saturation solubility acts as an upper limit for the con-
centration of drug in the GI lumen. Τhe reaction limited model of dis-
solution (Eq. (9)) can be coupled with pharmacokinetic and disposition
drug characteristics for the development of an integrated physiologi-
cally based model. Work is in progress towards this end.

Our ignorance regarding the exact dissolution mechanisms oper-
ating under in vivo conditions, prompted us to propose a model in-
dependent biopharmaceutic classification scheme of four drug cate-
gories based on the fulfillment or not of the current dissolution criteria
and the high or low % drug metabolism. A buffer zone with border line
drugs between Classes I/III and II/IV based on dimensionless (solubi-
lity)⋅(volume)/dose estimates, ensuring continuity in the classification,
was also proposed. The extensive absorption of several current Class II,

IV and borderline drugs is interpreted on the basis of the supersaturated
dissolution behavior associated with the reaction limited in vivo dis-
solution model.
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