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a b s t r a c t

The microstructure of cellulose microcrystalline-Carbopol® pellets, prepared under different drying
conditions (oven-dried or freeze-dried), was experimentally characterized using mercury intrusion
porosimetry and then computationally modelled using Pore-CorTM software. Connectivity (mean
number of throats per pore), pore skew (�), throat skew (q) and correlation level were estimated
and simultaneously optimized from the mercury intrusion porosimetry cumulative curves using the
Boltzmann-annealed simplex algorithm. Unit cells with percolation properties close to the real ones
eywords:
etwork modelling
ore-CorTM software
xtrusion–spheronization

were generated. Water penetration rate in the simulated structures was also modelled using Pore-CorTM

and the waterfront position was calculated using the Bosanquet equation. A close correlation was found
between the simulated water flow rate in the unit cell and the experimental theophylline first-order
release rate constant. Thus, modelling of network microstructure and waterfronts appears as an useful

elease
ellet microstructure
rug delivery
ater uptake

tool for predicting drug r

. Introduction

The microstructure of pellets depends on starting materials,
rocessing approach and fabrication conditions, and determines
o a large extent their mechanical features and their performance
s drug delivery systems (Gomez-Carracedo et al., 2007; Balaxi
t al., 2009a,b). As for other porous solids, pellet microstructure
s quite complex with pores of diverse shapes and sizes, which

akes the study of drug transport through the network difficult
Armatas and Pomonis, 2004). Mercury intrusion porosimetry can
nform about total porosity, pore size distribution, pore connec-
ivity and tortuousness (Laudone et al., 2008; Gomez-Carracedo et
l., 2009). This information is the basis for predicting the topology
f porous structures using geometric models of various complexi-
ies, such as random-loose packing of spheres that are overlapped
o achieve a given void fraction (Zalc et al., 2003, 2004) or two-
nd three-dimensional lattices of complex pore shapes (Kloubek,
994) or cylindrical- or cubic-shaped pores (Wood and Gladden,
002a,b). Based on the latter approach, Pore-CorTM software is

articularly useful for modelling the porous structure of most
aterials (e.g., soils, sandstones, compacted mineral blocks, cat-

lysts, paper coatings or pharmaceutical tablets) since makes the
rediction of the hydraulic conductivity, the liquid permeation

∗ Corresponding author. Tel.: +34 981563100; fax: +34 981547148.
E-mail address: joseluis.gomez.amoza@usc.es (J.L. Gomez-Amoza).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.12.038
rate from matrix pellets.
© 2009 Elsevier B.V. All rights reserved.

or the water retention in porous materials possible (Ridgway et
al., 1997; Johnson et al., 2003; Bodurtha et al., 2005; Laudone et
al., 2005, 2007; Schoelkopf et al., 2000b; Holtham et al., 2007).
Pore-CorTM enables the generation of a three-dimensional void
structure that has the same percolation characteristics as those of
the material experimentally characterized by mercury intrusion
porosimetry. Roughly, the modelling assumes that the material
consists in interconnected unit cells of 1000 pores (of arbitrary
cubic shape) arranged in a regular three-dimensional 10 × 10 × 10
array and connected by up to 3000 throats (of arbitrary cylindri-
cal shape). The number of throats depends on the connectivity of
the pores and ranges from 1, when there is one throat per pore,
to 6 if each pore is connected to 6 neighbor pores by throats. In
each unit cell, the centers of the pores are equidistant each other;
the distance being the pore range spacing Q. Thus, each unit cell
is a cube-like structure possessing 10 Q length sides (Ridgway et
al., 2006). Connecting throats are generated to have sizes between
the greatest and the lowest pore diameters (i.e., between dmax and
dmin) experimentally obtained by mercury intrusion porosimetry.
The throat size distribution fits to log-normal distribution with a
throat skew, q, ranging from −50 (distribution skewed to dmin)
to 50 (skewed to dmax). Each cubic pore has a size equals to the
size of the greatest throat connect to it multiplied by a pore skew,

�, which has values ranging from 1 to dmax/dmin (Johnson et al.,
2003). Throats and pores are arranged in the three-dimensional
10 × 10 × 10 array according to the value of the correlation level.
This parameter has values between 0 (random spatial arrangement)
and 1 (arrangement of throats and pores as a function of their sizes)

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:joseluis.gomez.amoza@usc.es
dx.doi.org/10.1016/j.ijpharm.2009.12.038
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Peat et al., 2000). The modelling begins placing the throats in the
nit cell. Then, 1000 pores are placed in such a way that each one

s connected to neighbor pores by at least one throat. Increasing or
iminishing the value of Q, i.e., changing the size of the unit cell,
he throats are enlarged or shortened in order to bring the porosity
lose to its experimental value. Pore-CorTM software enables the
imulation of the mercury intrusion process in the unit cell and
ompares the simulated pore size vs. volume curve to that exper-
mentally obtained (in both cases normalized porosities are used).
he goodness of the fitting is indicated by the distance parameter,
, which gives the mean distance between the experimental intru-
ion curve data points and the closets data points of the simulated
ntrusion curve. Since the X-axis of those plots is logarithmic and
he Y-axis shows normalized porosity data, f is also normalized and
dimensional. Values of f close to or smaller than 1 indicate that the
imulated model truly represents the behavior of the real material
Johnson et al., 2003).

Although still few, some papers have shown the potential of
sing Pore-CorTM network simulator in the pharmaceutical field
ith the aim of gaining insight into the incidence of formulation

ariables on the microstructural properties of pellets and tablets
Ridgway et al., 1997; Gane et al., 2006). However, to the best of our
nowledge, no attempts to correlate parameters coming from Pore-
orTM modelling with the drug release behavior of solid dosage

orms have been made yet. The aim of this work was to model
he microstructure of matrix pellets, to elucidate the incidence
f composition and drying procedure on the microstructure, and
o correlate drug dissolution rate with simulated microstructure-
ependent parameters.

. Materials and methods

.1. Materials

Theophylline was from Sigma–Aldrich (Spain), Carbopol® 974P
rom Lubrizol Corp. (Ohio USA), microcrystalline cellulose (MCC)
vicel® PH101 from FMC (New Jersey USA), lactose anhydrous from
agron Ibérica (Spain) and dicalcium phosphate dihydrate (DCP)
rom Merck (Germany).

.2. Preparation of pellets

Pellets were prepared by extrusion–spheronization as previ-
usly reported (Gomez-Carracedo et al., 2007, 2008, 2009). Pellets
esigned by code L had 20% theophylline, 48% Carbopol® 974P, 24%
CC, and 8% lactose. Pellets designed by code F had the same com-

osition as above but replacing lactose by DCP. The pellets were
ried using different techniques: (a) hot air oven at 40 ◦C for 24 h
OD) (batches L1 and F1); (b) freeze-drying after fast freezing in
iquid nitrogen (FD Fast) (batches L2 and F2); or (c) freeze-drying
fter slow freezing at −30 ◦C for 24 h (FD Slow) (batches L3 and F3)
Table 1).

.3. Theophylline release profiles

Drug release profiles of pellets (250 mg) were obtained, in sex-
uplicate, using a USP24 type II apparatus (Turu Grau, Spain) at

0 rpm and 37 ◦C, in 900 ml of water. Drug concentration was deter-
ined spectrophotometrically at 271 nm (Agilent 8453, Germany).
rug release profiles were fitted by non-linear regression (Graph-
ad Prism v. 3.02, GraphPad Software Inc., San Diego, CA, USA) to
first-order model, namely D = 1 − e−Kt, where D represents theo-
hylline dose fraction release at time t and K is the dissolution rate
onstant (Gomez-Carracedo et al., 2008).
al of Pharmaceutics 388 (2010) 101–106

2.4. Mercury intrusion porosimetry and pore modelling

The pellets were analyzed in triplicate using a Micromeritics
9305 pore sizer (Norcross GA, USA) fitted with a 3-ml powder
penetrometer (0.004–172.4 MPa, 30 s for equilibration after each
intrusion step). Raw intrusion values were corrected using Pore-
CompTM 6.11 software (Environmental and Fluid Modelling Group,
University of Plymouth, UK), which takes into account the mercury
compression, the penetrometer expansion, and the compressibil-
ity of the sample (Gane et al., 1995). Pore size data were fitted
to bimodal log-normal distributions and the subpopulations of
lower mode were assigned to the intrapellet void spaces (Gomez-
Carracedo et al., 2009). This lower size population was used for
modelling the porous structure of pellets as connected unit cells
using Pore-CorTM 6.11 software (Environmental and Fluid Mod-
elling Group, University of Plymouth, UK). The connectivity (mean
number of throats per pore), the pore skew (�) and the throat skew
(q) and the correlation level (between 0, random structure, and 1,
organization in the unit cell) were estimated and simultaneously
optimized from the mercury intrusion porosimetry cumulative
curves using the Boltzmann-annealed simplex algorithm (Johnson
et al., 2003). In addition to the restrictions in the values of these
four parameters, explained in the introduction, we have also taken
into account that: (i) the resulting structure of the unit cell should
fit to the experimental porosity avoiding the overlapping of pores;
(ii) there is not closed pores; and (iii) the geometric parameters
are actually or potentially verifiable by experimental data (Johnson
et al., 2003). In such a way, the four parameters should enable the
generation of unit cells with percolation properties close to the real
ones.

The water penetration rate in the simulated structures was mod-
elled using Pore-CorTM and the waterfront position was calculated
using the Bosanquet equation (Schoelkopf et al., 2000b):

x2
2 − x2

1 =
(

2B

A

)(
t −

(
1
A

)
(1 − exp(−At))

)
,

with A = 8�

�r2
and B = Per + 2� cos �

r�

where x1 and x2 are the positions of the liquid front at the begin-
ning and at time t, respectively, Pe the external pressure applied at
the entrance of pores and throats, � the water dynamic viscosity
(0.001 Pa s), � the water density (998 kg m−3), � the water surface
tension (72.75 × 10−3 N m−1), � the solid–water contact angle (50◦),
and r the pore radius. Water was assumed to enter from the upper
face of the unit cell and that the flow occurred in the −z, ±x and ±y
directions. Once the position of the liquid front was estimated at
several times, the volumes of the void spaces of the unit cells filled
by the fluid were estimated. The plot of filled volume (v) vs. time
(t) was fitted to the power-law equation v = mtn, in which m and n
are the scale factor and the shape factor, respectively.

3. Results and discussion

3.1. Modelling of the microporous structure

Cumulative pore size curves obtained by mercury intrusion
porosimetry and the modelled intragranular void spaces (using
Pore-CorTM) are shown in Fig. 1. The distance parameter, f, was
in all cases below 1.15, which means a good fitting (Johnson et al.,
2003). Fig. 1B summarizes the estimated values for the parame-

ters optimized by the modelling software and Fig. 2 shows the 3-D
structure of the unit cell of each batch of pellets. It is clear that the
complexity of the void network of a natural sample can be hardly
generated using the relatively simple geometry of the Pore-Cor unit
cell. Frequently, the size of the unit cells is smaller than that of
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Table 1
Formulation variables of theophylline pellets prepared with MCC and Carbopol® 974P by extrusion–spheronization, mercury intrusion data, Pore-CorTM modelling parameters,
and theophylline first-order release rate constant.

Property Pellets code

L1 L2 L3 F1 F2 F3

Co-filler Lactose Lactose Lactose DCP DCP DCP
Dryinga OD FD Fast FD Slow OD FD Fast FD Slow
Porous volume,b cm3 g−1 0.016 (0.003) 0.183 (0.009) 0.092 (0.007) 0.017 (0.002) 0.282 (0.011) 0.126 (0.010)
Mean throat size,c �m 0.012 (0.006) 0.487 (0.010) 0.616 (0.018) 0.010 (0.007) 0.481 (0.020) 0.535 (0.010)
Mean pore size,c �m 0.024 (0.004) 2.800 (0.098) 3.252 (0.087) 0.029 (0.004) 3.565 (0.102) 3.606 (0.078)
nb 0.342 (0.015) 0.451 (0.029) 0.400 (0.020) 0.315 (0.021) 0.482 (0.016) 0.414 (0.025)
K,d h−1 7.19 (0.38) 19.89 (1.06) 14.25 (0.54) 6.63 (0.36) 24.22 (0.67) 16.19 (1.18)

a OD, oven-drying; FD fast, freeze-drying after freezing by immersion in liquid nitrogen (−196 ◦C); FD slow, freeze-drying after freezing at −30 ◦C.
b Mean value and standard deviation (three replicates).
c Mean and standard deviation of the geometric means of three distributions.
d Mean and standard deviation of 6 replicates.

Fig. 1. (A) Pore-CorTM simulation fitting of the cumulative pore size distributions of pellets (symbols: experimental data; lines: predicted values). (B) Mean values and
standard deviations of the four parameters estimated using Pore-CorTM software.

Fig. 2. Unit cells of pellets as modelled from mercury intrusion porosimetry data using Pore-CorTM software (green color indicates the throats, red color the pores, and the
white color the solid material). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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he representative elementary volume of the material (Schoelkopf
t al., 2004). However, the combination of cubic pores with cylin-
rical throats (shape also assumed in intrusion mercury analysis;
erez Bernal and Bello, 2001) provides enough versatility to closely
djust the simulated percolation curve to the experimental mer-
ury intrusion curve. Furthermore, the percolation features do not
epend on Q and, consequently, the size of the unit cell (Schoelkopf
t al., 2004).

The ANOVA of correlation and connectivity values (Fig. 1B)
GraphPad Prism v.5.00, GraphPad Software Inc., San Diego, CA)
ndicated that the pellet formulations are not different (F = 1.40
or correlation and F = 2.48 for connectivity, with 5 and 12 d.f.).
herefore, the drying process and the replacement of lactose by
hosphate do not change the connectivity and the spatial arrange-
ent of the pores. Oppositely, the throat skew and the pore skew
ere significantly different (F = 284.30 and F = 10.64, respectively,
ith 5 and 12 d.f.; ˛ < 0.05). The Newman–Keuls multiple compar-

son test revealed differences between oven-dried pellets (batches
1 and F1, with lower throat skew and pore skew) and freeze-dried
ellets (batches L2, L3, F2 and F3). Geometric mean of pore sizes (in
he dmin to dmax interval) of oven-dried pellets was 0.024 �m for
1 and 0.021 �m for F1, while the geometric mean of throat sizes
as remarkably lower, 0.012 and 0.010 �m respectively (Table 1).

uch a difference explains that throat skew values were clearly
elow 1 (Matthews et al., 2006). These findings confirm that oven-

rying causes significant shrinking of the spheronized masses
Kleinebudde, 1994; Sousa et al., 1996; Vervaet et al., 1995) while
he freezing before freeze-drying prevents the shrinking, particu-
arly if the pellets are frozen by immersion in liquid nitrogen. Thus,
reeze-dried pellets have greater void spaces than oven-dried pel-

ig. 3. Unit cells of L1 and L2 pellets showing water entrance (blue) in the voids (red) af
egend, the reader is referred to the web version of the article.)
al of Pharmaceutics 388 (2010) 101–106

lets (Table 1). Fast freezing leads to small but numerous ice nuclei.
Slow freezing promotes the formation of less ice nuclei that grow
up and that, after water sublimation, lead to greater pores (Gomez-
Carracedo et al., 2007; Balaxi et al., 2009b). In fact, the mean throat
and the mean pore diameter were greater for the slowly frozen pel-
lets (L3: 0.616 and 3.252 �m and F3: 0.535 and 3.606 �m) than for
the rapidly frozen ones (L2: 0.487 and 2.800 �m and F2: 0.481 and
3.565 �m) (Table 1). Thus, modelling reveals that the drying pro-
cess is a key factor for controlling the size of pores and throats, but
it does not modify the connectivity and the spatial arrangement of
pores.

3.2. Modelling of the water uptake

Drug release requires that the release medium penetrates into
the pellet. Water uptake was modelled using the Bosanquet equa-
tion which has the advantage, compared to the Washburn equation,
of taking into account the inertial effects. This aspect is particularly
relevant when short time intervals are considered (Ridgway et al.,
2002). Pore-CorTM simulator assumes that the liquid enters into
each throat in the form of a monolithic block of fluid (Schoelkopf
et al., 2000b). Once a throat is full, the excess of liquid leaves this
throat (the flow rate is calculated) and fills the adjacent pore. Each
pore can receive liquid from various throats (depending of the con-
nectivity of the system) and, once completely full, the liquid moves

towards the throats connected to the pore that are not filled yet.
Thus, the cubic pores behave as fluid reservoirs for the wetting of
the throats. Such a simplified view of the wetting process does not
require to take into account complex phenomena such as side-wall
wetting, fingering, or groove and wedge capillarity (Schoelkof et

ter 1, 100 and 1000 �s. (For interpretation of the references to color in this figure
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ig. 4. (A) Water penetration profiles simulated using Pore-Cor software (symbols) a
xponent n and the experimental theophylline release rate constants.

l., 2004). Fig. 3 shows the position of the liquid front in the mod-
lled microstructure of L1 and L2 pellets after 1, 100 and 1000 �s. A
ast water uptake can be observed; 1 ms being enough to complete
he water filling of the unit cell simulated for L1 pellets. In such a
hort period of time, the modelling of the water uptake enables to
now how the water enters into the intrapellet void space, before
he swelling or the dissolution of components could alter the pellet

icrostructure.
The plots of the mean volumes of the void spaces filled with

ater vs. time (Fig. 4A) revealed that oven-dried pellets (batches
1 and F1) finish water uptake in a shorter time but the total vol-
me is lower than that uptaken by freeze-dried pellets (particularly
y batches L2 and F2). The differences in water uptake are related
o total porosity and the throat size, since the connectivity and
he spatial arrangement of the pores are similar for all unit cells
enerated for the pellets of the present study.

The porosity determines the volume of liquid taken up, since
o close pores were considered in the modelling. This explains the
reater volume of water that can enter into the unit cells of freeze-
ried pellets. On the other hand, the throat size determines the flow
ate, since the cubic pores only act as reservoirs. Gane et al. (2000)
nd Schoelkopf et al. (2000a) have shown that, at the very beginning
f the water entrance through pores greater than 0.1 �m, the flow
s slowed due to the mass which has to be accelerated according to
he Newton’s law. This phenomenon leads to water uptake profiles
hat depend on the square-root of time (Ridgway and Gane, 2002).
uch a behavior is not observed when the throats are smaller than
.1 �m, rendering greater flow rates.

Oven-dried pellets with mean throat sizes below 0.1 �m
Table 1) rapidly take the water up but, due to their low porosity,
he total volume is small. Their water uptake profile is not depen-
ent on the square-root of time (power-law fitting, n = 0.30–0.35,
able 1). By contrast, the mean throat sizes of freeze-dried pel-
ets greater than 0.1 �m explain the delayed water uptake and its
ependence on the square-root of time (Table 1). The freeze-dried
ellets can host more water due to their greater porosity, compared
o the oven-dried ones.

.3. Theophylline release profiles

Theophylline dissolution profiles were experimentally obtained
nd fitted to first-order kinetics (Gomez-Carracedo et al., 2008).
he release from any pellet formulation was completed in 30 min.
elease rate constants (K) were in the 7–23 h−1 range (Table 1).

close relationship between the power-law exponent, n, cor-
esponding to the water uptake (simulated using Pore-CorTM
oftware) and the experimental drug release rate constants was
bserved (Fig. 4B). Although assuming differences in temporal scale
hen comparing simulated water uptake with experimental theo-
hylline release, the simulated amount and rate of water uptake
nable to relate formulation-dependent microstructural features
ing to the power-law equation (lines); (B) linear correlation between the power-law

and drug release rate and even to predict for a certain range of
compositions how the delivery will take place.

4. Conclusions

Modelling of pellet microstructure is a valuable tool for gain-
ing insight into the effect of the preparation variables on the size
and distribution of the pores. Oven-dried pellets resulted in lower
throat skew and pore skew than freeze-dried pellets. Such differ-
ences remarkably determined the entrance of water in the pellet
matrix. The close relationship found between the simulated water
flow rate and the experimental drug release rate highlights the
interest of the modelling as a tool for predicting drug release behav-
ior from solid dosage forms, just starting from mercury intrusion
data and applying Pore-CorTM network simulator.
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