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bstract

Mathematical modeling of drug release from biodegradable microspheres is designed to improve understanding of phenomena involved in this
omplex process. In spite of the considerable information obtained from conventional models, their use of equation curve fitting often limits the
ossibility to generalize their results. The objective of the presented study is to develop a model involving a three-dimensional cellular automaton to
imulate both polymer erosion and drug diffusion independently. The model involves millions of independent cells in different states representing
he components present in microspheres. The different states allow representation of polymer, drug, pores and solvent. For erosion, each cell is
efined with a life expectancy and its chance of being eroded evolves according to the number of direct neighbours containing solvent. For diffusion,
rug-containing cells are allowed to randomly diffuse their content in their neighbouring solvent-containing cells. Good correlations are obtained

etween simulations and two sets of experimental data obtained from release study at different pH. The model offers some insights about important
rug release phases, like burst and subsequent release. Graphical representations obtained from the cellular automaton are also compared to SEM
mages. Cellular automaton proves to be an interesting tool for drug release modeling offering insights on the phenomena involved.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the introduction of microspheres (MS) as pharmaceu-
ical drug releasing devices, numerous mathematical models
ave been proposed to simulate and elucidate the mecha-
isms involved in their behaviour (Batycky et al., 1997; Faisant
t al., 2002, 2003; Lemaire et al., 2003; Siepmann et al.,
002; Tzafriri, 2000; Wada et al., 1995). Usually, these mod-
ls focus on a few specific aspects controlling the drug release
ates. For example, diffusion-controlled models are coupled in
ome way with polymer erosion in order to fit experimental

esults (Faisant et al., 2003; Lemaire et al., 2003; Siepmann
t al., 2002; Wada et al., 1995). Although these methods give
ood understanding of a number of aspects involved in drug
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elease, their versatility is often limited by the mathematical
ssumptions used to design them. Moreover, because they often
egroup different considerations in a limited number of vari-
bles, the real importance of each mechanism remains hard to
ssess.

The purpose of this article is to use a cellular automaton to
odel independently the different phenomena involved in drug

elease. By adequately representing a MS in its environment, this
ill allow to address each mechanism separately and examine
hat role each of them plays in various phases of drug release.
The principles of cellular automaton were introduced by Von

eumann (1966). In these modeling tools, space is divided into
number of independent cells whose state evolves with time,

ccording to information given by their neighbouring cells. After
eing used in various domains, cellular automata have been
ntroduced in drug delivery to model drug release from bioerodi-
le devices (Zygourakis and Markenscoff, 1996). From there,

onte Carlo models have evolved, becoming useful tools for

rosion simulations (Göpferich, 1996; Göpferich and Langer,
993, 1995a; Siepmann et al., 2002; Siepmann and Göpferich,
001).
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Indeed, because erosion is often critical in drug release from
iodegradable polymeric matrices, it figures among the physical
henomena most frequently studied in models. Erosion is a com-
lex phenomenon described as weight loss from polymer bulk
Göpferich, 1996, 1997). As it occurs from an intricate mass of
ntangled polymer chains, it is more complex than mere degra-
ation (Larobina et al., 2002). Hence, for most polymers, erosion
s known to occur in three steps (Larobina et al., 2002). First, sol-
ent penetrates into the polymeric matrix (step 1). This step plays
n important role in bulk erosion while being more marginal in
urface eroding polymers (Von Burkersroda et al., 2002). After
olvent ingress, chemical degradation of the “wetted” polymer
ccurs (step 2). The speed of hydrolysis is controlled by the
ature of bonds and polymer structure as well as solvent con-
itions (pH and temperature, for example) (Göpferich, 1996).
inally, it is only with solubilisation and diffusion of oligomers
ut of the matrix (step 3) that real mass loss takes place. Unless
he initial matrix contains an important number of short soluble
hains, the third step is restricted by previous chemical degrada-
ion, occurring during step 2 (Batycky et al., 1997; Göpferich,
997). Further bulk loss can be enhanced by detachment of
mall insoluble parts (Göpferich, 1997) as cohesion forces in
he device are progressively reduced.

Another important phenomenon involved in drug release
rom polymeric MS is drug diffusion. In common mathematical
odels, the phenomenon is usually described by solving Fick’s

econd law, a partial differential equation, either numerically
Lemaire et al., 2003; Siepmann et al., 2002) or by estimation
ith simpler equations (Wada et al., 1995; Faisant et al., 2002).
or biodegradable polymeric matrices, these methods offer good
tting of experimental data when the diffusion coefficient is
ccounted to vary with time (Batycky et al., 1997; Faisant et al.,
002, 2003; Siepmann et al., 2002; Wada et al., 1995). However,
s diffusion is highly influenced by the environment (Higuchi,
963), the single diffusion coefficient obtained from these mod-
ls offers little information on drug and/or pore configuration
r drug–polymer interactions. To circumvent this, diffusion is
resented here as a self-governing mechanism: basic Brownian
otion of the drug in its environment.
Therefore, the three-dimensional model presented in this

rticle must be viewed as a way to offer new means of under-
tanding MS behaviour instead of as a replacement of already
roven mathematical models. Here, two important aspects of
rug release are studied simultaneously yet independently; ero-
ion by a model inspired from Zygourakis’ work and diffusion by
imulated molecular movement of drug through the matrix. To
xamine the accuracy and limitations of the model, simulations
ere compared with two sets of experimental data obtained from
batch of ibuprofen-containing MS. The two release studies
ere conducted under different conditions, namely at alkaline
H (where polymer degradation occurs rapidly) and at neutral
H (where polymer degradation is slow). Although good fit-
ing with experimental curves and increased comprehension of

rug release mechanisms were expected, it was also anticipated
hat differences between erosion kinetics in the two experiments
ould emphasize certain model inadequacies that should be

ddressed in the future.
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. Materials and methods

.1. dl-PLA synthesis

The dl-polylactide polymer was synthesized according to a
odified method described earlier (Nadeau and Hildgen, 2005).
he dl-dilactide (100 g, 694 mmol) and tetraphenyltin (29 mg,
.068 mmol) were dissolved in toluene and dried by rotary evap-
ration to remove water from the reaction mixture. The reaction
as conducted under argon atmosphere at 180 ◦C for 3.3 h. The
ixture was cooled to ambient temperature before being dis-

olved in acetone and precipitated in water. The polymer was
ashed and dried under vacuum to yield 85 g (85%) of white
olymer.

.2. Microsphere preparation

Several batches of MS were prepared using a modified
olvent-evaporation method published earlier (Panoyan et al.,
003). Polymer (3.75 g) and ibuprofen (375 mg) were dissolved
n 50 mL dichloromethane and emulsified in 4 L of 0.5% PVA
olution by continuous circulation through a sonication chamber
550 Sonic Dismembrator, Fisher Scientific, USA). The speed
f injection of the drug/polymer solution into the sonication
hamber and flow of PVA solution through the chamber were
et, respectively, to 290 mL/h and 350–400 mL/min. The soni-
ation intensity was set to 20% and stopped after the complete
njection of the dichloromethane phase. After emulsification,
ichloromethane was evaporated under reduced pressure and
onstant stirring for at least 4 h. MS were washed twice with
ater, collected by centrifugation at 20,000 × g and lyophilized
rior to storage.

.3. MS characterization: particle size analysis, drug
oading, density and porosimetry

Five batches of MS were prepared using the method described
bove; the particles were sieved through a 325 mesh USP sieve
Fisher Scientific, USA) and pooled into a single 8 g batch. The
article size of the lot was measured by differential light scat-
ering using a Coulter LS 230 Particle Size Analyzer (Beckman
oulter, USA). MS were suspended in water (>8% obscura-

ion) using the small volume module and the PIDS option. The
easurements were conducted at room temperature in quadru-

licate.
Drug loading was determined by digestion of approximately

0 mg of precisely weighed particles in 6 mL of 1N NaOH.
buprofen concentration was measured by spectrophotometry
Hitachi U-2001, Japan) at 264 and 272 nm to detect eventual
nterference of degraded polymer. This experiment was done in
riplicate.

MS density was measured with a helium Ultrapycnometer
000 (Quantachrome Instruments, USA) at room temperature

23 ◦C) and 19 psi, in the precalibrated small experimentation
ell. The results of 10 measurements were averaged.

Porosity measurements were conducted by nitrogen adsorp-
ion at 77 K with an Autosorb-1TM instrument (Quantachrome
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www.povray.org) A list of abbreviations and symbols is pre-
sented in Table 1.

The cellular automaton is based on a virtual matrix defined in
a cubic space of side d = 200 (8 million cells) and five states are

Table 1
List of abbreviations and symbols used in text

MS Microspheres
d Dimension of the virtual cubic matrix
S Solvent state
P Polymer state
E Porosity state
D Drug state
SD Solubilised drug state
i, j, and k Spatial coordinates in the matrix
Pijk Non-erosion probability of a specific cell in the matrix
Πc Intrinsic non-erosion probability of a specific compound
n Number of neighbours of state S (containing solvent)
Ic Discrepancy index between observations and simulations
Et Experimental observation at time t
St Simulated result at time t
N Number of time-points used for a specific discrepancy index

calculation
ISD Discrepancy index between an all-SD sphere and a

numerical solution of Fick’s second law
ISimI Discrepancy index between study A and simulation I

(whole study)
ISimI(t < 24 h) Discrepancy index between study A and simulation I (first

24 h)
IA-N/E Discrepancy index between study A and simulation N/E

(first 24 h)
ISimIIa Discrepancy index between study B and simulation IIa

(whole study)
ISimIIa(t < 504 h) Discrepancy index between study B and simulation IIa (first

504 h)
ISimIIa(t > 504 h) Discrepancy index between study B and simulation IIa

(after 504 h)
ISimIIb Discrepancy index between study B and simulation IIb

(whole study)
98 N. Bertrand et al. / International Jour

nstruments, USA). Particles were weighed, outgassed for 12 h
nd analyzed for a five-point BET involving 20 absorption and
0 desorption points. Total pore volume was evaluated from the
otal pore distribution obtained with the Dollimore and Heal

ethod on desorption points (Dollimore, 1964; Dollimore and
eal, 1970).

.4. Release study

Release studies were conducted in two different phosphate
uffers (study A at pH 11.9 and study B at pH 7.4). About
00 mg of MS were precisely weighed and placed in a dial-
sis bag (SpectraPor 1, cut-off of 6–8000 Da, Spectra, USA).
articles were suspended in a small amount of buffer, before
losure of the bag. The bags were placed in 20 mL of buffer
olution (total quantity, with buffer volume in the bag) in tubes.
ive-millilitre aliquots were withdrawn at each time point and
eplaced with fresh buffer. The release study was conducted
n triplicates on a vertical rotating plate at 37 ◦C for 2 weeks
n the alkaline buffer and for 22 weeks in the neutral buffer.
n the latter case, to ascertain the amount of residual drug in
he particle, remains of one sample was fully digested by addi-
ion of 10 mL of 2N sodium hydroxide solution. The remaining
wo samples were kept for SEM imaging and further analy-
is.

Drug diffusion through the dialysis bag was not rate-limiting
s release from a saturated ibuprofen solution was much more
apid than its release from the MS, in both buffers (data not
hown). Furthermore, although drug solubility was different in
ach medium (∼50 mg/mL at pH 7.4 and ∼337 mg/mL at pH
1.9 (Higgins et al., 2001)), the low drug loading of particles
nd the high volume of medium used (above 20 mL) ensured
ink conditions throughout study, while the low pKa of ibupro-
en (4.5–4.6 (Higgins et al., 2001)) assured extensive ionization
t both pH values studied. Likewise, it was proven that, for low
rug concentrations (Van Drooge et al., 2006), drug in poly-
eric matrices is dispersed as a solid solution (Liggins and
urt, 2004; Lin et al., 1999; Cui et al., 2003; Vachon and Nairn,
995; Klose et al., 2006). For this reason, and because absence
f crystalline ibuprofen was confirmed experimentally by the
ack of drug melting point at 75 ◦C on DSC spectra (data not
hown), drug dissolution is not expected to be a limiting fac-
or (Williams et al., 2005; Messaritaki et al., 2005; Klose et al.,
006).

.5. Molecular weight analysis, scanning electron
icroscopy and differential scanning calorimetry

In order not to interfere with the main release studies, the
ollowing characterization was performed on samples recovered
rom parallel release studies, conducted as presented earlier and
borted at each time point. Dialysis bags were opened; particles
ecovered and lyophilized until further use.
Polymer molecular weight was measured by gel permeation
hromatography on a Water associate system with a differen-
ial refractometer 2410 and three Styragel columns (HR3, HR4,
R6) (Waters, USA). Tetrahydrofuran was used as mobile phase

I

I
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t a flow rate of 1 mL/min, at 35 ◦C. Polystyrene standards were
sed for a 10-point calibration.

Scanning electron microscopy (SEM) images were obtained
n a JSM-5900LV Scanning Electron Microscope (JEOL,
apan), in low vacuum mode (18–20 Pa), at 15 kV. Since envi-
onmental mode was used for image acquisition, particles were
maged as obtained, without coating.

Differential scanning calorimetry was performed on a TA
nstruments DSC Q1000 model (TA Instruments, USA). Sam-
les were precisely weighed in aluminium pans and scanned
rom −20 to 100 ◦C at a heating and cooling rate of 10 ◦C/min.

. Cellular automaton conception

The program was written in the C computing language on a
inux Red Hat 9.0 OS running on a Pentium IV 2.4 GHz and
024 Mb of DDR RAM. The graphical representations were
btained using the POV-Ray 3.6 program (available online at
SimIIb(t < 24 h) Discrepancy index between study B and simulation IIb (first
24 h)

B-N/E Discrepancy index between study B and simulation N/E
(first 24 h)

http://www.povray.org/
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ossible for each cell. Each state represents different physical
omponents existing during drug release; polymer (P), solvent
S), porosity (E), solid drug (D) or drug in its solubilised form
SD). Throughout the simulation, the matrix follows successive
terations during which the state of each cell evolves. After one
teration, the number of cells in each state is counted; kinetics
f drug release can be followed with the amount of drug cells
emaining in the matrix.

.1. P, polymer state

The P state represents the frame of the virtual MS. Its shape
s defined as the largest spherical form possible in a virtual space
f size d. Thus, state P is temporarily attributed to all cells (i; j;
) according to the equation:

2 + j2 + k2 ≤
(

d

2

)2

(1)

In the present automaton as in other models (Göpferich,
996, 1997; Siepmann et al., 2002; Zygourakis and Markenscoff,
996), steps 2 and 3 of polymer erosion are combined in one
ingle event. Thus, each P cell is attributed a life expectancy.

cell’s life expectancy represents its resistance to erosion; the
igher this parameter, the longer it will take before the cell gets
roded.

To insure heterogeneous erosion (Göpferich, 1996; Faisant
t al., 2003; Göpferich and Langer, 1993, 1995b; Siepmann
t al., 2002; Zygourakis and Markenscoff, 1996), a continuous
istribution of intrinsic life expectancy (ΠPx) is calculated for
ifferent categories of P cells. All polymer categories are then
andomly distributed through the matrix according to a normal
istribution.

At each iteration during simulation, P cells undergo one
on-erosion test against its non-erosion probability (Pijk). The
ater is defined by Eq. (2) according to the intrinsic life
xpectancy of the cell (Πc) and its number of neighbours in the S
tate (n).

ijk =
(

1 − 1

Πc

)n

(2)

If this test succeeds, the cell (i; j; k) remains in the same state
; if it fails, the cell is deleted (eroded) and becomes of state S.
he nature of Eq. (2) ensures that the test will always succeed

f none of a cell’s neighbours contain solvent (Pijk = 1 if n = 0)
nd the highest chance of erosion will occur if its six neighbours
ontain solvent.

.2. S, solvent state

The S state represents the MS surrounding medium where
rug is released. S cells are initially distributed at the periphery

f the polymeric matrix. These cells represent the sink conditions
utside the MS. During simulation, the S state corresponds to
he quiescent state of the cellular automaton (total equilibrium
s reached when all cells are of S state) and play a passive role
n polymer erosion and drug dissolution.

I

b
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.3. E, porosity state

The E state represents pores in the MS. During matrix con-
eption, the user defines the percentage of porosity in the MS.
ores are distributed in the form of connecting tunnels, accord-

ng to a self-avoiding random walk, throughout the polymer.
uring simulation, E cells are replaced with S cells as soon as

t least one of their neighbours is in S state.

.4. D, solid drug state

The D state represents drug molecules distributed through-
ut the polymeric matrix, in the form of a solid solution. During
atrix conception, drug loading defines the percentage of cells

ccupied initially with randomly distributed D cells. During sim-
lation, D cells are replaced with SD cells as soon as at least one
f their neighbours is in S state.

.5. SD, solubilised drug state

The SD state is not present during matrix conception as it is
result of drug dissolution. To allow for drug diffusion in the
atrix, SD cells follow different rules. As diffusion occurs pre-

ominantly in solvent, all SD cells are allowed to move into one
f their neighbouring cells of state S. This movement is randomly
ecided between neighbouring S cells, with equal chances for
ll. During one iteration, every SD cells undergoes 400 random
ovements. SD cells are considered to reach sink conditions

round the MS when they reach spatial coordinates outside the
nitial sphere of radius d/2. At this time, SD cells become regu-
ar S cells. This remains realistic as it is expected that polymer
rosion will undergo bulk erosion and that matrix integrity will
e conserved until most of the drug has been released. Finally,
t is noteworthy that the number of SD cells never exceeds
olubility for the amount of solvent inside the MS (solubility
alues calculated for pH 7.4 and pH 11.9 in simulation I and II,
espectively).

.6. Representing discrepancy between simulations and
xperimental results

Evaluation of the model predictivity cannot be obtained by
ommon goodness-of-fit tests because the cellular automaton
ntends to be a mechanistic model, and is not using any fit-
ing algorithm. Consequently, a method previously described for
hysiological pharmacokinetic models was used (Kannan et al.,
995). This approach uses a weighted mean squared-difference
etween experimental observation (Et) and simulation results
St) at time t, for a number of time-points (N). A discrepancy
ndex (Ic) is thus calculated with Eq. (3):

=
√∑N

t=1(Et − St)2/N√ (3)
c ∑N
t=1(Et)2/N

This index provides relative error evaluation of the model
etween 0 and 1, with low values (<0.2) suggesting good descrip-
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ion (Kannan et al., 1995). Moreover, because this index can be
alculated for any number of experimental values, relative pre-
ictivity can be compared throughout a single simulation for
ifferent time intervals.
. Results and discussion

Results of the MS characterization experiments are presented
n Table 2. Since the main purpose of these experiments was to

s
f
t
w

Fig. 1. SEM images of particles and particle size analysis taken
Pharmaceutics 343 (2007) 196–207

btain simulation parameters for the model, important assump-
ions must be taken into consideration.

Firstly, the model uses one spherical representation for the
odeling of an experiment which contains thousands of inde-

endent MS. Although MS particle size distribution seems

omewhat bimodal (Fig. 1, t = 0 h), a non-linear regression was
ound to offer very good correlations with a lognormal dis-
ribution (R2 = 0.9876), with mean, median and mode values
ithin confidence intervals. Consequently, it was assumed that

at different time-points before and during release study A.
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Table 2
Experimental particle characterization results

Polymer molecular weight before release study
Mn 44,702 g/mol
Mw 66,106 g/mol
PI 1.4788

Differential light scattering (n = 4)
Mean size 8.09 �m ± 2.89
Median size 5.92 �m ± 0.1
Mode 6.58 �m ± 0.25
S.D. 7.33
<90% 17.16 �m

Drug loading (n = 3) 6.28% (w/w) ± 0.34
True density (n = 10) 1.35 g/cm3

Porosity (n = 1)
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Specific pore volume 0.021 cm3/g

ame batch used for both release studies.

he sphere described in the model symbolizes an average par-
icle that represents a specific lot of MS as a whole. As all MS
re formulated using the same method, it is expected that they
ave the same properties and that the average particle offers
good representation of all particles. Although simplistic, this
odeling hypothesis is similar to others where unique parame-

ers, like diffusion coefficients, are fitted over the release kinetics
f distributions of particles (Lemaire et al., 2003; Siepmann et
l., 2002, 2004; Tzafriri, 2000; Wada et al., 1995; Faisant et al.,
002, 2003).

Secondly, it is noteworthy to mention that the raw data
cquired during characterization was not used as obtained since
he virtual sphere represented in the model is a weightless vol-
me. As a result, drug loading and porosity had to be calculated
ith respect to the sphere volume. Moreover, in accordance
ith the drug solid solution hypothesis, total drug volume (5%)
as calculated from the summation of all (6.28%, w/w) individ-
al ibuprofen molecules volume (calculated with the Chem3D
rogram; CambridgeSoft Corporation, USA). Similarly, total
orosity (10%) was approximated from gas adsorption poros-
ty measurements, which only represent pores in contact with

he exterior of the MS.

Two different release studies were conducted simultaneously
n the same conditions at pH 11.9 (study A) and pH 7.4 (study B).
lthough release pH of study A is radically non-physiological,

c
m
B
t

able 3
imulation parameters

Simulation I Simu

eneral
Diameter of matrix 200 200
Drug loading 4.5% 4.5%
Porosity 10% 10%
Drug life expectancy 1 1

olymer
Mean life expectancy 1,000,000 5,00
Minimum life expectancy 10 5000
Life expectancy distribution Log normal Log

a See text.
Pharmaceutics 343 (2007) 196–207 201

ifferent release conditions were used on the same MS batch in
rder to insure that erosion conditions were different between
oth experiments. Accordingly, differences between simulations
evolved around polymer life expectancy, and will be discussed
n more detail further. Experimental and simulated results are
resented in Figs. 2A and 5A (study A versus simulation I and
tudy B versus simulation IIa/IIb, respectively). Parameters used
n each simulation are described in Table 3.

Lastly, to represent experiments and simulations on the same
ime axis, a conversion scale of 1 h for each 100 iterations
as used. With this time scale and 400 movements per itera-

ion, the calculated effective diffusion coefficient for SD was
.95 × 10−11 cm2/s, a value comparable to the one found in lit-
rature for similar systems (Faisant et al., 2002, 2003; Lemaire et
l., 2003; Wada et al., 1995; Messaritaki et al., 2005). This fitting
f time scales allowed perfect reproducibility for different simu-
ation reruns, the large number of cells and iterations minimizing
he importance of individual random events. It is noteworthy that
he aptitude of the random walk model to represent diffusion was
onfirmed by the almost perfect fit (ISD = 0.008) of an all-SD
atrix simulation over the numerical solution for Fick’s second

aw, for a sphere with constant concentration at the surface (data
ot shown).

.1. Study A (pH 11.9)

Drug release in study A was found to be rapid and complete
>85%) after 2 weeks. In this study, aggressive conditions led
o extensive polymer degradation and to rapid matrix erosion
hile ensuring high drug accessibility for solvent. Hence, the
rug does not remain trapped in the polymer and can freely dif-
use out of the polymer bulk. Comparison of cellular automaton
imulation I with release study A (Fig. 2A) shows very good fit
ISimI = 0.054) throughout the experiment and validates the abil-
ty of the model to simulate drug release from eroding particles.
his tends to confirm that the combination of steps 2 and 3 of

he erosion process in a single probability allows, in this case,
ood depiction of polymer erosion.

In this experimental study, alkaline conditions led to almost

omplete erosion because of rapid degradation of the poly-
er chains. The bulk erosion known to occur for PLA (Von
urkersroda et al., 2002) is also confirmed by experimen-

al results obtained from this study. Particle erosion primarily

lation IIa Simulation IIb Simulation N/Ea

200 200
4.5% 4.5%
10% 10%
1 1

0,000 5,000,000 ∞a

5000 ∞a

normal Modifieda N/A
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Fig. 2. Release study A, at 37 ◦C and pH 11.9. (A) Total experimental period
(experimental results (�), simulation I (solid line)). (B) First 24 h of release
(experimental results (�), simulation I (dashed line), simulation N/E (doted
line)).
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Fig. 4. Graphical representation of a longitudinal cut of the matrix at the beginning (
result of bulk erosion.
ig. 3. Proportion of polymer cells eroded at different time-points in each sim-
lation.

ccurred by the widening already existing pores until they coa-
escence, causing complete destruction of the particle. Images
hown in Fig. 1 display particles increasingly dimpled with time,
hile particle size analysis reveals disappearance of small par-

icles. Both these observations show that bulk erosion leads to
apid destruction of smaller particles. Moreover, GPC studies
onducted after 1 week showed decreased molecular weights
Mn = 11,754; Mw = 21,139, PI = 1.80) while loss of sphericity
as observable by SEM, after 5 days (Fig. 1, t = 120 h).
On the cellular automaton simulation side, the life expectancy

istribution of polymer cells was optimized to insure accu-
ate drug release. Hence, Fig. 3 shows the amount of polymer
ells eroded at significant time-points. For simulation I, the
imited proportion of cells eroded during the first hours

f drug release is consistent with bulk erosion theory, and
EM observations showing that particles maintained their
hape. Accordingly, this shows again that model simplifica-
ions in erosion description seem to offer correct representation

A) and at the end (B) of simulation I. Increased porosity can be observed as a
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f experimental polymer erosion when degradation occurs
apidly.

However, for later time-points, comparisons of graphical rep-
esentations of the matrix after simulation (Fig. 4) with SEM
mages after 120 h (Fig. 1) tend to show that erosion in the model
s not as extensive as observed experimentally. This inaccuracy
an be explained by the fact that the model does not take into
ccount the detachment of solid non-eroded parts that are set
ree from the MS when pores coalesce. Although it is difficult
o determine the amount of polymer that separates from the par-
icles this way, images shown in Fig. 1 (t = 24 h and t = 120 h)
learly illustrate rough edges that could arise from detachment
f solid parts. It remains unclear if this attrition occurred during
rug release or during sample preparation prior to SEM anal-
sis (involving filtration and freeze drying). Nevertheless, this
iscrepancy between simulated and experimental particle mor-
hology does not seem to have much influence on drug release
inetics.

Finally, Fig. 2B emphasizes the first 24 h during which ∼60%
f the drug is released. Again on this time scale, good comparison
ISimI(t < 24 h) = 0.104) is achieved between experimental results
nd simulation I where, as shown in Fig. 3, around 15% of poly-
er cells are eroded. To assess the role of erosion during this
rst phase of release, another simulation was run with the matrix
sed in simulation I but without allowing polymer cells to erode
simulation N/E).

As expected, a clear difference in drug release is visible
etween simulations throughout the whole time period. Simula-
ion N/E rapidly reaches a maximum amount of drug released
∼26%). As the polymer matrix remains unchanged in this simu-
ation, this limit corresponds to drug which is initially accessible
o solvent. Consequently, differences between simulation N/E
nd experimental drug release (IA-N/E = 0.478) tend to show that,
or this specific fast degrading system, erosion plays a role even
n the early stages of drug release. Indeed, because degradation
s fast, polymer chains rapidly reach a length for which their dis-
olution and diffusion out of the matrix is possible. The eroding
olymer makes drug more accessible to penetrating solvent and
arger quantities are allowed to diffuse out of the MS. Conse-
uently for these MS in these precise conditions, fast degradation
nsures extensive and rapid release, during the first hours.

.2. Study B (pH 7.4)

As expected, drug release at pH 7.4 is slower (Fig. 5A) than
t alkaline pH. Indeed, study B lasts for 22 complete weeks (11
imes the length of study A) and drug release is limited to less
han 60% of the total drug content (terminal MS digestion led to
ecovery of 96% of initial drug loading). After an initial burst,
he drug release rate decreases over a few weeks until it reaches
plateau. In mild conditions, this incomplete drug release from
igh molecular weight PLA MS was reported earlier (Liggins
nd Burt, 2001, 2004). Thus, as expected, surrounding condi-

ions highly influence drug release rates from MS, presumably
ecause of different erosion kinetics.

Indeed, it is known that, for high molecular weight PLA in
ild conditions (such as the neutral pH used in study B), erosion

s
M
d
s

ine)). (B) First 24 h of release (experimental results (�), simulation IIb (dashed
ine), simulation N/E (doted line)).

ccurs in a two-step process, at relatively high rates in the first
ours with a drastic slowdown afterwards (Delgado et al., 1996;
ark, 1994; Blanco et al., 2006) When degradation is slow, the
rst step is due to the departure of shorter, more mobile, poly-
er chains (Park, 1994; Dunne et al., 2000). This phenomenon

eems enhanced for MS prepared by sonication (Blanco et al.,
006). Once these chains are depleted, long polymer chains
emain extensively present in the bulk, enhancing its cohesion
nd decreasing its total mass loss, thus slowing erosion. Further
rosion is possible solely when degradation has considerably
ecreased bulk cohesion and allowed short polymer chains to
eave the matrix (Park, 1994).

Correspondingly, SEM images taken after 22 weeks (Fig. 6)
how reduced erosion in study B compared to study A (Fig. 1).
oreover, coexistence of smooth-surfaced (non-eroded) and
impled particles prove that erosion occurs, but in a less exten-
ive manner than what was observed in study A. Likewise, GPC
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Fig. 6. SEM images of particles and particle s

tudies at the end of release study B showed signs of degradation
ith decreased molecular weights (Mn = 15,424; Mw = 30,538)
hile high polydispersity index (PI = 1.9794) indicated the coex-

stence of low and high molecular weight polymer chains trapped
n the bulk.

Conclusively, particle size analysis after 22 weeks (Fig. 6)
hows a broad distribution comparable to the initial one, where
ven smaller, easily disappearing particles maintain their struc-
ure when exposed to mild conditions. This reinforces the notion
f enhanced particle cohesion throughout the study, further prov-
ng that polymer erosion and bulk mass loss were present yet less
xtensive during study B.

In the simulation, this two-step erosion process differs from
he assumptions previously used. The consequences of these
issimilarities can be observed in Fig. 5A where simulation IIa
s compared to experimental results (ISimIIa = 0.282). Although,
he first 3 weeks (504 h) of drug release seem rather realistically
epicted (ISimIIa(t < 504 h) = 0.048), it is clear that correlations
etween simulation IIa and experiments greatly decrease after-
ard (ISimIIa(t > 504 h) = 0.381). This initial period is thought to

epresent the first phase of polymer erosion, where short and
edium chains are slowly driven out of the matrix. Around 12%
f polymer cells are eroded in the simulation during this time
Fig. 3). However, after that phase, while experimental drug
elease essentially stops as a consequence of the decrease in
rosion rate, simulation IIa never reaches this plateau.

w
u
e
t

alysis at the end of study B (after 22 weeks).

It therefore seems that, in these experimental conditions, the
ontinuous distribution of life expectancies in the model is not
ble to properly represent erosion. Indeed, in the mild condi-
ions of study B, slower degradation leads to a depletion of small
olymer chains. Hence afterwards, erosion becomes controlled
y an all-or-nothing phenomenon where chains are either small
nough to diffuse out or not. Unlike in study A where fast degra-
ation ensures a uniform rate of erosion (easily represented with
simple probability test), study B shows different rates for steps
and 3, combined in the simulated erosion event. This makes

imulations unable to illustrate the changes in erosion rate that
re seen experimentally.

Therefore, simulation IIb was used to better portray drug
elease in study B. In this simulation, the continuity of the
olymer life expectancy distribution is disrupted. Thus, ΠPx is
ugmented for a part of the polymer categories, making a major-
ty of cells 106 times less likely to erode, while leaving other
olymer cells unchanged. This modification led to separation of
ells in easily erodible and almost non-erodible polymer, allow-
ng drug release rate to decrease radically once easily-eroding
ells were depleted. Fig. 3 shows differences between simulation
Ia and IIb in the number of cells eroded at different time-points,

hile Fig. 5A shows a much better fitting (ISimIIb = 0.059) of sim-
lations IIb over the experimental release. It is thus evident that
rosion is the main factor controlling drug release, especially in
he later phase.
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In order to better understand the role of erosion in study B,
pecial attention was brought to the first 24 h of drug release.
ig. 5B presents the relatively good fitting of simulation IIb
uring this time period (ISimIIb(t < 24 h) = 0.082). Once again, the
xperimental drug release was compared to a simulation where
olymer erosion was not possible (simulation N/E). Although
his simulation was seen to differ greatly from reality in previ-
us study A, it is interesting to note that it better depicts drug
elease in study B (IB-N/E = 0.126). Indeed, the maximum amount
f drug released without erosion (∼26%) is closer to the real
mount of drug released and the release rates are quite similar.
his seems to indicate that erosion is not as crucial in the first
hase of drug release in the slow-eroding matrix as it is in study
. Hence, because erosion onset is slow, the amount of drug

eleased during the first 24 h is restricted to drug initially avail-

ble at the surface and in the external pores of the MS. This is in
greement with the common hypothesis that drug is separated in
wo different groups, one initially free to diffuse out of the poly-

er (Batycky et al., 1997; Fu et al., 2003; Huang and Brazel,

a
c
A
i

ig. 7. (A) Maximum drug release for simulations without erosion with different drug
ccessibility. (C) High drug loading (45%) leads to high drug clusters connectivity (i
Pharmaceutics 343 (2007) 196–207 205

001) and another which needs polymer erosion to be released
Tzafriri, 2000; Liggins and Burt, 2001; Wu et al., 2006).

.3. Initial drug accessibility: the use of the cellular
utomaton

Although the idea that drug is separated into two different
ompartments, one from which it is available for release and
ne from which it must be freed by erosion, is not new (Tzafriri,
000; Liggins and Burt, 2001), the use of cellular automaton
llows further study of this concept. For example, it is possi-
le to diverge from experimental studies in order to investigate
he influence of porosity and drug loading on the initial burst
elease. Although these aspects were previously studied (Luan
t al., 2006; Ravivarapu et al., 2000; Klose et al., 2006; Wu et

l., 2006), it is interesting to test, through simulations, different
onditions that otherwise could not be obtained experimentally.
ccordingly, different simulations were made to measure the

nitial drug accessibility. The results presented in Fig. 7A show

loading (©) and porosities (�). (B) High porosity (60%) leads to high solvent
n black).
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aximum drug released without erosion for different matrices
ith varying porosity (and constant drug loading) or varying
rug loading (and constant porosity).

For both parameters, initial accessibility increases with
olume occupancy in the matrix. Thus, as expected and in con-
ormity with other experimental observations (Luan et al., 2006;
avivarapu et al., 2000; Klose et al., 2006), increased pore vol-
me leads to higher solvent penetration throughout the matrix,
nd thus to higher initial drug release. This is straightforwardly
ortrayed in Fig. 7B where a longitudinal cut of a matrix with
igh porosity (60%) show extensive solvent accessibility and
ore connectivity.

Likewise, higher drug loading means higher amounts of drug
n the surface and it is observed that burst release rates are much
aster for higher drug containing matrices (data not shown).
owever, higher drug amounts on the surface alone cannot

xplain the sigmoid aspect of the curve. The noticeable acces-
ibility increase in a narrow drug loading range around 20%,
reviously noticed experimentally (Luan et al., 2006), is typi-
al of percolating systems (Leuenberger et al., 1995; Caraballo
t al., 1999; Huang and Brazel, 2001). In these systems, maxi-
um connectivity is reached above a certain threshold (Stauffer

nd Aharony, 1992). It is thus believed that connectivity of drug
lusters might be an important aspect regulating initial accessi-
ility. Once more, Fig. 7C shows a cut from a matrix with high
rug loading (45%) where high connectivity between drug clus-
ers leads to extensive drug release (>90%) without any polymer
rosion.

Evidently, because an extensive number of parameters might
nfluence experimental accessibility of drug in MS formulations,
t is clear that the insights given here only offer a simplistic
nalysis of the phenomenon. However, it interestingly depicts
he consequences of a number of ideal cases of porosity and drug
oading on initial drug release.

. Conclusion

The cellular automaton presented here was shown to pro-
ide good correlations with drug release profiles obtained from
xperimental data, throughout release studies for a specific batch
f MS. Initial results seem to offer fairly good representation of
henomena involved in the drug release process; erosion and dif-
usion. Interestingly, while this simple model gave fairly good
orrelations with release study A (where polymer degradation
ccurs rapidly), it is evident that its predictability diminishes
n more physiological conditions (where degradation is slower).
or these reasons, future works will focus on erosion-specific
odifications to better describe the phenomenon, both in fast

nd slow eroding matrices. Although the exact model design
emains unclear, it is thought that putting P cells in relation with
ach other might efficiently separate degradation from polymer
iffusion and tackle relations between molecular weight and
rosion.
Alternatively, the cellular automaton was proven to be an
nteresting way of modeling microspheres in their specific envi-
onment. In this work, focus was drawn on drug accessibility
ttributed to drug loading and porosity. For clarity reasons, both

G

G

Pharmaceutics 343 (2007) 196–207

ore and drug cells were distributed according to the method
sed for previous simulations. However, the model could eas-
ly be used to assess influence of other variables on the same
arameter (pore size, drug cluster shape or water ingress in
he polymer matrix, for example). Likewise, by supplementing
onventional models with graphical representations, the cellu-
ar automaton will also allow understanding of other important
arameters involved in further steps of drug release. For exam-
le, simulations with different pore configurations or different
rug distributions could provide further comprehension of com-
lex phenomena.

As simulation parameters can be chosen and modified easily,
t is believed that cellular automaton’s power and descriptivity
re limited only by its user’s imagination and our understand-
ng of principles involved. Therefore, the presented model is an
nteresting appendage to the modeling tools already available
ecause it seeks to further extend comprehension of systems
hile offering fairly good correlations with experiments.
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