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The  attention  of  this  review  is  focussed  on  the  mathematical  modeling  of the  simultaneous  processes  of
drug  release  and  absorption/distribution/metabolism/elimination  (ADME  processes)  following  different
administration  routes.  Among  all  of  them,  for their  clinical  importance,  the  oral,  transdermal  and  local
delivery  are  considered.  The  bases  of  the  presented  mathematical  models  are  shown  after  the  discussion
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of  the  most  relevant  phenomena  characterising  the  particular  administration  route  considered.  Then,
model  performances  are  compared  to  experimental  evidences  in  order  to evaluate  their  reliability  and
soundness.

The most  important  conclusion  of  this  review  is  that  despite  the complexity  of  the  problem  involved
in  the  description  of  the  fate  of  the  drugs  after  their  administration,  the  scientific  community  is  close  to
the solution  as  witnessed  by the  various  interesting  and  promising  approaches  here  presented  about  the

al  adm

ransdermal administration
ocal administration oral, transdermal  and  loc

. Introduction

The clinical relevance of a proper drug administration pro-
oted the development of more and more refined delivery systems.
ccordingly, these systems evolved from those passively pre-
rogrammed to those actively pre- and self-programmed (Lee and
obinson, 1987; Kost and Langer, 2001). This evolution was possi-
le also for the employment of mathematical models that allowed
o theoretically study the drug release processes extrapolating the
ata from the great variety of existing delivery systems (Siepmann
nd Peppas, 2001a; Langer, 1999). Indeed, a reliable mathematical
odel can be built only on the basis of a clear knowledge of the phe-

omena ruling the release kinetics (Grassi and Grassi, 2005; Grassi
t al., 2007). Thus, for example, the release kinetics from osmotic
ystems (Marucci et al., 2008, 2010), erodible systems (Narasimhan,
001; Siepmann and Göpferich, 2001), hydrophilic (Siepmann and
eppas, 2001b)  and hydrophobic matrices (Grassi et al., 2003),
omplex shaped matrices (Wu and Zhou, 1998) and ensemble of
pherical particles (Grassi et al., 2000; Zhou et al., 2004) was math-
matically modeled. Contemporarily, the attention of researchers

as also focussed on modeling the fate of the drug once released

n vivo (Amidon et al., 1995; Lennernäs et al., 1994; Peppas and
anger, 2004; Mudie et al., 2010). The complexity of the problem
Macheras and Iliadis, 2006) induced the researchers to emphasize

∗ Corresponding author. Tel.: +39 040 5583435; fax: +39 040 569823.
E-mail address: mariog@dicamp.univ.trieste.it (M. Grassi).
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inistration  routes.
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the aspects connected to drug absorption by leaving tissues, distri-
bution among blood/tissues/organs, metabolism and elimination
(the so called ADME processes). Accordingly, the release step was
either assumed to be very fast (as in the case of drug solutions,
where the release step does not exist) with respect to ADME pro-
cesses or it was assumed to be equal to that observed in vitro. In
this second case, it was  implicitly assumed that ADME processes
can not affect the release kinetics even if it is not always the case.
A typical example is represented by delivery systems containing
amorphous drugs that undergo re-crystallisation which reflects in
drug solubility reduction (Nogami et al., 1969; Grassi et al., 2007).

The demand for more and more refined mathematical models
able to describe very complex situations obliged and will oblige
modellers to increase model versatility. Accordingly, we  agree with
the convincement that the new challenge in the drug delivery field,
for what concerns mathematical modeling, is the combination of
mechanistic theories able to realistically describe the simultane-
ous processes of drug release and the subsequent ADME processes
within the human body (Siepmann and Siepmann, 2008). A further,
subsequent, challenge relies on pharmacodynamics, i.e. the effect
of a drug released from a specific delivery system (Evans, 2010). In
so doing, we  are proceeding towards the Leonardo da Vinci con-
cept of true science: “niuna umana investigazione si può dimandare

vera scienzia, s’essa non passa per le matematiche dimostrazioni”  (no
human investigation can be defined true science if it can not be
mathematically demonstrated) (da Vinci, 1651). Thus, every math-
ematical model able to fit and to predict experimental evidences is
not only a powerful tool for the drug delivery system optimisation

dx.doi.org/10.1016/j.ijpharm.2010.12.044
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:mariog@dicamp.univ.trieste.it
dx.doi.org/10.1016/j.ijpharm.2010.12.044


M. Grassi et al. / International Journal of P

Fig. 1. Drug release and ADME processes. Theoretical scheme depicting the simulta-
neous drug release, absorption, distribution, metabolism, and elimination processes
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egardless of the administration route. While the drug is being released from the
elivery system (spheres), it is absorbed by blood and, then, it spreads into tissues
nd  organs. Vr, Vb, VT and Cr, Cb, CT indicate, respectively, release environment, blood
nd tissues volume and drug concentration.

ut it is also the theoretical legitimacy of the experimental findings.
onsequently, the target of this review is to present and to discuss
he mathematical models matching the first challenge cited, i.e. the
escription of the simultaneous drug release and ADME processes.
egardless of the administration route, these models rely on the
eneral theoretical scheme depicted in Fig. 1. While the drug is
eing released, it is absorbed into blood and, then, it spreads into
issues and organs. In both the absorption and spreading phase,
t can undergo metabolism and/or elimination. Although the pic-
ure can be much more complex than that described, the important
spect is that the focus of the mathematical model is the ensemble
f all the phases involved as a whole (release, absorption, spread-
ng and metabolism/elimination). In other words, the model no
onger considers as separate the different phases that can, thus,

utually affect each other. Mathematically speaking, this means
hat the model implies the simultaneous solution of all the equa-
ions necessary for the description of each phase. The more precise
nd particularised the model is, the more adherent to reality it will
e and the more complex its solution will be. As a complete anal-
sis of all the models dealing with the above-mentioned aspect
s practically, impossible, we would like to focus the attention on
ome particularly interesting cases. More in detail, some examples
egarding the oral, transdermal and local administration routes will
e considered.

. Oral administration

.1. The oral route and the release tests

The oral route is the most important drug administration route.
sually, the key phenomena involved in the administration of a
olid dosage form are the dissolution and the absorption of the drug.
issolution is defined as the process by which a solid substance
nters in the solvent to yield a solution. Other factors influencing
he drug release rate are represented by the solid dosage form phys-
cal characteristics, wettability, dissolution medium uptake rate,
harmaceutics 418 (2011) 130– 141 131

the (possible) swelling and/or erosion phenomena, the disintegra-
tion and the de-aggregation of the dosage form (Banakar, 1992).
The rate of drug dissolution can become the rate-limiting dissolu-
tion step before the drug appears in blood. As a result, release tests
could provide the information necessary to develop more effective
dosage forms. Therefore, composition and preparation of dosage
form, rate of dissolution and rate of appearance in circulatory sys-
tem are strongly correlated.

The Biopharmaceutical Classification System (BCS) identifies the
solubility and the permeability as the key parameters to describe
the drug fate once ingested. According to BCS, drug substances are
classified as: class 1 drugs (high solubility and high permeability),
class 2 drugs (low solubility and high permeability), class 3 drugs
(high solubility and low permeability), and class 4 drugs (low sol-
ubility and low permeability) (Amidon et al., 1995). According to
these criteria, drugs are considered highly soluble when the highest
dose strength of the drug substance is soluble in less than 250 mL
of water over a pH range of 1–6.8; drugs are considered highly per-
meable when the extent of absorption in humans is determined
to be greater than 90% of the administered dose. It has long been
recognized that solid drugs orally administrated are not immedi-
ately available to the biological system since they are absorbed only
from a solution. During the development of the dosage form, the
in-vitro release test serves as a guide in estimating the amount of
drug released per unit time in a given dissolution medium. In-vitro
release tests seem to be the most sensitive and reliable predictors
of in vivo performances and they offer a meaningful indication of
physiological availability.

Therefore, the knowledge of the phenomena which happen to
an oral dosage form after swallowing is a pre-requisite to cor-
rectly model the full process (drug administration followed by the
adsorption/distribution/metabolism/excretion – ADME – phenom-
ena). Usually, release kinetics was investigated by suitable in vitro
tests, which have to be designed to be as repeatable as possible and
to realize conditions as close as possible to the conditions expe-
rienced by the pharmaceuticals in the human body. Prior of the
description of the modeling approaches, the devices commonly
used to test the in vitro release kinetics should be known.

Many devices have been reported for determination of the
release rate, some of them accepted and classified by the Phar-
macopeia(s). The apparatuses used for release testing are the USP
(United States Pharmacopeia) apparatuses 1, 2, 3, 4, 5, 6, and 7 (USP-
XXIII, 1995). The USP apparatus 1 (basket apparatus) consists of a
wire-mesh basket that is attached to a rotation shaft, which is then
immersed into a release vessel for the duration of the test. Another
official method is the USP apparatus 2, the paddle method. Despite
of the simplicity of use and the high degree of standardization, this
apparatus is characterized by difficulty to realize pH changes and
the fluid dynamics is very far from the real physiology. The USP
apparatus 3, the reciprocating cylinder, was  based on the recog-
nition of the need to establish in vitro - in vivo correlation (IVIVC),
since the release results obtained with USP apparatuses 1 and 2 may
be affected by mechanical factors, such as shaft wobble, location,
centering, deformation of the basket and paddles, and presence of
bubble in the dissolution medium. The USP apparatus 4, also known
as the flow – through cell, is composed by a small-volume cell
containing the sample solution which is subjected to a continuous
stream of release medium. The release medium flows through the
cell from bottom to top of the cell. Transdermal or patching testing
is carried out using USP method 5 (paddle over disc) or USP method
6 (rotating cylinder). Originally introduced in the USP  as small-

volume option for small transdermal patches, the USP  apparatus
7 (reciprocating disk apparatus) was later renamed the reciprocat-
ing holder apparatus with the adoption of four additional holders
for transdermal system, osmotic pumps and other low dose deliv-
ery systems. Therefore, there are a multitude of devices used in
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elease testing. Many of these suffer from deficiencies, such as too
oor agitation, absence of sink condition and inability to program
rogressive changes in the dissolution environment.

Different apparatuses (not USP approved) were built to over-
ome these difficulties. The Sartorius Absorption Model was
ntroduced in 1973 (Stricker, 1973). It simulates concomitant
elease from the dosage form in the gastrointestinal tract and drug
bsorption through the lipid barrier. The most important features
f this model are the two reservoirs for holding different media
t 37 ◦C, a diffusion cell with an artificial lipid barrier of known
urface area, and a connecting peristaltic pump which aids the
ransport of the solution or the media from the reservoir to the
ompartment of the diffusion cell. Savalle et al. (1989) proposed
n in vitro method to simulate the gastric emptying of digestive
roduct in 1989. In order to overcome the accumulation of diges-
ion product and the inhibition of proteolysis, a method based
n the enzymatic hydrolysis of proteins with simultaneous dial-
sis of digested products was developed. The gastric digestion unit
as composed of a thermostated fermenter regulated at 37 ◦C.
cidification of the medium and enzyme supply were ensured

hrough two peristaltic pumps with variable flow rates and the
H of the incubation medium was measured, but not controlled,
uring digestion. Minekus and Havenaar (1996) developed a com-
leted and detailed in vitro model which simulates the dynamic
hysiological processes which occur in the lumen of stomach and

n the small intestine of man. The model consists of four successive
hambers simulating the stomach, duodenum, jejunum, and ileum.
ach compartment is formed by two connected units consisting of a
lass jacket with a flexible wall inside. Water is pumped from a bath
nto the glass jacket around the flexible walls to control the temper-
ture inside. The model mimics gastrointestinal peristalsis, which
esults in physiological mixing. The pH and the enzymes and bile
alts concentrations simulate the dynamic physiological patterns
ound in vivo. Despite of the accurate reproduction of the biochem-
stry of the gastrointestinal tract, the fluid dynamics, particularly in
he stomach compartment, is still far from the real one. Wickham
nd Faulks proposed an in vitro model which may  include differ-
nt stages (Wickham and Richard, 2007). Food materials were first
ut and then exposed to low levels of �-amylase at 37 ◦C (model
aliva). First stage simulates the main body of the stomach (the
undus), a region with inhomogeneous mixing behavior, distinct
cid and enzyme additions. This apparatus comprises an outer ves-
el into which fluids can be introduced and removed and an inner
igestion chamber comprising a rigid portion through which the
oodstuff can be introduced and a flexible portion. Second stage
f the model provides a simulation of the region of high shear
the antrum), mimicking both the rate and strength of contractions
valuated in vivo. When sufficiently broken down to mimic  phys-
ologic processes and foodstuff size, valve (the pylorus) is opened
nd plunger is pushed upward and the processed food can go out.
he real fluid dynamics in this model is well approximated but the
imulation is limited to the stomach region, which is not too much
elevant in drug delivery, since most of the absorption takes place
n the intestine. Garbacz et al. (2008) proposed a new apparatus

imicking hydrodynamic and mechanical condition in gastroin-
estinal tract to improve the predictability of dissolution testing.
his included the simulation of pressure forces due to gut motility,
hear forces generated during the propagation, and loss of water
ontact when the dosage form is located in an intestinal air pocket.
he dissolution test device exposes the dosage form to an arbi-
rary sequence of movements, pressure waves and phase of rest as

ccur under in vivo condition. In this apparatus, the simulation of
ressure waves and alternate exposition to solvent/air are intro-
uced and the mechanical behavior is very simple to control but
H changes are difficult to be realized and the fluid dynamics is far
o the real one. Each of the presented apparatuses has its character-
harmaceutics 418 (2011) 130– 141

istic features and its critical points, in particular all of them present
a fluid dynamics different from the real one.

2.2. Modeling the in vitro release kinetics

The mathematical modeling of the in vitro drug release kinetics
was  the subject of recent reviews (Grassi and Grassi, 2005; Grassi
et al., 2007; Siepmann and Siepmann, 2008). Among the oral forms,
the most important ones are the dissolving ones (as powder, sus-
pensions or aggregated in tablets) and the matrices systems, mainly
based on hydrogels. The dissolution of the powders is described by
the Noyes–Withney equation (Noyes and Whitney, 1897) and it’s
modifications and improvements. A detailed review on the “his-
tory” of the dissolution was recently given by (Dokoumetzidis and
Macheras, 2006). The drug release from hydrogels based matrices
is a much more complicated issue. A detailed overview of the mod-
eling approaches proposed in literature to describe it was given by
Siepmann and Peppas (2001).  In their analysis, the starting point
was  the Higuchi treatment (Higuchi, 1961), which was  developed to
describe the drug release from an ointment containing a suspended
drug and in contact with a perfect sink. The Higuchi equation is not
directly applicable to complex systems such as matrices made of
polymers and drugs, which could be subjected to swelling and ero-
sion, showing a diffusivity sensible to the solvent concentration.
The solution of a pure diffusive problem in a slab gives a release
kinetics proportional to the square root of time. Since the exper-
imental behavior observed shows a drug release proportional to
different power of time, Peppas (1985) proposed a semi-empirical
model in which the drug release is proportional to the sum of two
different powers of time. The two  terms account for the pure diffu-
sivity contribution (the so-called Fickian transport) and for another
contribution to the release, due to the relaxation of the polymer
molecules and thus called non-Fickian or case-II “relaxational”
contribution. In their following studies, Peppas and co-workers
developed a comprehensive mathematical theory able to describe
the full set of observed experimental phenomena, during the drug
release from tablets made of swellable hydrogels (Siepmann et al.,
1999a,b, 2000; Siepmann and Peppas, 2000). The full model was
named “sequential layer” since it describes all the phenomena
(water diffusion, swelling, drug diffusion, polymer erosion) layer-
by-layer from the external towards the interior of the tablet. Their
model was able to describe “affine” deformations, i.e. the swelling of
cylindrical matrices causes the matrices to increase their size keep-
ing their shape, and the erosion causes the matrices to decrease
their size, still remaining cylinders. A model able to describe all
phenomena involved for different shaped matrices was  pointed
out working with pure HPMC first (Chirico et al., 2007), then deal-
ing with matrices made of polymers and drug (Barba et al., 2009).
The problem of the drug diffusion in more complex geometries
was  solved analytically (Fu et al., 1976); in this work the diffusion
problem in a finite cylinder in absence of swelling and erosion was
solved under the hypothesis of constant diffusivities. More recently,
the finite element methods were applied to solve the diffusion
problem in tablets of various, even not simple, geometries (convex
tablets, hollow cylinders, doughnuts, inwards hemispheres) (Wu
and Zhou, 1998), also in presence of moving boundaries (Wu and
Zhou, 1999), or in presence of slowly dissolving drugs (Frenning
et al., 2005). This approach was never applied in description of
swelling and eroding tablets, which is closer to the real situa-
tions. Grassi and Grassi (2005) proposed several approaches, with
increasing complexity, to model the drug release from solid phar-

maceutical forms. A simple model based on the drug balance in the
dissolution medium was developed taking into account the resis-
tance to the release due a layer of enteric coating (Grassi et al.,
2004b). A much more complex model was developed to describe
the release from tablets made of swellable hydrogels, with spher-



al of P

i
s
t
p
s
i
i
d
a
t
o

2

a
T
c
t
p

m
m
t
b
n
a
c
r
c
o
b
t
r
c
a

m
p
a
a
m
fi
l
t
i
w
o
w
i
t
I

c
w
p
r
i
s
t
a
t
t
i
p
s

M. Grassi et al. / International Journ

cal drug particles, poly-dispersed in size and in different physical
tates (amorphous, crystalline). The fluxes of water and drug due
o the diffusion and to the viscoelastic effects joint to the swelling
henomenon were described and the volume increase due to the
welling was accounted for layer by layer (i.e. dividing the spheres
n shells). Of course, the model was completed by the drug balance
n the dissolution medium (Grassi et al., 2000). Even in these cases,
espite completeness of the analysis proposed, the models were not
ble to describe non-affine deformations, i.e. the change in shape of
he matrices which was observed experimentally as consequence
f the hydration in non-spherical matrices.

.3. Modeling the in vivo pharmacokinetics

The prediction of the drug concentration in the blood, tissue,
nd organs is the goal of the in-silico pharmacokinetic modeling.
he approaches to the modeling of the physiological phenomena
an be different on the basis of the details used. The description of
he phenomena taking place in the body is much closer to the real
hysiology if more details are considered.

Three different approaches can be followed to build an in-silico
odel to predict the fate of administered drug: the pure compart-
ent modeling, the physiologically based modeling (PBPK), and

he purely mathematical modeling. The compartment approach is
ased on the schematization of the body by a system of intercon-
ected volumes, the compartments, which can be easily described
s chemical reactors or as physical contacting units. In the pure
ompartmental models, the compartments do not necessarily rep-
esent anatomical units. In the physiologically based models, the
ompartments are representative of a tissue, an organ or a group
f organs, each with a specific function, and the interconnection
etween the compartments reproduces the effective one between
issue and organs. The pure mathematical models are able to cor-
elate the results of an in vitro dissolution tests to the in vivo drug
oncentration in the blood. Such correlations are commonly noted
s IVIVC: in vitro/in vivo correlations.

The IVIVC are classified in four levels: level A, level B, level C, and
ultiple level C correlations (FDA, 1997). A level A correlation is a

oint to point relationship between the in vitro dissolution profile
nd the in vivo plasma evolution of a drug. A level B correlation is

 relationship between the mean in vitro dissolution time and the
ean in vivo residence time, obtained by considering the full pro-

le of in vitro dissolution and the full in vivo plasma evolution. A
evel C correlation is a single point relationship between a dissolu-
ion parameter and a PK parameter. A multiple level C correlation
s a relationship between several points of the dissolution profiles

ith several PK parameters. Regulatory boards (FDA, USP) accept
nly Level A IVIVC for scale-up and post-approval changes (SUPAC)
hich can be justified without the need for additional human stud-

es. A PK model able to correlate the in vitro dissolution profile and
he in vivo plasma evolution, will play the same role of a Level A
VIVC, but it is of great interest since it is physically based.

There are several examples of physiologically based pharma-
okinetic compartmental models, the most important is the first
hole body physiologically based pharmacokinetic model pro-
osed by Jain et al. (1981).  It is based on the schematization of the
at body into 21 compartments, each representative of an anatom-
cal part. The mathematical structure of the model is made up by a
ystem of 38 coupled ordinary differential equations, solved with
he initial condition that all the concentrations, but the plasma one,
re zero. The simultaneous resolution of the equations requires

he knowledge of 98 different model parameters. An application of
he model was carried out by the authors in a case of intravenous
njections of zinc sulfate in rats and a good agreement between the
rediction of the model and the experimental data was  found. In
pite of the fact that the model gives a complete description of the
harmaceutics 418 (2011) 130– 141 133

physiology and it is very accurate, it is too difficult to be adopted
for predictive purposes because of the high number of parameters
which have to be fitted. Furthermore, the model concerns only the
case of intravenous injection in rats and, then, it can not be used for
the simulation of oral administration or for human physiology. To
overcome the complexity of the Jain model, an algorithm to iden-
tify the best lumped model was proposed (Gueorguieva et al., 2006).
The procedure provides (i) the grouping of tissue and organs, on the
basis of their time constants, obtaining some competing lumped
model; (ii) a global sensitivity analysis to find the parameters with
the most important effects on the pharmacokinetic profiles; (iii)
the selection of the model with the same mean and variance of the
arterial concentration time profile obtained by the complete model.
A lumped model composed of six compartments was  proposed and
applied in the case of intravenous injections of barbiturates in rats
but it did not show a good agreement with the experimental data
(Nestorov et al., 1997).

The complete model developed by Yu et al. (Yu and Amidon,
1999; Yu et al., 1996) is defined as the “Compartment Absorption
and Transit” (CAT) model. The schematization of the gastroin-
testinal tract is made up by 10 compartments. The mathematical
structure is made up by 10 ordinary differential equations which
have to be solved with the initial conditions (on the fraction of the
dose in the gastrointestinal tract and on the plasma concentration)
to characterize the time profiles of the drug levels in each compart-
ment. The knowledge of 18 parameters, of the absorption rates, of
the degradation rate constants, of the elimination constant and of
the distribution volume is required to solve the equation. The CAT
model was  applied to simulate cases of oral drug administration
(both in immediate and in controlled release formulations) and it
showed a satisfying agreement between the model prediction and
the experimental data. The main drawback of this model is that it
can be applied only for oral administration. The CAT model con-
stituted the starting point for the development of the “Advanced
Compartmental Absorption and Transit” (ACAT) model (Agoram
et al., 2001). This model was  implemented into a simulation soft-
ware, GastroPlus. GastroPlus was tested as an in-silico tool for the
prediction of the effects of the physiological conditions on physic-
ochemical parameters of some therapeutic substances. Satisfying
prediction of the absorption, distribution, metabolism, and excre-
tion (ADME) phenomena were obtained but this model can be used
only after several and careful in vitro and in vivo measurements.

Di Muria et al. (2010) proposed a PKPB model based on a sim-
ple representation of the body. It comprises seven compartments,
each of them representing an organ, a tissue, a fluid of the body or
a group of organs. This model consists of the mass balance equa-
tions on the compartments (seven, one for each compartment) and
their initial conditions. 22 physiological parameters are used in the
model but a very limited number of them (up to five) have to be
optimized. The model is able to predict the drug hematic levels for
several administration routes. The capabilities of the model were
confirmed by the comparison between the model predictions and
the experimental data from literature for some case histories.

2.4. Overall models

Summarizing, the administration of an oral dosage form will be
followed by two major groups of phenomena:

1. The phenomena which occur to the system after swallowing

(the release and/or the solvent uptake, the matrix swelling, the
matrix erosion, the drug diffusion and its dissolution),

2. The phenomena which occur to the drug after it is released in
the body (the absorption, the distribution, the metabolism, the
excretion).
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the in vitro kinetics of Naproxen (a nonsteroidal anti-inflammatory
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Section 2.1 of this work dealt with the tests required to assess
he release kinetics in vitro and to their correlations with the real
istory of pharmaceuticals after their oral administration, empha-
izing the needs for test methods which reproduce the real behavior
s close as possible; Section 2.2 reviewed the modeling of the
henomena experienced by a solid dosage form after swallowing;
ection 2.3 summarized the current approaches followed to model
he fate of a drug within a living body, i.e. in vivo, after administra-
ion. The full modeling of both the aspects of the process is a very
ifficult task, since it has to describe both the phenomena occurring
ithin the dosage form and the phenomena occurring within the

ody, outside of the dosage form (Siepmann and Siepmann, 2008).

.4.1. Purely mathematical approach(es)
The most common approach consists in describing both the pro-

esses (the drug release from the dosage form and the drug fate
n the body) by means of statistical tools or fitting equations, and
o correlate the fitting parameters each other. A lot of example
an be found in literature. A nice, simple and efficient example
f this approach was given by (Korhonen et al., 2004). In this
ork, the in vitro controlled release of diltiazem (a benzothiazepine
sed in the treatment of hypertension) from tablets based on
tarch acetate was assayed and fitted by the power-law equation,
R = ktn (in which n is a dimensionless exponent and k is the drug
elease rate constant, expressed in [time units−n]); meanwhile, the
n vivo plasma concentration was measured in healthy human vol-
nteers and the recorded histories in term of AUC (Area Under
urve, ng/mL h) were fitted by Hill equation, AUC = atb/(cb + tb).
hey found that, under the test conditions, c = 5.6 [h], b = 2.0 [dimen-
ionless], n = 0.42 [dimensionless] and a linear relationship exists
etween the in vivo parameter ‘a’ and the in vitro parameter ‘k’,

 = (10.4)k  + (45.6), in which k is [h−n] and a is [ng/ml h]. There-
ore, a Level A IVIVC was found by authors. A modification in the
ormulation which changes the release kinetics will cause a differ-
nt value of ‘k’, easy to measure by a simple in vitro test, but the
vailability of the IVIVC allows predicting the plasma evolution via
he calculation of the new value for the parameter ‘a’, without the
eeds for a cumbersome in vivo trial. Similar work was  carried out

or different systems. Dutta et al. (2005) obtained a Level A IVIVC
ealing with divalproex sodium (an anticonvulsant) as released
y tablets, which because of different amount of HPMC K15M (an
ydrogel used as a controlling release agent) exhibits very differ-
nt release rates. Thakkar et al. (2009) found a simple correlation
etween the parameters of the power-law equation, used to fit the

n vitro release kinetics from floating tablets releasing levofloxacin
emihydrate (an antibiotic), and the observed plasma AUC.

A variation of this approach consists in obtaining the FRD (FRac-
ion of drug Dissolved) by fitting the in vitro results by simple

odels (Higuchi’s square root (Higuchi, 1963), Korsmeyer–Peppas
quation (Korsmeyer et al., 1983), Hixson–Crowells equation
Hixson and Crowell, 1931) or something similar), then to obtain
he FRA (FRaction of drug Absorbed) usually by the Wagner–Nelson

ethod (Wagner, 1971) for which FRA = (Ct + kelAUCt)/kelAUC∞,
here Ct is the plasma drug concentration at time t, kel is the first

rder elimination constant, AUCt and AUC∞ are, respectively, the
rea Under Curve for the plasma concentration vs. time at time

 and extrapolated to infinity. The last step consists in looking
or a (linear) correlation between FRA and FRD, which plays the
ole of a Level A IVIVC. Several examples of this approach can be
ound, a couple of them are: the release of metoprolol (a selec-
ive ˇ1 receptor blocker used in treatment of several diseases of

he cardiovascular system) from HPMC based tablets (Sirisuth and
ddington, 2002), the release of glipizide (an insulin secretagogue)
rom xantam/HPMC matrices (Sankalia et al., 2008). An attempt to
ive some theoretical basis to the purely statistical/mathematical
pproach was performed by Amidon which, at the same, time gave
harmaceutics 418 (2011) 130– 141

the foundation to the already mentioned (see Section 2.1) BCS sys-
tem (Amidon et al., 1995) and proposed a generalized equation to
establish the relationship between in vitro dissolution data and in
vivo absorption data (Polli et al., 1996). In this equation, the key
role was played by the parameter ˛, defined as the ratio of the first
order permeation rate constant (a pharmacokinetic parameter, to
be evaluated in vivo) to the first order dissolution rate constant
(a release kinetic parameter, to be evaluated in vitro). Once more,
with their work, authors emphasized the role of dissolution and
permeation in the IVIVC definition.

2.4.2. Drug release by pure dissolution
The simplest case which could be described by a full modeling

consists in the pure dissolution of the solid dosage form. In this
case, the dissolution is usually described by the Noyes–Withney
equation (Noyes and Whitney, 1897), which makes the rate of
dissolution proportional to the difference between saturation and
actual concentration of dissolving drug. The proportionality con-
stant accounts for the particle size and diffusion coefficient of the
drug in the solvent. The dissolution profile, which can be obtained
in vitro and which can be described by the Noyes–Withney equa-
tion, is then used as the forcing function for a pharmacokinetic
model.

Recently, the aprepitant (an antiemetic antagonist of NK1 recep-
tor) release from micro-sized and nano-sized powders and its
pharmacokinetics in fasted and fed humans were described (Shono
et al., 2010) by means of Noyes–Withney equation coupled to
STELLA® 9.0 software (Cognitus Ltd., North Yorkshire, UK), a com-
mercial pharmacokinetic simulation code. The change in powder
size modifies the dissolution rates, and consequently the rate of
appearance in plasma. The model was  found able to correctly repro-
duce the observed experimental behavior, both in vitro as well as
in vivo. Willmann and co-workers proposed a physiology-based
model to describe the gastrointestinal transit and absorption, in
which the GI tract was  modeled as a continuous tube with spa-
tially varying properties. The model was  implemented in PK Sim
software (Bayer Technology Service GmbH, Leverkusen, Germany).
They applied the model to rats (Willmann et al., 2003), to humans
(Willmann et al., 2004), and to monkeys (Willmann et al., 2007).
In these works, the in vivo pharmacokinetics was described in
detail but the in vitro release kinetics was neglected (by consid-
ering the drug in liquid form or assuming its immediate release).
Recently, the same group dealt with the administration of cilostazol
(a vasodilator used in the alleviation of the symptom of intermit-
tent claudication in individuals with peripheral vascular disease) to
fasted or fed dogs, by powders of different sizes, hammer-milled,
jet-milled (micro-sized), and nano-crystal (nano-sized) (Willmann
et al., 2010). In this case, the dissolution and the precipitation kinet-
ics have to be described, and the authors used the NW equation. The
full model (dissolution plus pharmacokinetics) was  found able to
correctly predict the in vitro as well as the in vivo data.

A similar approach was followed by Carrier and co-workers
(Gamsiz et al., 2010a,b), describing the drug dissolution and absorp-
tion, alone as well as in presence of cyclo-dextrins (CDs), which are
known as dissolution-enhancers and as transporters across mem-
branes. In this case, the pharmacokinetic part of the model is a very
simple one-compartment model, accounting for the drug clear-
ance from the plasma (excretion). The full model, named “neutral
compound physical mixture (NCPM)”, was found able to reproduce
drug, NSAID) and Nifedipine (a dihydropyridine calcium channel
blocker, used mainly as an anti-angina), alone or physically mixed
with �-CD. The model was  successfully compared with in vivo data
(from literature) of Glibenclamide (anti-diabetic drug) dosed in
dogs and Carbamazepine (an anticonvulsant) dosed in rats.
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(containing a drug solution or a gel system loaded by a drug),
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.4.3. Drug release by more complex processes
The description of drug release kinetics from a solid dosage form,

o be administered orally, could be a really hard task (Siepmann
nd Siepmann, 2008). A number of complex phenomena could
e involved, the penetration of the solvent into the matrix, the
welling of the matrix, the erosion of the polymer, the dissolution of
he drug, the diffusion of the drug towards the release medium, the
hange in diffusivity due to the swelling. Due to these difficulties,

 full model for the drug release kinetics prediction is still lack-
ng in literature. Then, the integration of the drug release models
for dosage forms which does not simply dissolve) with the phar-

acokinetic models is a problem rarely faced off by researchers.

The drug release and the ADME phenomena following the
dministration of co-extrudate obtained by hot-melt extrusion
ontaining theophylline (TP, a methylxanthine drug used in therapy
or respiratory diseases) was described by (Quintavalle et al., 2008).
n this work, coaxial cylinders obtained by extrusion, the inner
ne hydrophilic (polyethylene glycol) and the outer one lipophilic
microcrystalline wax), were dissolved (in vitro tests) and they were
dministered to volunteers, assaying the plasma concentration
volution (in vivo tests). The drug release was modeled accounting
or TP dissolution and diffusion inside the cylinders (which did not
well and/or erode, keeping the initial size and shape) and assuming
hat the gastro-intestinal tract is a well stirred homogeneous envi-
onment where TP is uniformly distributed. The pharmacokinetic
f TP was modeled accounting for the absorption (through intesti-
al walls) and its elimination, due to metabolism. The novelty of
his model relies on the simultaneous solution of the equations
uling TP release (partial differential equation) and TP ADME pro-
esses (ordinary differential equations). This was possible due to
he introduction of an overall mass balance accounting for the fact
hat, at anytime, the sum of the drug amount present in the blood,
n tissues, metabolised and still present in the cylinders (release
ystem) must be equal to drug dose. The model was found able
o satisfactory predict in vivo data after a proper parameter fitting
ession on both in vitro and in vivo data.

Recently, the drug release and the ADME phenomena due to
he administration of vinpocetine (a semisynthetic derivative of
incamine, which is extracted from periwinkle plant; it increases
erebral blood flow and improves memory) to volunteers were
nvestigated (Grassi et al., 2010). The administration form was
btained by co-grinding of vinpocetine with micronized crospovi-
one (PVP). The produced particles, which exhibit a distribution
f sizes, undergo swelling when immersed in a solvent, while
he drug dissolves and diffuses inside the polymeric particles.
he drug release kinetics was modeled accounting for dissolu-
ion, diffusion and swelling (in each class into which the particle
ize distribution can be subdivided), also accounting for the co-
xistence of amorphous, nano-crystalline and macro-crystalline
hases (this implying the possibility of drug re-crystallisation and,
hus drug solubility reduction, during the release process). In addi-
ion it was assumed that the gastro-intestinal tract is a well stirred
omogeneous environment where vinpocetine is uniformly dis-
ributed. The pharmacokinetics was modeled accounting for drug
istribution in blood and in other tissues (two physiological com-
artments). The adsorption, the excretion, the exchange between
ompartments were accounted for. Once more, model solution
mplied the simultaneous solution of the equations ruling drug
elease (partial differential equations) and drug ADME processes
ordinary differential equations). The model was  found able to
roperly fit in vivo data on the basis of a previous fitting led on
n vitro data necessary for the determination of the model param-
ters ruling drug release. The simultaneous solution of all model
quations made possible accounting for the mutual influence of
he release and ADME processes, an aspect that is usually neglected
Fig. 2. In-vitro and in vivo prediction of the Di Muria model (Di Muria et al., 2010).
While symbols represent the experimental in vitro data, the dashed line indicates
model in vitro prediction. Solid line is the in vivo model prediction.

but can be important especially when dealing with amorphous drug
that can undergo re-crystallisation (solubility reduction) during the
release process.

Matrices based on hydrogels undergo to complex phenomena,
the way summarized at the beginning of this sub-section. The most
complete model to describe the release kinetics was  proposed some
years ago (Siepmann et al., 1999a)  and it was called the “sequential
layer” model. Even if it takes into account all the relevant phe-
nomena, its major drawbacks is that the matrices were treated
as subject to affine deformations, i.e. they increase in size due to
the swelling, but they keep the initial shape. The experimental evi-
dence is against this assumption, therefore a detailed model was
recently proposed (Lamberti et al., in press), and it was found able
to correctly reproduce all the phenomena observed during in vitro
tests such as the change in shape due to swelling and erosion. The
model, which is based on the diffusion of water into a HPMC-based
matrix, initially cylindrical in shape and loaded by theophylline,
consists in a set of two partial differential equations that can be eas-
ily coupled with the physiologically based pharmacokinetic model
proposed by Di Muria et al. (2010),  composed of seven ordinary dif-
ferential equations. The coupling of both models gave the results
shown in Fig. 2. The release kinetics have been experimentally val-
idated (symbols are the experimental data). The pharmacokinetics
predictions were not compared with experimental data. To further
validate the full model, two  steps have to be performed:

1. Some in vivo data should be obtained (the same matrix investi-
gated in the in vitro tests should be administered to volunteers
and the plasma concentration evolution should be assayed).

2. An in vitro test able to reproduce the real physiology should be
designed and realized in order to better simulate what happens
to the matrix once swallowed.

3. Transdermal administration

In the case of transdermal administration, Fig. 1 assumes the
form of Fig. 3. The delivery system is now represented by a
patch that can be constituted by different components: reservoir
impermeable backing, (polymeric) membrane and adhesive liner.
When the reservoir is absent, the patch is called monolithic and
the drug is hosted inside the polymeric matrix (Venkatraman et al.,
2000). Whereas in homogeneous membranes diffusion controls
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Fig. 3. Schematic representation of the skin and transdermal patch cross section. Once released from the patch, the drug, trancellularly o intercellularly, cross the stratum
c ur. Th
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orneum to get the viable skin (epidermis + dermis) where its elimination can occ
istribution towards tissues. De is the drug effective diffusion coefficient in the st
espectively, the elimination constants in viable skin and blood, while K12 and K21

inally, Cb and CT indicate, respectively, drug concentration in blood and tissues.

rug release, in the case of porous membranes convection is the
eading drug transport mechanism. Once released from the patch,
he drug comes in contact with the skin that can be seen as a par-
icular tri-layers membrane composed by the stratum corneoum
10–20 �m thick), the epidermis (50–100 �m thick) and the der-

is  (1–2 mm thick) (see Fig. 3). Stratum corneoum is composed by
 lipid-rich matrix where flattened, interdigitated, partially desic-
ated, keratinised dead epidermal cells are organised into a layered,
lose-packed array (Michaels et al., 1975). It is by far the most
mportant barrier to drug permeation through the skin. Epidermis,

 viable tissue devoid of blood vessels, is just below the stratum
orneoum. The inner-most skin layer is represented by the dermis
hat contains capillary loops able to take up administered drugs
or systemic distribution (Prausnitz et al., 2004). Skin structure is
ompleted by the presence of sweat ducts and hair follicles, vertical
oles, characterized by an external orifice of 50–100 �m diameter,
rossing the three mentioned layers (Meidan et al., 2005). In prin-
iple, these structures favour drug permeation as they represent
hannels connecting the external environment with the dermis
apillary bed. Traditionally, both sweat glands and follicular drug
ransport in humans have been neglected due to the low skin sur-
ace competing to the outer part of these structures (1%) (Michaels
t al., 1975). Nowadays, on the contrary, the importance of follic-
lar transport has been reconsidered also in the light of the fact
hat the potential area available for penetration also includes the

nternal follicular surface (Meidan et al., 2005).

Drug transport through the skin is a complex phenomenon
omprehending physical, chemical and biological interactions. In
articular, it implies (a) drug release from the formulation, (b) drug
en, it goes in the blood where a further elimination can take place jointly with a
 corneoum,  Dvs is the drug diffusion coefficient in the viable skin, Kevs and Ke are,
respectively, the kinetics constants ruling the exchange among blood and tissues.

partitioning into the stratum corneum (SC), (c) diffusion through
the SC, (d) partitioning from the SC into the aqueous viable epi-
dermis, (e) diffusion through the viable epidermis and into the
upper dermis, and (f) uptake into the local capillary network to
get the systemic circulation and tissues where drug therapeutic
action is performed (Kalia and Guy, 2001). This frame is made
more complicated by the skin metabolic activity towards enter-
ing drug (Yamashita and Hashida, 2003). It is worth mentioning
that although drug diffusion across SC can be transcellular and/or
intercellular (see Fig. 3), intercellular lipidic pathway represents the
most important route for drug permeation (Yamashita and Hashida,
2003; Kalia and Guy, 2001). Once the physical frame and the most
important phenomena have been delineated, it is possible translat-
ing them into mathematical terms giving origin to a mathematical
model, a mathematical methapor of some aspects of reality (Israel,
1998). Of course, this translation is not unique as it depends on
what phenomena are retained as most significant. For example,
Oureimchi (Oureimchi and Vergnaoud, 2000) assumed that the skin
is composed of two layers. The first one is a homogeneous layer
made up by the SC and the epidermis, while the second is rep-
resented by the dermis. Additionally, it was  supposed that drug
concentration in the dermis is always uniform (this environment
behaves as a well stirred tank reactor) whereas drug transport in
the first layer (denominated skin) and in the patch (delivery system)
are ruled by Fick’s second law considering one-dimension:
∂C

∂t
= ∂

∂X

(
D

∂C

∂X

)
(1)
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where C is drug concentration, t is time, X is the one-dimension
oordinate and D is the drug diffusion coefficient. Eq. (1) is solved
ith the following initial and boundary conditions:

Initial

(X = −hm) = kpsC0 C(−hm < X ≤ 0) = 0 reservoir (2)

(−hm ≤ X ≤ 0) = C0 monolithic (3)

(0 ≤ X ≤ hskin) = 0 skin (4)

Boundary

(X = −hf) = kpsC0 reservoir (5)

∂C

∂X

∣∣∣∣
X=−hf

= 0 monolithic (6)

Dm
∂C

∂X

∣∣∣∣
membrane

X=0

= Ds
∂C

∂X

∣∣∣∣
skin

X=0

Cskin(X = 0) = kpmCm(X = 0) (7)

(X = hss) = 0 (8)

Eq. (2) states that, in the reservoir configuration, membrane
s initially drug free while at the membrane/reservoir interface
X = −hm), drug concentration is ruled by the partition coefficient
ps being C0 the drug concentration in the reservoir environment.
n the contrary, in the monolithic situation (Eq. (3)), drug concen-

ration (C0) is uniform throughout the membrane. Obviously, skin
nd dermis are assumed drug free (Eq. (4)). Eq. (5) imposes that C0
s constant over time in the reservoir while an impermeable wall
no flux in the X direction) is assumed in the monolithic configu-
ation (Eq. (6)). Finally, Eq. (7) ensures that no drug accumulation
ccurs at the membrane/skin interface where the usual partitioning
ondition (kpm) holds for what concerns drug concentration on the
kin and membrane side. Ds and Dm, represent, respectively, drug
iffusion coefficient in the skin and in the membrane. Again, for the
ake of simplicity, sink conditions were assumed at the skin/dermis
nterface (Eq. (8)). This assumption, absolutely reasonable, has the
reat advantage of decoupling the mass transport equation holding
n the membrane and in the skin (Eq. (1))  from the equations ruling
rug amount in the dermis and in the blood environments:

dMd

dt
=  − SDs

∂C

∂X

∣∣∣∣
X=hss+he

− KaMd dermis (9)

dMb

dt
= KaMd − KeMb blood (10)

Eq. (9) imposes that drug amount in the dermis (Md) increases
ue to the drug exiting from the skin and decreases due to blood
bsorption (Ka is the absorption constant and S is the area of
he patch). At the same time, the drug amount in the blood (Mb)
epends on the drug absorbed from the dermis and the contribute
f first order metabolism (Ke is the elimination constant) (Eq. (10)).
fter patch removal (t ≥ tr) it was assumed that part of the drug

eaves the skin according to:

∂C

∂X

∣∣∣∣
X=0

= khCe (11)

where kh is a coefficient of convective transfer of the drug out of
he skin while Ce is the drug concentration on the external surface
f the skin. The author tested this model on metoprolol release
rom Scotch Pack 1006 (3M Company, USA) as metoprolol is subject
o extensive first pass metabolism following oral administration.

he comparison with experimental data (rats) revealed satisfactory
odel predictions.
Young et al. (1994),  developing the original approach of Berner

1985),  assumed that skin consists of only the stratum corneoum
hile the dermis and epidermis belong to the body compartment
harmaceutics 418 (2011) 130– 141 137

comprising blood and tissues. Drug amount in the body (Mbo) is
evaluated according to an equation that is the sum of Eqs. (9–10):

dMbo

dt
= − SDm

∂C

∂X

∣∣∣∣
X=hss

− KeCbo (12)

The initial drug amount in the body is set equal to M0
bo. Again,

Eq. (1) rules drug transport in the skin (stratum corneoum). Addi-
tionally, it was assumed that drug concentration at the skin/patch
interface is always constant and equal to C0, sink conditions hold at
the skin/body interface and the skin is drug free at the beginning.
Thus, also in this model, the mass transport equation in the skin and
the equation ruling drug concentration in the body are decoupled.
After patch removal, it was assumed that C(X = 0) = 0, which corre-
sponds to an infinite values for kh in Eq. (11). The Young approach,
although less refined than that of Oureimchi, has the considerable
advantage of yielding to an analytical solution:

Before patch removal

Cbo(t) = SDC0

Vbohss

(
1 − e−Ket

k
+ 2

∞∑
i=1

(−1)i

Ke − k

(
e−kt − e−Ket

))

+ M0
bo

Vbo
e−Ket (13)

After patch removal

Cbo(t) = Cbo (tr)

(
SD

Vbohss

∞∑
i=1

e−kt

Ke − k
+
(

1 −
∞∑

i=1

1
Ke − k

)
e−Ket

)

k = i2�2D

(hss)2
(14)

The comparison between model prediction and experimental
data (humans) referring to nicotine release is satisfactory.

A possible way to improve the mathematical modeling of drug
absorption following transdermal delivery is to generalise the mass
transport equation in the patch and in the skin and to couple them
with the equations describing the fate of the drug in the blood
and in the tissues (see Fig. 3). The first aspect to be considered is
that, due to the inhomogeneity of SC, Fick’s second law of diffusion
should be solved in three dimensions (Michaels et al., 1975). Indeed,
drug transport across SC substantially occurs through the intercel-
lular lipidic pathway (Yamashita and Hashida, 2003; Kalia and Guy,
2001). Alternatively, Kushner et al. (2007) suggested to account for
SC porosity (ε) and tortuosity (�) introducing the effective drug
diffusion coefficient De (Peppas, 1984) into Eq. (1):

∂C

∂t
= De

∂2C

∂X2
De = ε

�
Dlc (15)

where Dlc is the drug diffusion coefficient in the lipidic channels.
Then, it should be noted that while drug metabolism does not occur
in the SC, it can take place in the viable skin (epidermis + dermis)
(Tojo, 2005). Accordingly, Eq. (15) must be coupled with a drug
transport equation in the viable skin (VS) accounting for drug elim-
ination assuming, for example, a first order elimination law Eq. (16)
(Al-Qallaf et al., 2009):

∂C ∂2C
∂t
= Dvs

∂X2
− KevsC (16)

where Kevs and Dvs are, respectively, the drug elimination con-
stant and diffusion coefficient in VS, assumed to be a homogeneous
medium. The evaluation of the amount of drug eliminated in VS up
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o time t (Mevs(t)) can be done by means of the following equation:

evs(t) =
∫

Vvs

dV

t∫
0

KevsC (X, t) dt (17)

where Vvs is the volume of the viable skin where C > 0. Finally, in
he case of iontophoresis assisted transdermal administration, drug
ransport in SC and VS must account for the effect of the applied
lectrical field E (Tojo, 2005, 1989):

∂C

∂t
= De

∂2C

∂X2
− �

∂C

∂X
SC (18)

∂C

∂t
= Dvs

∂2C

∂X2
− KevsC − v

∂C

∂X
VS (19)

where:

 = zFE

RT

De

hss
+ v, v = ˛� (20)

being z the drug charge number, F the Faraday constant, E the
lectric field, R the universal gas constant, T the temperature, ˛

 constant parameter and � the current density. These equations
eed to be solved with the above discussed boundary and initial
onditions (Eqs. (2–6)) except for Eqs. (7) and (8) that must substi-
uted by:(

−De
∂C

∂X
+ vC

)∣∣∣∣
sc

=
(

−Dvs
∂C

∂X
+ vC

)∣∣∣∣
vs

(21)

s
∂C

∂X

∣∣∣∣
X=hskin

= −ks (C (X  = hskin) − Cb)

pskin = C (X  = hskin)
Cb

(21′)

Eq. (21) imposes the absence of drug accumulation at the SC–VS
nterface, while Eq. (21′) states that the drug flux exiting from the
kin depends on the mass transfer coefficient ks and the difference
etween the drug concentration in the skin at the skin/blood inter-
ace and the drug concentration in the blood Cb. In addition, the
artition coefficient kpskin rules the ratio between drug concentra-
ion on the skin and blood side at the skin/blood interface. Cb, CT
drug concentration in the tissues) and Meb (amount of metabolised
rug in the blood) can be evaluated, for instance, according to a two
ompartments pharmacokinetics model with first order elimina-
ion (Tojo, 2005):

b
dCb

dt
= − SDs

∂C

∂X

∣∣∣∣
X=hskin

− KeCbVb − K12CbVb + K21CTVT (22)

T
dCT

dt
= K12CbVb − K21CTVT (23)

dMeb

dt
= KeMb (24)

where Vb and VT are, respectively, blood and tissues volume,
hile K12 and K21 represent, respectively, the direct and reverse

inetics constants ruling drug exchange between blood and tissues.
n order to close the balance between unknowns and equations, an
verall drug mass balance (made up on the patch, skin, blood and
issues) needs to be considered at anytime:

0 = C (t)V + CT(t)VT + S

(∫
C (X, t) dX +

∫
C (X, t) dX

)

b b

patch skin

+ Meb(t) + Mevs(t) (25)

where M0 is the drug dose.
harmaceutics 418 (2011) 130– 141

After patch removal (t > tr), Eq. (11) becomes the new boundary
condition on skin surface (X = 0) while Eq. (25) becomes:

M0 − S

∫
patch

C (X, tr) dX = Cb(t)Vb + CT(t)VT

+ S

∫
skin

C (X, t) dX + Meb(t) + Mevs(t) (26)

Indeed, we must account for the fact that the drug amount still
present in the patch at removal time (tr) is no longer available.

4. Local administration

A huge mathematical modeling activity was performed on local
drug delivery systems. For example, it can be mentioned drug deliv-
ery to the brain (Reisfeld et al., 1995; Siepmann et al., 2006), the
intratumoral delivery (Qian et al., 2002; Feng and Chien, 2003;
Weinberg et al., 2008), the cell delivery (Gamsiz et al., 2008),
the root canal delivery (Huang et al., 2000), the corneal delivery
(Zhang et al., 2004; Li and Chauhan, 2006) and the nasal deliv-
ery (Gonda, 1998). Due to the wideness of this field, we decide to
focus the attention only on a particularly interesting application
regarding in-stent restenosis, a common atherosclerosis compli-
cation following percutaneous transluminal coronary angioplasty
(PTCA) (Gruntzig et al., 1979). Atherosclerosis can be considered
a form of chronic inflammation of the artery wall leading to the
development of complex lesions, defined as plaques that narrow
the arterial lumen (Ross, 1999). Plaque rupture and thrombosis
result in acute clinical complications such as myocardial infarction
and stroke, when the event occurs in coronary or cerebral arter-
ies, respectively (Owens et al., 2004). In order to re-vascularize
stenotic coronary arteries, since 1979 it has been introduced the
so called PTCA, a procedure leading to the enlargement of the
stenotic portion of the coronary by means of an expanding bal-
loon. Since 1987 (Sigwart et al., 1987) PTCA has been associated
with the deployment of a stent, an expandable metal – or poly-
meric – tubular mesh that has significantly reduced the rates
of early elastic recoil and late constructive remodelling of the
vessel, reducing restenosis rate down to 20–30% (Serruys et al.,
1994). Unfortunately, however, stents did not definitively solve
the restenosis problem as they can induce neointima hyperplasia
(in-stent restenosis – ISR) due to the iperproliferation of vascular
smooth muscle cells (VSMCs) (Moreno et al., 2004). At this pur-
pose, drug eluting stents (DES) substantially reduced the VSMCs
iperproliferation thank to the action of the antiproliferative drugs
they can release (Stone et al., 2004). As the success or the failure
of a DES largely depends on the anti-proliferative agent released,
several drugs were tested. Among them, nucleic acid based drugs
(NABD) have been proved to hinder VSMCs exuberant prolifera-
tion without inducing cell death (Dapas et al., 2009; Grassi et al.,
2004a; Khachigian et al., 2002). This feature may  confer to NABD an
advantage over the commonly used drugs which display a potent
apoptotic effect leading, in the long term, to an excessive cell
death. This might contribute to explaining their reduced efficacy in
high risk patients and the recently reported problems of late stent
thrombosis, a draw back related to the reduction of the re endoteli-
sation of the stented zone (Iakovou et al., 2005; Shuchman, 2006).
However, due to their fragile nature, NABD can not be incorpo-
rated in the stent for a later release and a proper delivery system
is needed. At this purpose, the endoluminal gel paving technique

(EGP) (Slepian and Hubbell, 1997), together with the implanta-
tion of a bare metal stent after PTCA, seems to be an effective and
promising approach. EGP consists of the catheter application of a
biocompatible polymer aqueous solution (containing the NABD) on
the endoluminal vessel surface followed by in situ crosslinking to
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Fig. 4. Cross section of a stented coronary with a gel layer. The drug (spheres), once
released from the gel layer (or from the stent, in the drug eluting stents case, DES),
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Even if the full simulation of the fate of the administered drug
an go inside the coronary wall or it can proceed towards the blood stream. The
orrect designing of the gel/DES properties minimises drug lacking in the blood.

ave a gel embedding the stent and adhering to the coronary wall
see Fig. 4).

Regardless of the delivery system considered (DES or EGP), the
nti-proliferative drug undergoes the same fate. Indeed, it can be
eleased in the blood stream (failing its therapeutic task) or it can
enetrate in the coronary wall. In this second case it partitions in
he intima,  the inner-most layer constituting the coronary wall (see
ig. 4). Here, drug dynamics is essentially due to diffusion, induced
y the concentration gradient, and convection (if the gel layer is
bsent – DES case), due to a radial hydrostatic pressure gradient
etween lumen and coronary wall (Yang and Burt, 2006). In order
o reach the media (the middle arterial wall layer), the drug must
artition from the intima to the internal elastic lamina and then to
he media.  Again, diffusion and convection (DES case) govern its

otion even though drug binding to proteins and metabolism can
ffect it. While drug binding to proteins is reversible, metabolism
here meant as cellular internalisation) is irreversible and leads to
rug disappearing. In this context, arterial wall can be schematised
s an inter-channelled structure (porous medium) where free drug
olecules, moving in the fluid filling the channels, progressively

ind to proteins and are metabolised (Creel et al., 2000). Again,
rug molecule transport to adventitia (the outermost arterial wall

ayer) requires two further steps: media – external elastic lamina
nd external elastic lamina – adventitia.  Once in the adventitia the
olecule is swept out by vasa vasorum, lymphatic drainage and lost

nto connective tissues.
In the EGP case, drug transport in the gel phase can be described

ccording to Fick second with constant diffusion coefficient (D)
Davia et al., 2009; Grassi et al., 2009):

∂C

∂t
= D∇2C (27)

The subsequent drug transport in the artery wall has been

pproached accounting for both a diffusive and convective trans-
ort associated to drug disappearing due to metabolism and/or
ellular internalisation (Lovich and Edelman, 1996; Hwang et al.,
harmaceutics 418 (2011) 130– 141 139

2003; Prabhu, 2004; Vairo et al., 2010):

∂C

∂t
= De∇2C − v · ∇C − KeawC (28)

where De is the effective drug coefficient in the artery wall
(Peppas, 1984), v is the velocity vector and Keaw is the elimination
constant in the artery wall. The necessity of introducing an effective
diffusion coefficient arises from the inhomogeneity of artery wall
due to both the presence of different layers in it (intima, media,
adventia, and laminae; see Fig. 4), and due to the above discussed
artery wall porous nature. Although, in principle, the convective
field, generated by the radial hydrostatic pressure gradient exist-
ing between lumen and coronary wall, should be time and position
dependent, it is usually assumed constant (Hwang et al., 2003). In
addition, obviously, in the case of EGP, the convective field disap-
pears where the artery wall is coated by the gel layer. Finally, drug
elimination, represented by the action of metabolism and/or cellu-
lar internalisation, is assumed to be irreversible even if, in principle,
it could be reversible as it happens when the drug interacts with
binding sites (Lovich and Edelman, 1996). Eqs. (27) and (28) needs
to be solved with the proper initial and boundary conditions. Typi-
cally, it is assumed that the drug is present only in the gel layer (EGP)
or in the stent (DES), all other zones (artery wall, blood and tissues)
being drug free. In addition, the condition of no mass accumulation
is assumed at all interfaces:

Dei∇Ci = Dej∇Cj (29)

where subscripts “i” and “j” identify two different phases. Of
course, in the case of an impermeable phase, the corresponding
effective diffusion coefficient is set to zero. Usually, on the external
adventia side the drug concentration is set to zero as well as at big
distance from the stended zone. In order to account for drug passage
to blood and tissues (other than the arterial wall), it is possible to
use equations such as Eqs. (22–24) where the evaluation of the
mass flux going into the blood (first right hand side term in Eq.
(22)) needs to be modified in order to account for the different
situation (presence or absence of the gel layer, stent geometry and
so on). Also in this case an overall mass balance accounting for the
eliminated drug, for the drug present in the gel (EGP) or in the stent
(DES), in the artery wall surrounding the stented zone, in blood and
in tissues, can close the balance between equations and unknowns.

If in the case of oral and transdermal administration the devel-
oped mathematical model can be used to fit and to predict
experimental data, in this particular application the model is usu-
ally demanded to predict the in vivo experimental behavior. This
is mainly due to the fact that it is very difficult to experimen-
tally detect the distribution of drug in the artery wall and in the
blood and tissues at different times (task that is much simpler
in the oral and transdermal cases in virtue also of higher doses
involved). Accordingly, mathematical models serve to optimize the
characteristics of the chosen delivery system in order to theoreti-
cally ensure, for example, that a negligible part of the administered
dose fails its target spreading in the blood stream. Or, alterna-
tively, it could be interesting to see whether the drug spreads in
the artery wall rather than staying just below the intima where
its anti-proliferative action is mostly requested. This is the typical
case where a direct comparison between model predictions and
experimental evidence could be performed only on the pharmaco-
dynamics level, i.e. on the effect of the administered drug.

5. Conclusion
is a really hard task, we  believe that nowadays the solution to this
complex problem is close. Indeed, the examples reported in this
review, dealing with the oral, transdermal and local administration,
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re both encouraging and promising and they should constitute the
ore for further and important refinements that should lead, in the
uture, to the prediction also of pharmacodynamics.
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