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Purpose. The major objectives of this study were to 1) develop a new
mathematical model describing all phases of drug release from bio-
erodible microparticles; 2) evaluate the validity of the theory with
experimental data; and 3) use the model to elucidate the release
mechanisms in poly(lactide-co-glycolide acid)-based microspheres.
Methods. 5-Fluorouracil-loaded microparticles were prepared with
an oil-in-water solvent extraction technique and characterized in
vitro. Monte Carlo simulations and sets of partial differential equa-
tions were used to describe the occurring chemical reactions and
physical mass transport phenomena during drug release.

Results. The new mathematical model considers drug dissolution,
diffusion with nonconstant diffusivities and moving boundary condi-
tions, polymer degradation/erosion, time-dependent system porosi-
ties, and the three-dimensional geometry of the devices. In contrast
with previous theories, this model is able to describe the observed
drug release kinetics accurately over the entire period of time, in-
cluding 1) initial “burst” effects; 2) subsequent, approximately zero-
order drug release phases; and 3) second rapid drug release phases.
Important information, such as the evolution of the drug concentra-
tion profiles within the microparticles, can be calculated.
Conclusions. A new, mechanistic mathematical model was developed
that allows further insight into the release mechanisms in bioerodible
microparticles.

KEY WORDS: mathematical modeling; bioerodible microparticle;
release mechanism; Monte Carlo simulation; erosion.

INTRODUCTION

The mathematical modeling of drug release from bio-
erodible delivery systems is not as advanced as the modeling
of diffusion- or swelling-controlled devices because the un-
derlying mechanisms are generally more complex (1-3). In
addition to physical mass transport phenomena, chemical re-
actions (e.g., polymer chain cleavage) have to be considered.
These reactions continuously alter the conditions for the oc-
curring mass transport processes (4,5). Yet, up to now, no
comprehensive mathematical model has been reported in the
literature describing accurately all phases of drug release
from polymeric bioerodible microparticles, including 1) initial
“burst” effects; 2) subsequent, approximately zero-order drug
release phases; and 3) second rapid drug release phases.

The major benefits of having found or newly developed
adequate mathematical theories for advanced drug delivery
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systems include the possibility of 1) gaining further insight
into the underlying drug release mechanisms and 2) facilitat-
ing the optimization of the devices (6). For example, the ef-
fect of the composition and geometry (size and shape) of the
dosage form on the resulting drug release patterns can be
simulated (7).

Upon contact with the release medium, various chemical
and physical processes occur in bioerodible drug delivery sys-
tems, such as 1) water imbibition into the system (caused by
concentration gradients); 2) drug dissolution (if the drug is
not molecularly dispersed throughout the system); 3) polymer
chain cleavage; 4) diffusion of the drug and of polymer deg-
radation products out of the device (because of concentration
gradients); 5) the creation of water-filled pores; and 6) the
breakdown of the polymeric structure once the system be-
comes unstable. Diffusional processes can occur predomi-
nantly through the polymer matrix, predominantly through
water-filled pores, or through both, the macromolecular net-
work and water-filled cavities in parallel and/or sequence. In
certain cases, the polymer degradation products can signifi-
cantly alter the microenvironmental conditions, e.g., H" con-
centration. For example, monomeric and oligomeric acids are
generated upon poly(lactide-co-glycolide acid) (PLGA) deg-
radation and can cause significantly decreasing pH values
within the dosage forms (8). Because the hydrolytic ester
bond chain cleavage is catalyzed by protons, the decreasing
micro pH can lead to autocatalytic effects and, thus, acceler-
ated polymer degradation (9,10). However, the imbibition of
hydroxide ions from the release medium into the system and/
or the diffusion of the generated monomeric/oligomeric acids
out of the device can be rapid enough to prevent acidic mi-
croenvironments. In these cases, autocatalytic effects are sup-
pressed (11,12). The relative diffusion velocities of the in-
volved acids and bases and, thus, the occurrence/suppression
of autocatalytic effects are primarily a function of the size and
porosity of the system.

Generally, bi- or triphasic drug-release behavior is ob-
served from bioerodible microparticles (2,13). Despite the
continuously growing practical importance of this type of ad-
vanced drug delivery system, the underlying release mecha-
nisms are not yet fully understood, and only a few mathemati-
cal models have been reported in the literature quantifying
drug release from bioerodible microparticles (2). Roughly,
these theories can be divided into two categories: 1) empirical
models, which usually assume a single, zero-order process
controlling the overall drug release rate, and 2) mechanistic
models considering specific physicochemical phenomena,
such as diffusional mass transport and/or chemical reactions.
A subclass of the latter models simulates polymer degrada-
tion as a random event using Monte Carlo techniques. In
contrast to mechanistic theories, empirical models are not
based on the exact description of the involved, real physical,
and/or chemical processes. Empirical models only describe
the resulting, apparent drug release rates. For example, the
superposition of various different phenomena, such as water
and drug diffusion, polymer swelling, and polymer degrada-
tion, can lead to overall zero-order drug release kinetics. In
this case, an empirical model only gives the zero-order equa-
tion, whereas mechanistic theories describe the specific un-
derlying chemical and physical processes. Clearly, empirical
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models are easier to use, but mechanistic theories are gener-
ally more accurate and much more powerful when simulating
the effect of device design variables on the resulting drug
release patterns (2).

The theories developed by Hopfenberg (14) and Cooney
(15) are examples for empirical mathematical models for
erodible drug delivery systems, whereas Heller and Baker
(16) and Lee (17) presented mathematical approaches that
consider specific physicochemical phenomena. Zygourakis
(18,19) was the first to use Monte Carlo techniques to simu-
late polymer degradation in drug delivery systems. This was a
major improvement because the time-dependent state of the
system could be described more realistically than before.
Both, polymer degradation (simulated with Monte Carlo
techniques) and diffusional mass transport processes (de-
scribed using Fick’s second law of diffusion) are taken into
account in the interesting and comprehensive models devel-
oped by Gopferich (20-22). Good agreement with experi-
mental data was achieved, but these theories were developed
for cylindrical implants, not for spherical microparticles.
Kalampokis et al. (23,24) presented a mathematical theory
using Monte Carlo simulations to study the process of intes-
tinal drug absorption. A tube model considering the hetero-
geneous characteristics of the gastrointestinal tract structure
was developed. The small intestinal transit flow was simulated
using two different diffusion models and a random, dendritic-
type internal structure was taken into account. This interest-
ing theory is able to describe the flow, dissolution, and ab-
sorption of a drug in the intestine. Bunde et al. (25) developed
a model quantifying the escape rate of diffusing drug particles
from one-, two-, and three-dimensional boxes as well as from
percolation fractals. Two cases were studied: the ideal case,
where the diffusing particles do not interact with each other,
and the more realistic case, where such interactions occur.
Charlier et al. (26) presented an interesting theory quantifying
drug release from thin PLGA films, considering drug diffu-
sion with time-dependent diffusion coefficients (to account
for polymer degradation). They obtained good agreement
with experimental data, but the model was developed for thin
films, not for spherical microparticles.

Recently, we developed a new and simple mathematical
model that describes the first two phases of drug release (ini-
tial “burst” and subsequent, approximately zero-order kinet-
ics) from PLGA-based microparticles rather well (27,28).
However, systematic deviations between theory and experi-
ments were observed, indicating that not all important chemi-
cal and physical processes were adequately taken into account
(e.g., polymer degradation was not simulated using Monte
Carlo techniques). The major advantage of this model is its
simplicity, the easiness with which it can be handled. A sig-
nificant restriction is the lack of considering the final break-
down of the polymeric network once the system becomes
unstable upon erosion. Thus, it is not possible to describe
triphasic drug release patterns with this theory.

The major objectives of the present study were to 1)
develop a new, mechanistic mathematical model that takes
into account the most important processes involved in drug
release from erodible microparticles (drug dissolution, diffu-
sion with nonconstant diffusivities and moving boundary con-
ditions, polymer erosion based on Monte Carlo simulations,
time-dependent system porosities, and the three-dimensional
spherical geometry of the devices); 2) evaluate the validity of
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this model with experimental data, covering all phases of drug
release; and 3) use the model to gain further insight into the
underlying mass transport phenomena during drug release
(e.g., calculation of the time-dependent drug concentration
profiles within the system).

EXPERIMENTAL SECTION

Materials

PLGA (Resomer® RG 506; PLGA 50:50; containing
25% D-lactic units, 25% L-lactic units and 50% glycolic units,
weight-average molecular weight: approximately 104 kDa)
and S-fluorouracil (5-FU) were obtained from Boehringer In-
gelheim (Paris, France) and Roche (Neuilly sur Seine,
France), respectively.

Methods

5-FU-loaded PLGA microparticles were prepared with
an oil-in-water (O/W) solvent extraction technique. (For de-
tails on the preparation and characterization methods, see
reference 27.) Briefly, the drug was dispersed and the poly-
mer dissolved within dichloromethane. This organic phase
was then emulsified into an aqueous polyvinyl alcohol solu-
tion. After adding water and further stirring, the hardened
microparticles were separated by filtration, freeze dried,
sieved, and vacuum dried. The actual drug loading was de-
termined by dissolving microparticles in dimethylsulfoxide
and subsequent UV drug detection. The particle diameter
was measured with a Coulter Counter. In vitro drug release in
phosphate buffer pH 7.4 (37°C) was determined by placing
microparticles within dialysis bags at the bottom of USP
XXIV paddle apparatus glass vessels. At predetermined time
intervals, samples were withdrawn and analyzed UV-
spectrophotometrically. Each experiment was conducted in
triplicate.

RESULTS AND DISCUSSION

In Vitro Drug Release Kinetics

The experimentally determined in vitro release kinetics
from 5-FU-loaded PLGA-based microparticles in phosphate
buffer pH 7.4 are illustrated in Fig. 1. Clearly, three different
phases can be distinguished: 1) an initial “burst”: in which
approximately 38% of the drug is released within the first 2
days; 2) a subsequent, approximately zero-order drug release
phase from 3 to 16 days (constant relative release rate =
2.6%/day; coefficient of determination, R> = 0.99); and 3) a
second rapid drug release phase, leading to complete drug
exhaustion within 3 days. From the shape of the release pro-
file, it is evident that different chemical and/or physical pro-
cesses are involved in the control of drug release. Clearly, not
only one single mechanism (e.g., drug dissolution or diffu-
sion) is dominant throughout the entire period of time. To be
able to explain the observed complex drug release behavior,
a new mathematical model was developed taking into account
different chemical and physical processes simultaneously.
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Fig. 1. Triphasic drug release kinetics from PLGA-based micropar-
ticles in phosphate buffer pH 7.4: experimental data (symbols) and
fitted theory (curve) (5-FU, 24% w/w initial drug loading, mean par-
ticle diameter = 52 pwm).

Modeling Polymer Degradation/Erosion

Polymer degradation is a random process (2). Upon wa-
ter imbibition into the PLGA matrix, the polymer backbones
start to be cleaved hydrolytically (ester bonds). As the diffu-
sion rate of water into the system is much higher than the
degradation rate of the polymer, the entire microparticle is
rapidly hydrated and the polymer chains are cleaved through-
out the device (bulk erosion). Because of the complexity of
the system, it is not possible to predict the exact time point at
which a particular ester bond located at a specific position
within the macromolecular network is cleaved. Instead,
Monte Carlo techniques can be used to simulate the random
degradation behavior of a large population of cleavable poly-
mer bonds with sufficient accuracy (21,22). In the following,
the principle of such a technique applied to calculate the time-
dependent composition of the multi-component system
“polymer-drug-water” is described.

Figure 2a shows a schematic presentation of a spherical
microparticle for mathematical analysis. To minimize compu-
tation time, the origin of the coordinate system is placed at
the center of the sphere. It is assumed that the microparticle
is rotational symmetric to the angle 6. Thus, a two-
dimensional grid (Fig. 2b) can be defined, which upon rota-
tion around the z-axis describes the three-dimensional struc-
ture of the sphere. Each pixel in the two-dimensional grid
represents either polymer or drug (before the system is ex-
posed to the release medium). All pixels have the same height
but different widths. The coordinates are chosen in such a way
that the volumes of the cylindrical rings, which are described
by the rectangular pixels upon rotation around the z-axis, are
all equal. This assures equal numbers of cleavable ester bonds
within each ring. Thus, the probability with which the poly-
mer pixels erode within a certain time period after contact
with water can be assumed to be very similar (being essen-
tially a function of the number of cleavable polymer bonds).
Because polymer degradation is a random process, not all
pixels degrade exactly at the same time point. They possess
individual, randomly distributed “lifetimes.” For reasons of
simplicity, polymer degradation and the subsequent diffusion
of the degradation products out of the device are simulated as
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Fig. 2. Schematic of a single bioerodible microparticle for math-
ematical analysis: (a) three-dimensional geometry; (b) two-
dimensional cross-section with two-dimensional pixel grid used for
numerical analysis.

one event (polymer erosion). As soon as a pixel comes into
contact with water, its “lifetime” starts to decrease. After the
latter has expired, the pixel is assumed to erode instanta-
neously. The “lifetime,” #;;.ime, Of @ pixel is calculated as a
function of the random variable ¢ (integer between 0 and 99):

(-1)° €
Hifetime = taverage + T ' 11'1( 1- ﬁ) (1)
Where £,,ragc 1S the average “lifetime” of the pixels and X is a
constant (being characteristic for the type and physical state
of the polymer). Gopferich (21,22) used a similar equation to
calculate the individual “lifetimes” of polymer pixels in bio-
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erodible implants, picking them at random from a first-order
Erlang distribution. The idea is to treat the erosion of a poly-
mer pixel as a random event, which can be described by a
Poisson process of first order. As amorphous polymer pixels
erode faster than crystalline ones, it is important to take the
physical state of the polymer adequately into account when
calculating the “lifetimes” of the pixels upon contact with
water.

Modeling Drug Dissolution and Diffusional Processes

Diffusional mass transport processes are described using
Fick’s second law. As can be seen in Fig. 3a, two symmetry
planes exist in the spherical microparticles for the drug, poly-
mer, and water concentration profiles (r = 0 and z = 0,
respectively), so that the mathematical analysis can be re-
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Fig. 3. Schematic of a single bioerodible microparticle for math-
ematical analysis: (a) three-dimensional geometry with two symmetry
planes; (b) reduced two-dimensional pixel grid used for numerical
analysis.
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duced to one quarter of the sphere. Thus, based on the rota-
tional symmetry around the z-axis (Fig. 2a), the two-
dimensional pixel grid shown in Fig. 2b can be reduced to one
quarter of the circle (Fig. 3b). As indicated and explained
above, this quarter is divided into rectangular pixels, which
upon rotation around the z-axis describe cylindrical rings (for
most calculations I = J = 100 was chosen). To describe drug
diffusion within these rings, Fick’s second law for cylindrical
devices taking into account axial and radial mass transfer is
used (29):

dc 1 (9 Dac d (D ac J Dac )
ot rlar\"Par) T\ 7 a0) Tz "oz )

Here, ¢ and D are the concentration and diffusion coef-
ficient of the drug; r denotes the radial coordinate, z the axial
coordinate, 6 the angle perpendicular to both axes (Fig. 2a),
and ¢ represents time.

Because there is no concentration gradient with respect
to 0, this equation can be transformed into:

adc 9 Dac Daic o Dac 3
at~— or ar) " 3)

r or * 0z 0z

Ideal mixing is assumed (no volume contraction upon
mixing drug, polymer, and water), and the total volume of the
system at any instant is given by the sum of the volumes of the
single components. The initial conditions reflect the fact that
the microparticle is dry and the drug randomly distributed at
t = 0, as can be seen in Fig. 4a. A direct Monte Carlo tech-
nique and the knowledge of the experimentally determined
drug loading of the microparticles before exposure to the
release medium (24% w/w) are used to calculate the initial
drug and polymer distribution patterns. Clearly, no symmetry
planes can be considered in this quarter of the two-
dimensional circle. One major advantage of the presented
mathematical model is that it takes this heterogeneity of the
inner structure of the microparticles into account. Upon ex-
posure to the release medium, water rapidly imbibes into the
system and dissolves the drug, which subsequently diffuses
out of the device. Importantly, the model takes the effect of
limited drug solubilities into account. In the case of poorly
water-soluble drugs or high initial loadings of moderately wa-
ter-soluble drugs, dissolved and nondissolved drug coexist
within the system. At each time step, the actual concentra-
tions of drug and water are calculated at each grid point
within the system. If the total amount of drug exceeds the
amount soluble under the actual conditions, the excess is con-
sidered to be nondissolved and, thus, not available for diffu-
sion.

The boundary conditions are based on the assumption of
perfect sink conditions and on the two symmetry planes
shown in Fig. 3a, respectively:

t>0c=0 r2+ZZ=Rt 4)
dc

t>0—=0 0=r=R, z=0 5)
0z
dc

t>Oa—=0 0=z=R, r=0 (6)
r

where R, is the time-dependent radius of the microparticles
(the initial radius before exposure to the release medium, R,
was determined to be equal to 26 pwm).
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Fig. 4. Principle of the Monte Carlo-based approach to simulate polymer degradation
and diffusional drug release; schematic structure of the system: (a) at time ¢ = 0 (before

exposure to the release medium); and (b) during drug release. Gray, dotted, and white
pixels represent nondegraded polymer, drug, and pores, respectively.
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Because of polymer erosion, the porosity of the matrix
increases with time (Fig. 4b). To take this fact adequately into
account, a function “s” describing the status of the pixel x;; at
time ¢ is defined as follows:

s(i,j,t)=1 for non-eroded polymer @)
s(i,j,t) =0 for pores 8)

Knowing the status of each pixel at each time step from
the Monte Carlo simulations, the porosities in radial and axial
direction, &(z,f) and &(r,t), depending on position and time
can be calculated as follows:

J=nz,
s(r,t)zl— Es(L(r),] ) )
s(z0) =1 Ds(i(2)) (10)
r =1

where n, and n, represent the number of pixels in the axial
and radial direction at r and z, respectively. It is important to
consider the dependence of the porosity on the direction
(axial/radial) because the inner structure of the microparticle
is heterogeneous (Fig. 5). Thus, the porosity in radial direc-
tion can significantly differ from the porosity in axial direction
at the same position. Based on Egs. (9) and (10), the time-
and direction-dependent porosities within the microparticles
can be calculated at any grid point. These are essential infor-
mation for the accurate calculation of the time-, position-, and
direction-dependent diffusivities. Based on the porosity val-
ues, the diffusivities of the drug, D, in axial and radial direc-

tion are calculated as follows:
D(r,t) =D, 1n

(12)

crit e(r,t)
D(Zat) = Dcrit : 8(Z7[)

where D, represents a critical diffusion coefficient, being
characteristic for a specific drug-polymer combination.

RN Uﬂr
: e(rt)= 1——-' (r),J,t)

Fig. 5. Principle of the calculation of the time and position-
dependent radial and axial microparticle porosities, £(z,t) and &(r.t),
during drug release. Gray, dotted, and white pixels represent nonde-
graded polymer, drug, and pores, respectively.
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Fig. 6. Principle of the numerical analysis: calculation of the concen-
tration profile of the diffusing species at a new time step from the

concentration profile at the previous time step.

Owing to the time-dependent composition of the system
and the time-, direction- and position-dependent diffusion co-
efficients, the described set of partial differential equations is
solved numerically, using finite differences. The principle of
this method is illustrated in Fig. 6. The radius of a micropar-
ticle is divided into I-space intervals in radial direction and
into J-space intervals in axial direction. The time is divided
into g time intervals At (for most of the simulations g =
500,000 was chosen). Using Egs. (3) to (12), the concentration
profiles for a new time step (¢ = t, + Ar) can be calculated,
when the concentration profiles are known at the previous
time step (¢t = t,). The concentration at a certain inner grid
point [{][j] for the new time step (t = t, + At) is calculated
from the concentrations at the same grid point [][j] and its
four direct neighbors [i — 1][j]; [{][j — 1]; [Z][j + 1]; [ + 1][/] at

Fig. 7. Schematic of a three-dimensional, single microparticle: illus-
tration of the point of view for the calculated drug concentration
profiles in Fig. 8.
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the previous time step (¢ = £,) (Fig. 6). The concentrations at
the outer grid points (radius[i]* + height[j]* = radius[{/]*vi =
0 vj = 0) for the new time step (¢t = t, + Ar) are calculated
using the boundary conditions (Egs. 4-6). At time ¢t = 0, the
distribution of the drug within the polymer matrix is simu-
lated using a direct Monte Carlo technique, based on the
experimentally determined initial drug loading (24% w/w)
(Fig. 4a). Hence, the concentration profiles att = 0 + At, t =
0+ 2At,t = 0+ 3At,...,t = 0 + gAt can be calculated se-
quentially. The effect of limited drug solubility is taken into
account based on the actual concentrations of drug and water
at each grid point within the microparticle at each time step.
Only the amount of drug that is soluble under the present
conditions is considered to be available for diffusion. For the
implementation of the mathematical model the programming
language C++ was used (Borland C++ 5.02).

Experiment and Theory

Figure 1 shows the fit of the new mathematical model to
the experimentally determined in vitro drug release rate from
5-FU-loaded PLGA-based microparticles in phosphate buffer
pH 7.4. The fitting procedure was based on the minimization
of the resulting differences between experimental and theo-
retical values (least squares method, combined with a modi-
fied simplex method: Nelder-Mead-method). As can be seen,
good agreement between theory and experiment was ob-
tained (coefficient of determination, R* = 0.99). Importantly,
all three drug release phases were accurately described.

Release Mechanism

As can be seen in Fig. 1, the initial “burst” phase is rather
well described with the new mathematical model. As polymer
degradation is negligible at these early time points (within the
first 2 days of drug release), drug dissolution and diffusion are
the dominating mass transfer processes. Diffusion-controlled
delivery systems generally show high initial drug release rates
because of the small diffusion pathways (1). In the present
case, the 5-FU diffusion coefficient in the system (being char-
acteristic for a specific drug-polymer combination) was deter-
mined to be equal to 6.7 x 1072 cm?/s after 2 days exposure
to the release medium, which is a typical value for a drug
molecule of that size in a polymeric network (1). However, it
has to be pointed out that in specific cases the underlying
mechanisms can be more complex. For example, Wang et al.
(30) showed that pores in the size range of 0.1 to 1 wm were
initially (¢ = 0) present at the surface of their system (octreo-
tide acetate-loaded PLGA microparticles), leading to high
drug diffusion coefficients. Upon water imbibition and poly-
mer swelling, these surface pores were rather rapidly closed
(within 24 h), changing the conditions for drug diffusion dras-
tically.

The intermediate, approximately zero-order drug release
phase results from the superposition of at least three phenom-
ena: drug dissolution, diffusion, and polymer erosion. The
release rate from purely diffusion-controlled drug delivery
systems decreases with time because of the increasing diffu-
sion pathways (surface near regions become depleted) (29).
In the present case, the physicochemical characteristics of the
system through which the drug diffuses significantly change
with time. Upon contact with water, the polymer bonds start
to be cleaved, the “lifetimes” of the polymer pixels expire,
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and pores are created, leading to increased drug diffusion
coefficients (from 6.7 x 10™'? cm?/s on day 2 to 1.7 x 107"!
cm?/s on day 16). This increase in the mobility of the drug
molecules partially compensates the increasing diffusion
pathways. In addition to the effect of polymer erosion, the
limited solubility of the drug can significantly contribute to
the overall control of the release rate in systems in which the
initial drug loading exceeds the drug solubility. Only dis-
solved drug molecules can diffuse out of the device; drug
molecules in undissolved crystals and amorphous particles are
not available for diffusion. To clarify the importance of drug
dissolution in the present system, the new mathematical
model was used to calculate the time-dependent concentra-
tion profiles of the drug within the microparticles upon ex-
posure to the release medium. For reasons of clarity, the con-
centration gradients within only one quarter of the spheres
(Fig. 3b) are presented after 1, 7, and 17 days, respectively.
Figure 7 shows the schematic of a three-dimensional, single
microparticle and the point of view for the drug concentration
profiles which are illustrated in Fig. 8. Figure 8(a, c, and e)
shows the complete concentration range, whereas Fig. 8(b, d,
and f) shows only the lower concentration range (0 to 30
mg/mL). Clearly, a large excess of drug is present in the sys-
tem (the solubility of the drug being equal to 19.5 mg/mL).
This strongly affects the resulting drug concentration profiles:
a pseudo steady state with linear concentration gradients (the
driving forces for diffusion) is provided. Because of the high
excess of drug, the rate at which the “diffusion front” (sepa-
rating the zone containing dissolved and undissolved drug
from the zone containing only dissolved drug) moves toward
the center of the microparticles is rather low. Thus, the dif-
fusion pathways increase only slowly with time and can more
easily be compensated by the increasing apparent drug diffu-
sivities, compared to a system in which the drug is completely
dissolved at t = 0.

A dramatic change of the conditions for the mass trans-
port processes occurs when the polymeric structure of the
system becomes unstable and the macromolecular network
breaks down. The observed second rapid drug release phase
leading to complete drug exhaust within only 3 days can be
attributed to this phenomenon: the average “lifetime” of the
polymer pixels upon contact with water was found to be equal
to 15.6 days. This agrees very well with the onset of the sec-
ond “burst” (Fig. 1). Because of the significantly increasing
drug diffusivities (Eqgs. 11 and 12) and the decreasing diffu-
sion pathways, the resulting drug release rate markedly in-
creases.

A second “burst” phase can only occur if drug is still
present within the system when the polymeric structure
breaks down. If the initial “burst” is more important and/or
the subsequent, approximately zero-order drug release is
faster and/or lasting longer periods of time drug release is
complete before the microparticles loose their integrity. The
resulting release patterns are then only biphasic or even
monophasic. Importantly, the newly developed mathematical
model is also applicable to these cases.

CONCLUSIONS

A new mathematical model has been developed quanti-
fying drug release from bioerodible microparticles consider-
ing drug dissolution, diffusion with nonconstant diffusivities
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Fig. 8. Calculated evolution of the drug concentration profiles within PLGA-based microparticles upon exposure to the release medium: (a)
after 1 day, complete concentration range; (b) after 1 day, zoom on low drug concentrations; (c) after 7 days, complete concentration range;
(d) after 7 days, zoom on low drug concentrations; (e) after 17 day, complete concentration range; (f) after 17 days, zoom on low drug

concentrations (the relative point of view is illustrated in Fig. 7).

and moving boundary conditions, polymer degradation/
erosion (based on Monte Carlo simulations), time-dependent
system porosities, and the three-dimensional geometry of the
devices. In contrast with previous theories, this model accu-
rately describes all three phases of drug release that can be
observed: initial “bursts,” subsequent approximately zero-
order drug release, and second “burst” phases. Importantly,
the model allows gaining further insight into the underlying
chemical and physical mechanisms involved in the control of
drug release. For example, the time-dependent drug concen-
tration profiles and composition of the system can be calcu-

lated. An interesting possible practical application of the new
model is the prediction of the effect of different formulation
and processing parameters on the resulting drug release ki-
netics from bioerodible microparticles. In future studies the
novel theory will be used to quantify the effect of the micro-
particle size, experimental in vitro release conditions and vy
irradiation on the resulting drug release patterns.
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