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ABSTRACT: In light of improving the bioavailability of poorly water-soluble drugs, this
work focused on the comparison among different nimesulide formulations resorting to
in vitro absorption experiments through everted rat intestine. The performance of a
nimesulide ethanol–triacetin solution, an activated system made up by cogrinding
nimesulide/polyvinylpyrrolidone and simple solid nimesulide were compared with that of
a reference nimesulide solution. Although ethanol—triacetin solution showed a better
performance than the solid nimesulide because wettability problems connected with
nimesulide were completely zeroed, the activated system showed a better performance
than the reference solution one. This was due to the fact that the activated system allowed
to overcome both the wettability and solubility problems connected with nimesulide.
Moreover, as proved by intestinal pictures taken before and after permeation ex-
periments, we observed the adhesion of polymeric particles to intestinal villi, this giving
origin to a thin layer, surrounding the intestine, characterized by a nimesulide con-
centration higher than that in the release environment bulk. A proper mathematical
model, based on Fick’s second law, was developed to model drug absorption in the case
of solution and activated system. In this manner, we could calculate nimesulide
permeability through the intestinal wall, and we could better define the nature of
the above-mentioned thin layer surrounding the intestine. Finally, the mathematical
model was used to verify the theoretical correctness of the widely employed technique
consisting in data correction for dilution when sample withdrawal and replacement were
needed to measure drug concentration in the receiver environment. �2004 Wiley-Liss, Inc.

and the American Pharmacists Association J Pharm Sci 93:540–552, 2004
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INTRODUCTION

Oral dosage form represents the most common
route for drug administration into the human
body because it leads to a better patient compli-
ance and it is very versatile for what concerns

dosing conditions.1,2 Unfortunately, however, this
strategy fails when dealing with low bioavailable
drugs like those belonging to the widely employed
anti-inflammatory class.3 Although bioavailabil-
ity, defined as the rate and extent to which the
active drug is absorbed from a pharmaceutical
form and becomes available at the site of drug
action,4 depends on several factors, usually, drug
solubility in an aqueous environment and
drug permeability through lipophilic membranes
play the role of key parameters.2 In fact, only
solubilized molecules can be absorbed by the
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cellular membranes to subsequently reach the
site of drug action (vascular system for instance).
According to the high or low values assumed by
these parameters, drugs can be divided in four
different classes,5 and a drug can be defined
bioavailable if it belongs to the fourth class (high
solubility and permeability).

Many different techniques are commonly used
to improve the bioavailability of poorly water-
soluble but permeable drugs (second class5).
Apart from the mechanochemical technique, used
in this work and later on widely discussed, we
can mention drug conglobation inside the lipidic
matrix of nano- or microspheres,6 or drug solubi-
lization in the dispersed lipophilic phase of an O/W
emulsion or microemulsion, thus increasing the
total amount of drug contained in a mainly aqueous
environment.7–10 A similar task can be achieved
using cyclodextrins, cup-like amphiphile macro-
molucules (lipophile inside and hydrophile out-
side), which create a complex with the lipophilic
drug.11 By means of solvent swelling and mechan-
ochemical activation it is possible to load a drug
into a polymeric carrier in a nanocrystalline or
amorphous state, thus considerably increasing
its bioavailability.12,13 Indeed, the interesting
aspect of drug nanocrystals and amorphous state
relies on the fact that, in these conditions, drug-
measured solubility (not the true thermodynamic
solubility corresponding to the concentration de-
tectable in a drug solution in equilibrium with a
drug crystal of infinite dimensions14,15) in hydro-
philic fluids is usually much higher than that of the
crystalline form,16,17 so that drug dissolution rate
is considerably increased.12 As both nanocrystals
and amorphous drug are not stable and they tend
to recrystallize into the more thermodynamically
stable macrocrystal size,14 the polymer, incor-
porating the drug inside its three-dimensional
network, serves as stabilizing agent hindering
macrocrystals formation. This action is due to the
chemical and physical drug/polymer interactions
and to the physical presence of the polymeric
chains as macrocrystals that can form on the
condition that network meshes be sufficiently
wide.12 Cogrinding has the considerable advan-
tage of not requiring the use of solvents whose
elimination from the final formulation can often
represent a very expensive and delicate stage.
Moreover, the activated system can be adminis-
tered in the form of tablets or capsules, as both
formulations do not modify the ‘‘activated’’ status,
and any formulation that does not require the use
of solvents or high temperature can in principle be

considered. The use of a particular formulation is
essentially related to the desired site of action as
one might want to have the release in the intestine
instead of in the stomach. Accordingly, in this case,
a gastroresistant device should be used to encap-
sulate the activated system.

Drug bioavailability, in the case of oral admin-
istration, is also strongly affected by intestinal
permeability. Therefore, drug permeation studies
result of paramount importance for the develop-
ment of those strategies aimed to improve drug
absorption, and the necessity of understanding
the basic mechanisms ruling the drug transfer
through the intestinal epithelium arises.18 It was
demonstrated19 that in vivo drug permeation
through the intestinal mucosa mainly takes place
according to a passive diffusive mechanism whose
rate determining step is represented by the cellular
membrane crossing, while a little effect would be
exerted by the aqueous stagnant layer arising at
the intestinal wall.19 Although it is usually
affirmed that lipophilic drugs follow a tran-
scellular pathway in their intestinal membrane
crossing, while hydrophilic ones undertake a
paracellular pathway (they would diffuse through
the water filling the intercellular voids), today the
transcellular way is thought to be the main
transport mechanism, both in rats and in human
beings, regardless the drug physicochemical prop-
erties.20–24 Although in vivo tests undoubtedly
represent the most reliable techniques to study
intestine drug permeability, and some preliminary
information can be obtained resorting to theore-
tical predictive approaches,25,26 the increasing
demand for a rapid bioavailability estimation and
the costs connected to in vivo test led us to consider
a simplified approach represented by the everted
rat intestine27–30 technique. Indeed, we found that
this approach is very useful for what concerns
bioavailability estimation when the rate determin-
ing step of the drug absorption process is repre-
sented by drug solubility. Although this is surely
a partial vision of the whole problem (drug
absorption), it is exactly what we are interested
in checking, as the activated system can act only
on drug solubility, being all other factors (drug
permeability among them) independent from our
drug activation.

The aim of this work was to compare the per-
formance of different nimesulide formulations
with respect to that of a reference, represented
by a nimesulide aqueous solution. In particular,
we considered solid nimesulide in powder form,
an activated system (made up by cogrinding
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polyvinylpyrrolidone and nimesulide) and a solu-
tion of ethanol/triacetin in which the drug was
solubilized (this formulation was previously char-
acterized from the liquid/liquid interface proper-
ties point of view31). These systems were chosen
as they should clarify the relative importance of
solubility and wettability problems affecting a
delivery system containing a poorly soluble and
wettable drug like nimesulide. Solid nimesulide in
powder form was chosen, as it is the worst system
for nimesulide delivery being affected by both
wettability and solubility problems, while the
activated system should overcome these draw-
backs. Finally, the ethanol/triacetin solution
should be affected only by solubility problems as
discussed later.

To better understand our findings, the per-
meation results referring to the activated system
and drug solution were studied, resorting to a
mathematical model based on Fick’s second law
assuming that nimesulide transport across in-
testinal wall occurs according to a pure diffusive
mechanism.

Nimesulide was considered as model drug as it is
a typical NSAID (Nonsteroidal Anti-Inflammatory
Drug), characterized by a low bioavailability.32,33

MATERIALS AND METHODS

Intestine permeation experiments were perform-
ed using as donor and receiver phases a Krebs
Ringer modified buffer (pH¼ 7.4; 378C), able to
maintain the homeostasis of the intestine cells.34

Nimesulide (HELSINN, Pambio Noranco, CH;
supplied in solid powder form; anti-inflam-
matory action) and phenol red (Sigma Chemical,
Steinheim, D) were chosen as the model drug and
marker, respectively, for their wide use in this
field.20,35,36

Nimesulide solubility in buffer solution was
measured by adding small drug amounts, under
gentle stirring in thermostatic conditions (378C),
in a known solvent volume until the attainment
of a permanently turbid system. The system was
left to rest overnight, then concentration was
measured by means of a UV spectrophotometer
(Lambda 6/PECSS System, Perkin-Elmer Corp.,
Norwalk, CT, wavelength 393.4 nm). The result-
ing solubility was 160� 5 mg/cm3.

To measure nimesulide permeability through
the rat intestine and to have a reference permea-
tion curve, a nimesulide/buffer pH 7.4 solution
(378C) (100 mg/cm3) was realized by dispersing

a proper drug amount in a well-stirred buffer
environment. The system was left under mixing
conditions overnight to finally get a clear yellow
solution.

Ethanol (Merck, Germany) and triacetin
(Merck, Germany), mixed in a ratio 1:3 (w/w),
gave origin to a solution where nimesulide was
added to obtain a concentration equal to 70 mg/cm3

(378C).
Finally, the activated system was prepared by

cogrinding for 2 h in a planetary mill (Pulverisette
7, Fritsch GmbH, D), at 350 rpm, crosslinked
polyvinylpyrrolidone (PVP-clm, Basf, Germany),
and nimesulide using a drug/polymer ratio equal
to 1:3 (w/w). The two mill vials, made up by agate,
contained seven agate balls (1-cm diameter) plus
0.375 g nimesulide and 1.125 g PVP-clm each. We
choose a planetary mill as its dynamic behavior,
and thus the energy transfer to coground materi-
als, is well understood.37 The activated system was
then characterized by means of a X-rays diffract-
ometer equipped with a Cu Ka source (40 kV,
20 mA) (Stoe 500, Siemens, Germany) and differ-
ential scanning calorimetry analysis (DSC 7,
Perkin-Elmer Corp., Norwalk, CT). The compar-
ison among the X-rays pattern of the coground
material, pure nimesulide and the simple nimesu-
lide/PVP-clm physical mixture (ratio 1:3, w/w),
allowed to conclude that no polymorphic transfor-
mation occurred during the cogrinding process.
DSC 7 analyses revealed38,39 that after 2 h cogrind-
ing the 75% of the original crystalline drug was
transformed into amorphous phase while the
remaining 25% was transformed into a nanocrys-
talline phase. Indeed, while original nimesulide
melting temperature was 148.78C (melting
enthalpy DH¼ 108.7 J/g), in the activated system
we measured a nimesulide melting temperature
equal to 1188C (melting enthalpy DH¼ 5.1 J/g).
Moreover, no thermal events took place at 148.78C.
As it is well known that, in the absence of
polymorphic phase transformations (as previously
demonstrated by the X-rays analysis), melting
temperature reduction is due to drug crystal size
reduction to the nanoscale,17,40 we could affirm
that the residual crystallinity detected was only
due to nimesulide nanocrystals.

The determination of nimesulide dissolution
constant kd (it comprehends any mass transfer
resistance from the activated system) was per-
formed by monitoring the drug concentration
increase when 400 mg of activated system were put
in the donor environment in the absence of intes-
tines. The use of a fiber optic apparatus (ZEISS,
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Germany), connected to a spectrophotometer
(ZEISS, Germany, wavelength 393.4 nm), allowed
the determination of nimesulide concentration
without perturbing the donor environment. More-
over, this methodology allowed to easily overcome
the problem connected to drug concentration
measurement in the presence of a solid particle
dispersion. Indeed, while the maximum nimesu-
lide absorption in aqueous solution occurred at
393.4 nm, the scattering effect due to solid particles
uniformly occurred at every wavelength. Accord-
ingly, the real absorbance related to nimesulide
concentration was the difference between the
measured absorbance at 393.4 nm and that
measured at 500 nm (at this wavelength we were
sure that nimesulide did not absorb). The deter-
mination of particles mean radius Rm was
achieved by determining the activated system
particle size distribution in the swollen state by
means of a laser light scattering (Malvern, U.K.).
Rm was calculated according to the following
weighted sum:

Rm ¼

Rrmax

rmin

r f ðrÞdr

Rrmax

rmin

f ðrÞdr
¼ 4 mm ð1Þ

where r is particle radius, f(r) is particle distribu-
tion frequency while rmin and rmax are, respec-
tively, the distribution minimum and maximum
radius.

To compare the three formulations considered
(solid nimesulide in powder form, nimesulide–
ethanol–triacetin solution and activated system)
and our reference (nimesulide solution), four
different kinds of experimental tests were per-
formed. In the reference case, the donor environ-
ment Vd was filled by 1000 cm3 buffer pH¼ 7.4
solution (378C) characterized by a nimesulide
concentration equal to 100 mg/cm3. Uniformity
conditions in the donor environment were ensured
by means of an impeller (rotational speed 70 rpm;
see Fig. 1). In the remaining situations (solid
nimesulide in powder form, nimesulide–ethanol–
triacetin and activated system) a proper amount
of formulation (100 mg for the solid nimesulide
in powder form, 1.43 cm3 for the nimesulide–
ethanol–triacetin solution, 400 mg for the
activated system) was added, at time zero, to
the donor environment (in this manner, the same
nimesulide amount was always added to the
release environment). Again, uniformity condi-
tions in the donor environment were ensured by

means of an impeller. Regardless the formulation
considered, four intestine sections were hosted in
the donor environment.

Male Wistar rats (Centro servizi di Ateneo,
Settore Stabulario e Sperimentazione animale,
Trieste University, Italy) weighing approximately
250 g were fasted for 12 h (water ad libitum), then
sacrificed by CO2. Small intestine (duodenum,
jejunum, and ileum) was removed, separated from
the mesentery, rinsed with the buffer using a
10-mL syringe, then cut in four different sections.
Each section was everted on a Teflon rod, and fixed
on its location by means of surgical thread. The
experimental set up is illustrated in Figure 1.
Intestine holder was a cylindrical glass vessel
connected to a ‘‘U’’ glass capillary whose left portion

Figure 1. Experimental setup. Each intestine holder
is a cylindrical vessel connected to a ‘‘U’’ capillary whose
left portion is represented by intestine. Intestine holders
are placed on a holding plate.

IN VITRO NIMESULIDE ABSORPTION FROM DIFFERENT FORMULATIONS 543

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 93, NO. 3, MARCH 2004



was represented by intestine. A symmetrical
intestine holder disposition on the holding plate
was needed to avoid preferential fluxes inside
the donor due to stirring. Intestine holders
volume (four in our case), filled by buffer, repre-
sented the receiver environment (Vr¼ 4*12 cm3¼
48 cm3). Both receiver and donor phases were
continuously oxygenated (95% O2, 5% CO2), to
keep the intestine cells alive during the experi-
ment. Moreover, oxygen bubbles ensured receiver
volume homogeneity.

At the beginning of the permeation test (t¼ 0)
the formulation was added to the donor environ-
ment, and every 12 min 4 cm3 of the receiver phase
were sampled from each intestine holder and
replaced with pure buffer, for a total time of
60 min. Nimesulide concentration Cr in each of
the four liquid phases sampled was measured by
UV spectrophotometer (Lambda 6/PECSS System,
Perkin-Elmer Corp., Norwalk, CT, wavelength
393.4 nm). As each experimental test was led on
three different rats, drug concentration at each
time was the mean of 12 experimental data.

For a correct evaluation of the experimental
data, it was necessary to verify the good home-
ostasis of the intestine cells during the experi-
ment. This is associated to phenol red (marker)
permeability values between 6*10�4 cm/min and
9*10�4 cm/min, as higher values are symptom of
progressive cells dying.34 As we measured (accord-
ing to the procedure described later on) a phenol
red permeability across the intestinal membrane
equal to 7.8*10�4 cm/min, we could affirm that
the integrity of the system was ensured during the
60 min of the experiment. A blank permeation test
(no nimesulide in the donor phase) was performed,
to verify that the intestinal secretions did not
interfere with the absorption process.18 Approval
of this study was given by the Italian Ministry of
Health (D. LVO 116/92) in accordance with the
‘‘Principle of Laboratory Animal Care.’’

THEORETICAL

To model nimesulide accumulation inside the
receiver environment (namely, intestine holders
volume), it was necessary to take into account
both drug release from the chosen formulation
and the subsequent permeation process occurr-
ing through the intestinal wall. Due to the low
practical interest, the mathematical description
of nimesulide release and permeation relative to
the solid nimesulide in powder form (at time zero

a known amount of pure drug was put in the
buffered donor environment) was not considered.
Similarly, the mathematical analysis of nime-
sulide release and permeation relative to the
nimesulide–ethanol–triacetin system (at time
zero a known volume of nimesulide–ethanol–
triacetin solution was put in the buffered donor
environment) was not matched due to the com-
plexity and the uncertainty connected to the
description of this particular kind of drug release,
as discussed later on. Accordingly, attention was
focussed on the solution case (at time zero the
buffered donor environment was a nimesulide
solution of known concentration) and on the acti-
vated system case (at time zero a known amount
of activated system was put in the buffered donor
environment). From the modelling point of view,
it will be shown in the following that the solution
case can be considered as the particular case of
the activated system case where drug release
from particles is instantaneous.

Although drug release from an ensemble of
drug-loaded polymeric particles is a complex
phenomenon,12 for the purposes of this work we
could assume that particle swelling is instanta-
neous, that we were dealing with a monodisperse
particles system (mean radius Rm) and that drug
release was essentially ruled by particles surface
area, while drug diffusion through the polymeric
network played a minor role. Indeed, loading
technique based on cogrinding implies the drug
mainly occupying the outer part of the particles as
proved by SEM pictures evidencing many drug
nanocrystals emerging from particles surface.
On the contrary, in the case of activated systems
loaded by solvent swelling,12 no nanocrystal are
detectable as the drug is present in the inner
particles region. Moreover, intestine was assumed
to be a perfect cylinder (see Fig. 2), characterized
only by its lengthLand by its internal and external

Figure 2. Schematic representation of a rat intestine
portion.
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radius Ri and Re, respectively. In so doing, the real
physical frame was considerably simplified as we
neglected the presence of villi and microvilli that
greatly increase permeation area. Accordingly, the
real drug diffusion coefficient inside the intestinal
wall will be much smaller (one or two orders of
magnitude) than the apparent one determined in
this study. Indeed, assuming that D*A*rC¼
DREAL*AREAL*rC, (where DREAL and AREAL are,
respectively, the real drug diffusion coefficient and
luminal surface, D and A are, respectively, the
apparent diffusion coefficient and the cylinder
surface, while rC is the concentration gradient),
we can say that the ratio DREAL/D is equal to A/
AREAL, which is much smaller than 1. Of course,
the difference existing between D and DREAL

was not a serious drawback, as we were mainly
interested in describing the permeation process
(evaluation of drug amount crossing the intestinal
membrane), rather than measuring the real drug
diffusion value.

Considering the intestine as a uniform mem-
brane, drug permeation could be described, in
cylindrical coordinates, according to Fick’s second
law:

@C rð Þ
@t

¼ 1

r

@

@r
D
@C rð Þ
@r

� �
ð2Þ

where r was the generic cylinder radius between
Ri and Re, C(r) was nimesulide concentration
at radius r, t was time, and D was nimesulide
apparent diffusion coefficient in the intestinal
membrane. Drug concentration Cp in the particles
and in the donor environment Cd were deter-
mined by the following system of equations:

dCp

dt
¼ �Np4pR2

m

Vp
kd Cp � Cd

� �
ð3Þ

dCd

dt
¼ Np4pR2

m

Vd
kd Cp � Cd

� �
� 2pReLD

@C rð Þ
@r

r¼Re
j

ð4Þ

where Np and Vp were, respectively, particles
number and volume, Vd was the donor environ-
ment volume, while kd was the dissolution con-
stant accounting for any mass transfer resistance
occurring in drug release from particles. Remem-
bering that for a monodispersed particles system
the following relation holds:

Np ¼ Vp

4pR3
m=3

ð5Þ

eqs. 2 and 3 could be more conveniently rewritten
as follows:

dCp

dt
¼ � 3kd

Rm
Cp � Cd

� �
ð30Þ

dCd

dt
¼ 3Vpkd

RmVd
Cp � Cd

� �
� 2pReLD

@C rð Þ
@r

r¼Re
j ð40Þ

Equations 2–4 had to accomplish the following
initial and boundary conditions:

initial conditions:

Cr t ¼ 0ð Þ ¼ Cr0 ¼ 0 ð6Þ

CðrÞ ¼ 0 Ri < r < Re ð7Þ

Cp t ¼ 0ð Þ ¼ Cp0 ð8Þ

Cd t ¼ 0ð Þ ¼ Cd0 ð9Þ

boundary conditions:

C r ¼ Rið Þ ¼ CrKprC r ¼ Reð Þ ¼ CdKpd ð10Þ

M0 ¼ VdCd þ VrCr þ VpCp þ
ZRe

Ri

C rð Þ2pLr dr ð11Þ

where Vr and Cr were, respectively, nimesulide
concentration and volume of the receiver environ-
ment, Cp0, Cd0, and Cr0 represented, respectively,
initial drug concentration in the particles, in the
donor environment and in the receiver environ-
ment, M0 was total drug amount present in system
(donor and receiver environment plus intestine),
Kpr and Kpd were, respectively, the intestine/
receiver and intestine/donor partition coefficient.

Equation 3 imposed that drug release from the
particles was ruled by particles surface area,
dissolution constant, and concentration gradient
between particles and donor environment. Equa-
tion 4 accounted for the fact that drug concentra-
tion variation in the donor environment resulted
from the algebraic sum of the positive drug flux
coming from the particles and the negative drug
flux going in the receiver environment through
the intestinal wall. Equations 6–7 stated that, at
the beginning of the experiment, the intestine
and the receiver environment were drug free while
eqs. 8–9 stated that drug could be present in the
particles and/or in the donor environment. Equa-
tion 10 imposed the partitioning conditions at the
intestine/receiver and intestine/donor interface,
while eq. 11 was an overall mass balance per-
formed on the particles, donor and receiver
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environments, and intestinal membrane, allowing
the determination of Cr.

Due to the simultaneous presence of ordinary
and partial differential equations, beside the over-
all mass balance condition expressed by eq. 11,
model solution could be achieved only by means of
numerical techniques. In particular, eq. 2 was
solved according to the control volume method,41

while eqs. 3–4 were solved according to the fifth
order Runge-Kutta method with adaptive step-
size.42 The particular nature of the proposed model
required, step by step, to iteratively solve the
system made up by eqs. 2–4. Indeed, at each time
step, eqs. 3 and 4 were solved according to the old
drug concentration profile inside the intestinal
wall. Then, on the basis of the new Cp and Cd

values, eq. 2 was solved. If the new C(r¼Re) value
differed from its old value more than a fixed
tolerance, eqs. 3–4 were solved again assuming
for C(r¼Re) the mean calculated from the actual
and the old value. This process proceeded until
convergence. To ensure a satisfactory solution
accuracy, we subdivided the intestinal wall in
20 parts and we assumed the computational time
step dt¼ 0.025 min.

It is interesting noticing that when kd became
bigger and bigger, we approached to the solution
condition, namely the situation in which the donor
environment was a drug solution from the be-
ginning of the experiment. In this particular
situation, eq. 3 (and, thus, the first right-hand
term of eq. 4) became meaningless and the model
reduced to the solution of eq. 2 with the boundary
conditions expressed by eqs. 4, 7–11. Conse-
quently, drug permeability P through the intest-
inal membrane43 could be calculated according to
the following equation:

P ¼ DKp

hm þ hv
ð12Þ

where Kp was the partition coefficient, hm was the
real wall thickness and hv the villi layer thickness
(see Fig. 2). Considering the villi layer morpho-
logy, it was acceptable to consider hmþhv as the
effective intestine wall thickness.27

When the intestine was not present in the donor
environment, the proposed model reduced to the
following equations:

dCp

dt
¼ � 3kd

Rm
Cp � Cd

� �
Cp t ¼ 0ð Þ

¼ Cp0 Cd t ¼ 0ð Þ ¼ Cd0 ¼ 0 ð13Þ

Cr ¼
M0 � VpCp

Vr
ð14Þ

whose analytical solution was:

Cp ¼ Cp0 �
M0

Vr þ Vp

� �
e�

3kd
Rm

�VrþVp
Vr

� �
tþ M0

Vr þ Vp
ð15Þ

RESULTS AND DISCUSSION

Because of the technique used for the Cr measure-
ments (sampling and subsequent replacement
with pure buffer), experimental data were cor-
rected for dilution according to the following
expression:

Ci
corr ¼ Ci

experim þ DV
Vr

Xi�1

j¼1

Cj
experim ð16Þ

where Ci
corr was the concentration value cor-

rected for dilution, Ci
experim was the measured

value, Vr was the receiver environment volume,
and DV the sampled volume. Figure 3 shows
the nimesulide concentration Cr variation in the
receiver relatively to the formulations considered.
Triangles refer to the activated system, squares
to the solution, and circles to the triacetin–
ethanol system. The data relative to solid nime-
sulide in powder form were not reported, as the
drug presence in the receiver environment was
not detectable during the 60 min of the ex-
periment (this was principally due to the low
wettability of crystalline nimesulide). It is inter-
esting noticing that the standard error bars
indicate a satisfactory reproducibility of the

Figure 3. Nimesulide absorption curves (concentra-
tion in the intestinal lumen Cr versus time t) from the
different release systems considered (triangles, acti-
vated system; squares, solution; circles Triac-EtOH
system). Vertical bars indicate datum standard error.
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experimental data (each point is the mean value
of 12 measurements).

The triacetin–ethanol–nimesulide system pre-
sented a bioavailability increase compared to solid
nimesulide in powder form, but not as good as the
other formulations considered. The explanation
of this behavior could be given on the basis of a
qualitative observation about the release mechan-
ism from this formulation. At the beginning of
the experiment, the triacetin–ethanol–nimesu-
lide solution volume was broken in several sphe-
rical particles due to the donor environment
stirring, thus leading to an increase in the inter-
facial area between the two liquid phases (buffer
and oil–alcohol solution). Subsequently, because
of the different chemical potential in the two
phases, ethanol and triacetin (it has a partial
solubility in the buffer phase31) started to move
into the buffer phase, with a consequent oil phase
impoverishment. Both ethanol and triacetin
migration was observable, in a qualitative way,
in the form of an evident translucent layer sur-
rounding the oil–alcohol drops. These phenomena
caused the recrystallization of several nimesulide
molecules as proved by drops transparency reduc-
tion determined by crystals deposition on the drops
surface. As the experiment proceeded, more and
more ethanol and triacetin left the drops, so that,
after about 10 min, several small sponge-phases
mostly composed by nimesulide crystals were
formed. Accordingly, drug release was mainly
governed by crystals dissolution in the aqueous
environment (this phenomenon was heavily af-
fected by drug solubility), although we could not
exclude that part of the nimesulide molecules
migrated directly in the buffer during sponges
formation. Ethanol–triacetin–nimesulide formu-
lation had, then, the advantage of zeroing all the
bioavailability problems connected to nimesulide
wettability. In this manner, we were experimen-
tally able to split the contribution of wettability
and solubility to nimesulide absorption through
everted rat intestines. Indeed, for what we said
before, the difference existing between the triace-
tin–ethanol–nimesulide absorption curve (circles,
Fig. 3) and the solution one (squares, Fig. 3), was
ascribed only to nimesulide crystals dissolution
and not to nimesulide crystals wetting. When both
solubility and wettability problems occurred (this
was the case of solid nimesulide in powder form),
the resulting absorption curve did not significantly
detach from the abscissa axis of Figure 3.

Interestingly, Figure 3 also shows that the
activated system had a better performance than

that of nimesulide solution. This behavior could be
explained by the presence of a thin stagnant layer
originated by PVP particles aggregation and ad-
hesion on the intestine wall. Due to the presence
of mucus, mixing conditions in the layer were
vanishing so that drug exchange with the donor
environment could take place only according to a
diffusive mechanism, being the convective route
hindered by mucus viscosity. Consequently, the
layer drug concentration could be higher than
that in the donor environment and the 100 mg/cm3

threshold could be easily exceeded. Indeed, the
solubility of amorphous or nanocrystalline organic
drugs can be higher than that of the same drug in
the crystalline form.12,16,17 The increased concen-
tration gradient across the intestine wall justified
our experimental results. Biological and hydro-
dinamical considerations explained the stagnant
layer formation. Indeed, particles adhesion on
intestine wall was enhanced by intestinal villi,
faced in the donor environment due to the everted
configuration adopted, designed to capture solid
lipid particles and responsible for a huge and
rough intestinal interfacial area. Moreover, the
stirring conditions imposed in the donor environ-
ment caused a rotational motion forcing polymeric
particles against the half part of intestinal wall
exposed to fluid stream. On the other intestine
side, the formation of vortexes due to a little de-
pression, favored particles stagnation and deposi-
tion on the intestinal wall. Picture of the intestinal
wall before the permeation experiment (Fig. 4a)
and after, in the case of 60-min exposure to solution
(Fig. 4b) and to activated system (Fig. 4c) showed
the correctness of this physical frame. It can be
seen that while at the beginning intestine surface
was mainly smooth (Fig. 4a), after exposure to
solution (Fig. 4b) it became more irregular due to
unavoidable tissues degeneration. Nevertheless,
after exposure to activated system (Fig. 4c), we
could clearly see the existence of structures (see
the white arrow) that we never found in the
previous case (Fig. 4b) (this was based on many
intestinal pictures and not only on the three here
shown). These structures were clusters of poly-
meric particles and mucus (Fig. 4c). Moreover,
a visual inspection of the intestinal wall after a
permeation test led in the presence of the activated
system, revealed the existence of a yellow viscous
layer on the intestine surface (we remember here
that nimesulide solution has a yellow color).

The developed mathematical model could,
indirectly, supply a further confirmation of what
is now affirmed. Indeed, the existence of the
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surrounding layer could be easily considered as-
suming that the drug partition coefficient (intes-
tine/donor) Kpd was greater than 1. If the model
had been able to satisfactorily fit the experimental

data (see triangles in Fig. 3) assuming a reason-
able Kpd value (it means not too high), all other
parameters values being known and fixed, our
hypothesis would have been further supported.
At this purpose, it was necessary to preventively
measure nimesulide dissolution constant kd from
the activated system by data fitting according to
our model expression relative to intestine absence
in the donor environment (eq. 15). Knowing that
Vd¼ 1000 cm3, Vp¼ 0.31 cm3 (it corresponds to
400 mg of activated system), Cp0¼ 321 mg/cm3,
M0¼ 100 mg and Rm¼ 4*10�4 cm, fitting proce-
dure yielded kd¼ 8.3*10�5 cm/min. Figure 5 shows
good agreement between the model (solid line) and
experimental data (open circles) in the initial and
final part of the curve, while a clear bias appears in
the central part (data overestimation can be
mainly due to the hypothesis of an instantaneous
drug diffusion, even if the monodisperse hypoth-
esis makes the system different from reality).
Nevertheless, we believe that the model was able
to catch the essence of the phenomenon under
evaluation. Now, knowing that apparent nimesu-
lide diffusion coefficient D through intestinal wall
was 1*10�4 cm2/min (as later on demonstrated),
it was possible to perform data fitting knowing that
Vd¼ 1000 cm3, Vp¼ 0.31 cm3 (it corresponds to
400 mg of activated system), Cp0¼ 321 mg/cm3,
M0¼ 100 mg, Rm¼ 4*10�4 cm, kd¼ 8.3*10�5 cm/
min, Vr¼ 48 cm3, L¼ 36 cm (sum of four intestine
parts), Re¼ 0.27 cm and Ri¼ 0.21 cm. Figure 6
shows that a good agreement between experimen-
tal data (triangles) and model best fitting (solid
line) is achieved whenKpd¼ 1.3. The relatively low

Figure 4. Pictures (zoom 8.5�) of intestinal surface
before the permeation experiment (a), after 60-min
exposure to nimesulide solution (b) or after 60-min
exposure to activated system dispersion (c). The white
arrow indicates the presence of particles and mucus
clusters (c).

Figure 5. Nimesulide concentration increase (Cd)
when intestine is not present in the donor environment.
Circles represent experimental data, while solid line
indicates model best fitting (eq. 15) (vertical bars
indicate datum standard error).
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value assumed by Kpd not only confirmed model
reliability, but further supported the hypothesis of
the existence of a thin layer surrounding the
intestinal wall. Indeed, it was sufficient that drug
concentration in the layer was on the average
(more correctly, Kpd should be time dependent)
30% higher than that in the bulk. Remembering
that layer thickness is very small, a limited amount
of activated system was required to support this
concentration increase. Accordingly, bulk concen-
tration was not sensibly affected by the presence
of the surrounding layer. Ultimately, we could say
that the activated system strongly reduced both
wettability and solubility problems considerably
improving nimesulide bioavailability.

Before determining apparent nimesulide diffu-
sion coefficient D inside intestine wall (and the
relative permeability P), some considerations
had to be done. D (and P) could be, in principle,
obtained by fitting the proposed model (eqs. 2, 4, 7–
11; donor environment filled by a nimesulide
solution) on the absorption data coming from
nimesulide solution (squares in Fig. 3). Never-
theless, a more correct procedure consisted in
fitting the model on the raw experimental data,
that is, not corrected for dilution. In fact, while
eq. 16 took into account the progressive drug mass
uptake from the system, it did not account for
the variation of the concentration gradient be-
tween donor and receiver taking place at each
replacement.

The raw data fitting was possible because the
model required a numerical solution, whose pro-
gramming easily allowed the introduction of the

sampling and replacement condition, which means
an instantaneous reduction of the receiver con-
centration at each replacement. To quantify the
theoretical error connected with model fitting
performed on data corrected for dilution, a dimen-
sionless analysis resulted to be useful (see Fig. 7).
Assuming that drug permeability P was equal to
5.0*10�3 cm/min, the continuous line depicted in
Figure 7 represents the simulated dimensionless
concentration profile Cr

þ in the receiver environ-
ment as a function of the dimensionless time tþ,
defined as follows:

Cþ
r ¼ Cr

Cr1
ð17Þ

tþ ¼ tD

Re � Rið Þ2
ð18Þ

where Cr1 was drug concentration in the receiver
environment after an infinitely long time. Using
the proposed model backwards, it was possible to
calculate the simulated concentration values
relative to ten different hypothetical permeation
experiments, characterized by sampling and
replacements equal to 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, and 1 of the receiver volume. These
data, corrected according to eq. 16, are shown in
Figure 7. It was clear that the larger the volume
sampled, the wider the difference existing among
the real (solid line) curve and the curves obtained
from the experimental data correction according

Figure 6. Comparison between experimental data
(circles) referring to the activated system release and
model best fitting (eqs. 2–11) (vertical bars indicate
datum standard error).

Figure 7. Comparison between the theoretical per-
meation curve (solid line) and the pseudoexperimental
data (symbols) obtained after correction for dilution
according to eq. 16, for different values of Vratio (ratio
between sampled and receiver volume).
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to eq. 16 (symbols). To better quantify this dif-
ference, the model was fitted on the pseudo-
experimental data shown in Figure 7 and the
corresponding permeability values (Pcorr) were
determined. Figure 8 illustrates how the ratio
Pcorr/P increases when the ratio between the
sampled volume and the receiver volume, Vratio,
increases. Although Figure 8 was drawn in
respect to the usual experimental conditions re-
lative to in vitro permeations, the entity of the
errors is purely indicative, as it also depends on
the number of experimental points considered in
the fitting, and on the values assumed by Cr

þ

(error entity increases with the sampling number
and with Cr

þ).
According to these considerations, the evalua-

tion of D (and P) was made on not corrected data,
as shown in Figure 9. As the model best fitting was
able to reproduce experimental data, we could
conclude that the physical phenomena character-
izing nimesulide permeation through everted
rat intestine were properly taken into account.
Considering Kp¼ 1, Ri¼ 0.21 cm, hvþhm¼ 0.06
cm, L¼ 36 cm, Cd0¼ 100 mg/cm3, the fitting of the
experimentaldatayieldedD¼ (1.0� 0.2)*10�4 cm2/
min, and consequently, P¼ (1.7� 0.4)*10�3 cm/
min (the same procedure was used to measure
phenol red permeability and we got P¼ 7.8*
10�4 cm/min). These values confirmed that nime-
sulide shows good permeability through the
intestinal mucosa. Model fitting on the data cor-
rected for dilution yielded a permeability value P
that was not statistically different from the one
reported above, this indicating that, in our situa-
tion, experimental data variability was more
important than the theoretical error associated

with the use of eq. 16. Consequently, as data
variability is much higher when working with
living tissues, it could be reasonably expected that
our warning became relevant dealing with per-
meation experiments involving more reproducible
synthetic membranes.

Finally, it was interesting noticing that by
means of our experimental finding (namely P, kd,
and nimesulide solubility) it would have been
possible to try an in vitro/in vivo correlation
resorting to the theory developed by Oh44 and
Amidon.5 Indeed, assuming a fixed value for the
mean residence time in the intestinal lumen and
knowing particle mean density, the dimensionless
numbers Do (dose number), Dn (dissolution num-
ber), and An (absorption number) could have been
evaluated for the activated system. These dimen-
sionless numbers, ruling the fraction of dose
absorbed, could have helped in trying an in vitro/
in vivo correlation.

CONCLUSIONS

Absorption experiments through everted rat in-
testine showed that ethanol–triacetin–nimesu-
lide solution improved nimesulide bioavailability
as it zeroed all the wettability problems connected
with this drug. Moreover, we found that the
activated system (PVP–nimesulide) was able to
further increase nimesulide bioavailability as
it overcame both nimesulide wettability and
solubility problems. Interestingly, the activated
system performance was even better than that of
nimesulide solution, this being also due to the

Figure 8. Pcorr/P ratio variation as a function of Vratio

(ratio between sampled and receiver volume).

Figure 9. Model best fitting (solid line; eqs. 2–11) on
the experimental data (circles; vertical bars indicate
datum standard error).
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experimental conditions adopted. Indeed, the hy-
drodynamic conditions and the presence of intest-
inal villi faced on the donor environment, gave
rise to the formation of a thin layer surrounding
the intestinal wall. In this layer, nimesulide
concentration was higher than that in the bulk.
The use of an ad hoc developed mathematical
model allowed to estimate that this surplus
concentration had to be equal to 30% of the bulk
concentration.

Moreover, the developed mathematical model,
allowing the determination of the Nimesulide
permeability (or apparent diffusion coefficient),
confirmed the fact that this drug shows a good
permeability through the intestinal mucosa.
The use of this model also allowed to conclude
that an a posteriori data correction for dilution
can reflect in a not negligible error on the drug
diffusion coefficient (or permeability) estimation.
Nevertheless, due to in vivo data variability, this
error can be much more important when dealing
with more reproducible synthetic membranes.

As the developed mathematical model was able
to well fit the experimental release curves, we
could be sure that the principal physical phenom-
ena occurring during the release process were
properly taken into account. In other words, nime-
sulide absorption through intestinal wall was
ruled by passive diffusion and drug release from
polymeric particles could be described by a proper
dissolution constant.
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