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a b s t r a c t

Here we explore the opportunity to design and then produce tailored release of therapeutic drugs from
microcapsules. By use of “building blocks,” formed from well characterized microcapsule populations, an
inverse design algorithm has been developed that provides an optimal (in a least squares sense) combi-
nation of building blocks to achieve a desired release history. Previously we have reported experiments
and a well validated mathematical model for computing drug release histories from PLG microcapsules,
and these form the backbone of the present optimization algorithm. To expand our available basis for
finding useful optimal solutions, we also report work to validate the mathematical model for two differ-
ent molecular weights. Thus, our building blocks comprise populations that differ by microsphere mean
on-uniform microspheres
ailored release
onstrained optimization

diameter, polydispersity, and polymer molecular weight, giving three separate parameters that effect
drug release rate, and from which we build a foundation for our tailored release. Here we have taken
a basis of six different microcapsule release systems, from which we build a tailored release history
using constrained optimization to fit a prescribed release profile. Comparison of predicted release with
measurements from the tailored microcapsule populations was found to produce excellent results, with

eater
e me
correlation coefficients gr
illustrates the power of th

. Introduction

The research reported herein builds on our previously pub-
ished modeling and experiments that accurately characterized
he release of drugs from PLG microspheres (Berchane et al.,
006, 2007). Tailored drug delivery offers the ability to optimally
esign a prescribed release profile and has distinct advantages
ompared with conventional free dosage forms, in particu-
ar: improved efficacy, reduced toxicity, and improved patient
ompliance and convenience. Our PLG based microspheres are
ttractive macromolecular carriers because of their biocompatibil-
ty, biodegradability, and non-toxicity. These synthetic polymers
egrade at a rate dependent on properties such as polymer molec-
lar weight and lactide:glycolide ratio (Cutright et al., 1974).

n addition, PLG microspheres are versatile, and can be pre-
ared using the oil-in-water (o/w) emulsion solvent evaporation

echnique, which was shown to successfully entrap hydrophobic

aterials (Beck et al., 1979; Cowsar et al., 1985; Jeffery et al.,
991). Alternatively, PLG microspheres can be prepared through
he (water-in-oil)-in-water (w-o-w) solvent evaporation technique

∗ Corresponding author at: P.O. Box 1663, Mail Stop D413, Los Alamos National
aboratory, Los Alamos, NM, 87545, USA. Tel.: +1 505 606 1430;
ax: +1 505 667 5921.
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than 0.98. By way of demonstration, a triple pulse design is described that
thod.

Published by Elsevier B.V.

that has been shown to be efficient in entrapping water soluble
material (Ogawa et al., 1988; Jeffery et al., 1993; Parikh et al., 2003;
Porjazoska et al., 2004).

The ideal drug release profile is one that initiates the optimum
response in a patient such as zero-order release or pulsatile release
(Richards et al., 2003; Narayani and Rao, 1996; Woo et al., 2001;
Wise et al., 1987; Schachter and Kohn, 2002; Mathews et al., 1983;
Santini et al., 2000). Zero-order release (Narayani and Rao, 1996;
Woo et al., 2001; Wise et al., 1987) is desired for a wide range of
drugs because it maintains a constant level of drug concentration
well within the therapeutic window for extended time periods.
Pulsatile release (Richards et al., 2003; Schachter and Kohn, 2002;
Mathews et al., 1983; Santini et al., 2000) is attractive for vaccine
delivery, as the drug release formulation can be designed to deliver
distinct pulses which solves the need for booster shots. Difficulty
in achieving the desired drug release rates (simple zero-order pro-
file or a more complex pulsatile release profile), remains to be
one of the major challenges in controlled drug delivery. Different
parameters have been employed to control the release rate from
biodegradable PLG microspheres (Cutright et al., 1974; Berkland
et al., 2002; Siepmann et al., 2004; Raman et al., 2005). In addi-

tion to microsphere size (Berkland, 2002; Siepmann et al., 2004),
and PLG molecular weight (Raman et al., 2005), lactide:glycolide
ratio (Cutright et al., 1974) also plays a significant role in con-
trolling drug release kinetics. To gain further control over release
rates, some researchers have combined individual microsphere

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:mandrews@lanl.gov
dx.doi.org/10.1016/j.ijpharm.2009.09.010
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reparations having different release profiles to achieve desired
elease kinetics (Berkland et al., 2002). Narayani and Rao (1996)
uccessfully obtained near constant release of anticancer drugs
-fluorouracil (5-Fu), and methotrexate (MTX) for 6–10 days by
ixing drug loaded gelatin microspheres of different size ranges.

imilarly, Berkland et al. (2002) mixed known ratios of rhodamine
nd piroxicam containing PLG microsphere populations having
ifferent mean diameters and drug loadings to attain zero-order
elease. The ratios of the individual populations were determined
y trial and error, where multiple linear combinations were exam-

ned to identify a combination resulting in linear drug release. It
as found that the release profile from a mix of microsphere pop-
lations corresponded to mass-weighted linear combination of the

ndividual release profiles, and constant release of rhodamine and
iroxicam was achieved for 8 and 13 days, respectively.

This paper continues our work from Berchane et al. (2006, 2007)
sing PLG microspheres having two different molecular weights,
w, and three different size fractions prepared using a solvent

xtraction emulsion technique. The effect of polymer molecular
eight on drug release rate from poly(lactide-co-glycolide) (PLG)
icrospheres is investigated experimentally, and expands the basis

f building blocks for our tailored release rates. The mathematical
heory developed in our previous paper is used to model the effect
f polymer molecular weight on drug release. It is this mathemati-
al model that is then used with a numerical optimization (in a least
quares sense) technique, to achieve desired release profiles by
ombining appropriate proportions of individual microsphere pop-
lations (our building blocks). Experiments are reported that use
he optimal design, and the experimental data are then compared
ith desired results. A correlation coefficient is used to character-

ze the success of the method, with good to excellent agreement
etween desired and produced results.

. Materials and methods

.1. Introduction

The experiments described here were performed in an identi-
al manner as those detailed in Berchane et al. (2007), so next we
riefly review the materials, preparation techniques, characteriza-
ion and in vitro release experimental methods.

.2. Materials

Poly(d,l-lactide-co-glycolide) (PLG) polymer having a co-
olymer composition of 50:50, and two different Mw (18 kDa:

nherent viscosity 0.41 dl/g, and 55 kDa: inherent viscosity
.87 dl/g; inherent viscosity measured in hexaflouroisopropanol)
as purchased from Birmingham Polymers. The poly (vinyl-
lcohol) (PVA) was 87–89% hydrolyzed, with a Mw of 13–23 kDa.
n addition to PVA, Piroxicam (Mw 331.3), and HPLC grade
ichloromethane (DCM) were purchased from Sigma. Sodium
ydroxide was purchased from EM Science. All chemicals were used
s provided.

able 1
haracterization of piroxicam-loaded PLG microspheres.

System Mi (i = 1–6) Mw (kDa) Impeller speed (rpm) Sieve fract

1 18.0 150 0.2–20
2 18.0 300 20–40
3 18.0 900 63–90
4 55.0 200 0.2–20
5 55.0 400 20–40
6 55.0 1200 63–90

a Mean diameter ± standard error.
of Pharmaceutics 383 (2010) 81–88

2.3. Microsphere preparation

Piroxicam was co-dissolved with PLG (10%, w/v) in
dichloromethane (DCM) at 10% of the PLG mass (10% theo-
retical loading (w/w)). PVA solution (8%, w/v) was stirred at the
desired stirring speed for 5 min in a 400 ml Pyrex beaker with
a Caframo ultra high torque stirrer (model BDC1850) having a
speed range of 0–1800 rpm. The PLG solution was slowly added
to the beaker and stirring was continued for 60 min. Afterwards,
the resulting emulsion was added to 1 l of double distilled water,
and stirring was continued for an additional 90 min at a speed of
1200 rpm. Microspheres were then collected by filtration, where
the filter size used was 0.2 �m to prevent any loss of microspheres.

PLG microspheres having two different polymer molecular
weights (18 and 55 kDa) were prepared at different impeller speeds
(Table 1). The correlation developed by Berchane et al. (2006),
which relates PLG microsphere population mean diameter to
impeller speed, was utilized to determine the impeller speeds that
would result in the desired microsphere sizes. Each microsphere
preparation was then sieved separately using the appropriate sieve
sizes to obtain three different size fractions for each polymer molec-
ular weight: 0.2–20, 20–40, and 63–90 �m (average pore sizes of
the sieves: 20, 40, 63, and 90 �m; Keison Products, United King-
dom). Once sieved, the microspheres were lyophilized and stored
at −20 ◦C.

2.4. Determination of piroxicam loading

The experimental loading of piroxicam was determined by dis-
solving 2 mg of microspheres in 1 ml of 0.25 M sodium hydroxide.
Piroxicam-free microspheres having the same molecular weight
were treated similarly. Drug concentration was determined by
measuring the absorbance of the piroxicam containing solution in
a quartz cuvette at 276 nm (Gilford Response Spectrophotometer)
and subtracting the absorbance of the piroxicam-free solution. The
drug loading was similar to that reported by Berchane et al. (2007)
with a range from 5% to 6% (w/w).

2.5. In vitro release

Drug release was determined by suspending 5 mg of piroxicam-
loaded microspheres in 1.3 ml of phosphate buffered saline (PBS,
pH 7.4). The suspension was continuously agitated by shaking
(Glas-Col, Terre Haute, USA) at 100 strokes per minute in a 37 ◦C
incubator. Once a day the samples were centrifuged, and 1 ml
of the supernatant was extracted, and replaced by fresh buffer
to ensure sink conditions were always maintained. The micro-
spheres were then vortexed and put back into the incubator. The
piroxicam concentration in the supernatant was determined by

measuring the absorbance at 276 nm in a spectrophotometer (Gil-
ford Response Spectrophotometer). Piroxicam-free microspheres
were treated similarly, and the absorbance from their supernatant
was subtracted from all measurements. The microspheres were not
observed to change their size or shape over the release period.

ion (�m) Mean diametera d43 (�m) Encapsulation efficiency (%)

14.9 ± 0.3 28.0
31.2 ± 0.3 23.6
76.2 ± 0.7 33.3
12.8 ± 0.2 26.0
32.3 ± 0.3 24.7
83.2 ± 0.7 24.6



urnal

2

fi
w
f
w
i
h
u
i
m

3

a
i
h
b
d

m
D
b
t
c
l

a
m
r
a

(
m
h
s
c
b

l

w
d
t

s
i
e

M

w
M
k
i
p
m
a

u
t
b

an initial diffusivity (D0) is used as a fitting parameter. The value of
D0 is used until the time dependent diffusivity D(Mw) is larger than
D0. Since the molecular weight of PLG polymer varies with time, it
was modeled using Eq. (3). Fitted values for D0 and kdeg are given
in Fig. 2 for each of the microcapsule systems. Size distribution
N.S. Berchane et al. / International Jo

.6. Microsphere characterization

Imaging of microspheres was performed with a LEO-VP1530
eld emission scanning electron microscope. The mean diameter
as quantitatively determined by measuring ∼1000 microspheres

rom the SEM micrographs using the Scion Image Analysis soft-
are. The pixel to distance ratio for each micrograph was entered

nto the software, and the edges of the spheres were specified by
and. The number of microspheres (∼1000) measured for each pop-
lation was sufficient to provide an accurate mean diameter, given

n Table 1. In summary, Table 1 describes our six “building block”
icrocapsule systems, labeled M1 through M6.

. Mathematical model

The theoretical model developed in Berchane et al. (2007)
ccounts for microsphere size and polymer molecular weight, and
s used here to predict drug release profiles from PLG microspheres
aving different size distribution and polymer molecular weight. A
rief description of the model is included for completeness, more
etails may be found in Berchance (2007).

The PLG microspheres were prepared by co-dissolving the poly-
er and the drug in DCM which results in a monolithic solution.
esorption of the drug from monolithic systems was first described
y Crank (1956). Solving the one-dimensional mass diffusion equa-
ion for a sphere, with initial and boundary conditions, gives the
umulative release equation for the total amount of diffusing drug
eaving a sphere:

Mt,d

M∞,dm

=

⎛
⎝1 − 6

�2

∞∑
j=1

1
j2

e−j2�2T/R2

⎞
⎠ , with T =

∫ t

0

D(t) dt (1)

nd C(r = R, t > 0) = 0, C(r, t = 0) = C1, where R is the radius of the
icrosphere, C1 is the initial drug concentration, Mt,dm and M∞,dm

epresent the mass of drug released from a sphere of diameter dm,
t time t and t = ∞, respectively.

The drug diffusion coefficient in the cumulative release equation
D(t)) is time dependent due to bulk degradation of the polymer

atrix. As the polymer molecular weight (Mw) decreases, the drug
as more available space to diffuse through the polymer chains, and
o the diffusion coefficient increases. The dependence of diffusion
oefficient of piroxicam on PLG molecular weight was investigated
y Raman et al. (2005), and is expressed as (Pitt and Gu, 1987):

n(D) = −0.347x3 + 10.394x2 − 104.95x + 316.95 (2)

here x = ln(Mw). To account for the initial burst release, an initial
iffusivity (D0) is used as a fitting parameter. D0 is used until the
ime dependent diffusivity D(Mw) is larger than D0.

Hydrolysis, which causes bulk degradation of PLG polymer,
tarts with water uptake. The degradation process, which results
n a decrease in the polymer molecular weight caused by random
ster cleavage, is expressed as:

w(t) = Mw(0) exp(−kdegt) (3)

here Mw(t) is the molecular weight of the polymer at time t,
w(0) is the molecular weight of the polymer at time t = 0, and

deg is the polymer degradation constant. In the present work we
nvestigate drug release from microspheres having different initial
olymer molecular weights. This is implemented into the mathe-
atical model by changing the value of polymer molecular weight
t time t = 0 (Mw(0)) in Eq. (3).
The microsphere populations prepared in this work have a non-

niform size distribution. Following the work of Berchane (2007)
he size distribution of the microsphere populations is represented
y the mass (or equivalent volume) moment mean diameter (d43),
of Pharmaceutics 383 (2010) 81–88 83

also known as De Brouckere mean diameter, which is the center of
gravity of the mass fraction size distribution.

4. Results of experiments and modeling

4.1. In vitro drug release kinetics

Fig. 1 shows experimentally measured in vitro release from
PLG microspheres having different size distributions and poly-
mer molecular weights. The release profiles shown in the figure
are normalized to the total amount of drug release at the end
of the study, which was within 10% of the experimental loading
given in Table 1. The mean diameters (d43) of the microspheres
range from 12.8 to 83.2 �m, and the Mw used were 18 and 55 kDa
(Table 1). Inspection of Fig. 1 reveals that microsphere size is a
major determinant of the release profile, and drug initial release
rate decreased with increase in microsphere size, which confirms
the results reported in Berchance (2007). This is also consistent
with Fick’s law of diffusion which attributes this decrease in drug
release rate to an increase of diffusion pathways (reduced sur-
face area to volume ratio for large spheres). In addition, inspection
of Fig. 1 reveals that polymer molecular weight is also a major
determinant of the release profile, and drug initial release rate
decreased with increasing polymer molecular weight. As the poly-
mer molecular weight is increased, the drug has less available space
to diffuse through the polymer chains, and the diffusion coeffi-
cient decreases, which results in reduced initial drug release rates.
The combined effect of varying the microsphere size and polymer
molecular weight resulted in release profiles having different dura-
tions (10–28 days) and shapes (first-order, near zero-order, and
sigmoidal).

4.2. Model results

The Matlab program developed in Berchane et al. (2007) was
used to solve the cumulative release equation (Eq. (1)), and predict
the release of piroxicam from PLG microspheres having different
mean diameters and polymer molecular weights. The measured
and modeled release profiles for the populations M1–M2 of Table 1
are shown in Fig. 2. Dependence of diffusivity on molecular weight
was modeled using Eq. (2). To account for the initial burst release,
Fig. 1. Effect of microsphere size and polymer molecular weight on piroxicam
release from PLG microspheres.
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ig. 2. Comparison of model profiles to experimental results of piroxicam-loaded
d) 18 kDa, 63–90 �m; (e) 18 kDa, 20–40 �m; and (f) 18 kDa, 0.2–20 �m.

f the microspheres was represented in the mathematical model
y the volume moment mean diameter. As mentioned previously,
he volume moment mean diameter is the center of gravity of the
olume fraction size distribution. It is evident from Fig. 2 that the
elease profiles generated by the model are in good agreement with
he experimental drug release data for the different microsphere

opulations. It is interesting to note that the degradation constant,
deg, changes slightly for a fixed molecular weight, perhaps due to
ts use as a fitting constant, or it may be that the “burst release”
rocess, captured by D0, may also cause slight structural changes
cross the different size distributions.
icrospheres: (a) 55 kDa, 63–90 �m; (b) 55 kDa, 20–40 �m; (c) 55 kDa, 0.2–20 �m;

5. Tailoring a release history

5.1. Introduction

Based on the different shapes of the individual release profiles
depicted in Fig. 1, we hypothesized that it might be possible to

achieve desired release rates by mixing appropriate proportions
of two or more individual microsphere populations. To this end,
a numerical optimization technique was developed, based on the
least squares method, that computes the optimum proportions
at which individual microsphere populations can be combined
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o attain desired release kinetics. The results from the optimiza-
ion procedure were then tested in the laboratory. The following
ections describe the optimization algorithm and report the exper-
mental validation.

.2. Numerical optimization technique

A numerical optimization technique has been developed based
n the least squares method, to compute the optimum proportions
t which individual microsphere populations can be combined to
ttain desired release kinetics. An optimization problem can be
ormulated mathematically as follows (Luenberger, 1965):

inimize : E(f ); Subject to f ∈ S (4)

here E(f) is the objective function to be minimized, and f is an n × 1
ector of design parameters whose values are to be determined. For
solution to be feasible, it must belong to the constraint set S, which

s a subset of the space n × 1 column vectors Rn. When S = Rn, then
he problem is an unconstrained optimization. In general, the con-
traint set is a collection of equality and inequality constraints on
. Few optimization techniques are available for finding the global

inimum of a function. Instead, it is typical to search for a local
inimum.
Here the objective function is the cumulative error between

he target release profile and a linear combination of the available
rofiles:

(f ) =
m∑

i=1

(f1M1,i + f2M2,i + · · · + fnMn,i − Ti)
2 (5)

here m is the total number of points at which the profiles are eval-
ated, n is the total number of profiles to be combined, M1, . . ., Mn

re the individual profiles (shown in Fig. 2 as solid lines) to be com-
ined, f1, . . ., fn are the mass fractions of the individual populations
o be combined, and T is the target profile. In the present work our
vailable release profiles are characterized in terms of time, micro-
phere diameter, and molecular weight, so M = M(t, dm, Mw), and
iven in Table 1 for the diameter and molecular weight, and shown
n Fig. 1 as the release history (measured a fixed times, i = 1 to m).

A solution of the optimization problem is feasible only if the
alues of the mass fractions of the individual profiles (f1, . . ., fn) are
onstrained to the interval [0,1], and the summation of the mass
ractions is equal to one. As a consequence, the problem under con-
ideration is a constrained optimization problem where the goal is
o find an f* that minimizes the objective error function E(f) while
atisfying the following set of equality and inequality constraints:

inimize E(f ) =
m∑

i=1

(f1M1,i + f2M2,i + · · · + fnMn,i − Ti)
2 (6)

ubject to : 0 ≤ fk ≤ 1 for k = 1 to n, and
n∑

k=1

fk = 1 (7)

To be clear, the k index refers to one of the six systems of Table 1,
nd the i index refers to the individual measurements taken over
n experiment (i.e. the times at which measurements were taken).

Such a constrained optimization problem is considerably more
ifficult to solve than the unconstrained problem. Although there
re several approaches to solve the problem of Eqs. (6) and (7), the
ethod of penalty functions is used in this work. Using penalty

unctions, the constrained optimization problem can be converted

o unconstrained problem. The basic idea is to make the constraints
mplicit by adding terms to the objective function. These terms
re zero when the constraints are satisfied but become large when
he constraints are violated. As a consequence, solutions that vio-
ate the constraints are penalized because they incur large costs
of Pharmaceutics 383 (2010) 81–88 85

in the objective error function (Luenberger, 1965). To satisfy the
constrained optimization problem, the following penalty functions
were added to the objective error function:

(min(0, fk))2, (min(0, 1 − fk))2 for 1 ≤ k ≤ n, and

(
1−

k=n∑
k=1

fk

)2

(8)

where the first two penalties ensure that the values of the mass
fractions are constrained to the interval [0,1], and the third penalty
ensures that the summation of the mass fractions is equal to one.
The resulting objective error function was:

E(f ) =
m∑

i=1

(f1M1,i + f2M2,i + · · · + fnMn,i − Ti)
2

+
n∑

k=1

⎛
⎝�(min (0, fk)2+ min (0, 1−fk)2)+�

(
1−

n∑
k=1

fk

)2
⎞
⎠
(9)

where the multipliers � and � take values of 106 and 500, respec-
tively. The majority of optimization algorithms make use of the
following basic idea. Given an initial guess f0, find an n × 1 direc-
tion vector d0 along which the value of the objective error function
E(f) decreases. Then, search for the minimum value of f along
this direction starting at f0 (Luenberger, 1965). Commonly used
optimization techniques include the steepest descent method, the
conjugate-gradient method, the Quasi-Newton optimization tech-
nique, and the simulated annealing method (Press et al., 1992).
These techniques differ mainly in the way they construct the
direction vector dj. In this work the steepest descent optimiza-
tion technique (Luenberger, 1965) was used to solve the inverse
problem. The appeal of the steepest descent method is that it is con-
ceptually simple and easy to program, and since we only have six
parameter values to determine (f1 to f6) we need not be concerned
about computational cost. However, for many other problems the
steepest descent method can take an unacceptably large number of
iterations to converge. The slow convergence rate of the steepest
descent method can be increased by choosing the search direction
in a more sophisticated way. For example, the conjugate-gradient
method uses an effective approach that takes a linear combination
of previous search directions to determine the new search direction
(Press et al., 1992). Alternatively, the Quasi-Newton optimization
technique utilizes both the first and second partial derivatives of the
error function with respect to the components of f to determine the
search direction (Press et al., 1992). Unfortunately, the minimum
found by the previous methods is not necessarily a global mini-
mum. One strategy for attempting to find a global minimum is to
solve the optimization problem repeatedly, starting from different
initial guesses. The best local minimum found can then be taken
as an approximation to the global minimum. However, determin-
ing a suitable sequence of initial guesses can be a daunting task,
and an exhaustive search is computationally prohibitive. An alter-
native approach is the simulated annealing method which consists
of a random global search based on simulating annealing followed
by an efficient local search (Press et al., 1992).

5.3. Steepest descent method
The steepest descent method (Luenberger, 1965) is used in this
work to solve the optimization problem. Starting with an initial
guess, f0, we determine a search direction, d0, and perform a line
search along that direction. The result of the line search is taken
as an updated estimate, and the process is repeated. The search
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irection is determined by evaluating the gradient vector of partial
erivatives of E with respect to the components of f:

Ek(f ) = ∂E(f )
∂fk

1 ≤ k ≤ n (10)

here ∇E(f ) is the direction of steepest ascent, and d0 = −∇E(f )
s the direction of steepest descent. If ˛j denotes the optimal step
ength resulting from searching along the direction dj, starting from
he point fj, then the values of f are updated as follows:

k
j+1 = fk

j − ˛j∇Ek
j(f ) 1 ≤ k ≤ n (11)

here j denotes the iteration number, and in this work ˛j takes
value of 0.0002. The iterative process is repeated until the com-
onents of the direction vector dj fall below a user-specified error
olerance, ε, set as 0.015.

.4. Release from mixtures of individual microsphere populations

To test the optimization algorithm we constructed several
esired release profiles, shown as dashed lines in Fig. 3. In par-
icular, pulsatile, zero-order, and near zero-order release profiles
n Fig. 3(a)–(d). After the desired release profiles were constructed,
he numerical optimization technique was utilized to identify the

est candidates to be combined and their optimum proportions.
he initial goal was to achieve the desired profiles by combining
wo individual populations. In Fig. 3 the dashed line is the target
rofile, while the solid line is the predicted optimum release. To val-

date the predicted release, in vitro release experiments of a mixture
ons to achieve desired drug release profiles: (a) pulsatile, (b) zero-order, (c) near

of the individual populations at the determined proportions were
performed.

In Fig. 3(a) the desired release has a pulsatile profile that deliv-
ers its first pulse (∼45% of the total drug load) in the first 3 days,
and then delivers its second pulse (∼40% of the total drug load)
from day 22 to day 28. Using the numerical optimization tech-
nique, it was determined that the optimum release can be achieved
by mixing the 63–90 �m/55 kDa microsphere population and the
0.2–20 �m/18 kDa microsphere population at mass fractions of
0.47 and 0.53, respectively. From inspection of Fig. 3(a), it is evident
that the predicted optimum release profile is in good agreement
with the desired release, with a correlation coefficient of R2 = 0.988,
and that the pulsatile release was successfully achieved by combin-
ing microsphere populations.

The desired release in Fig. 3(b) has a zero-order profile that
delivers its drug load at constant rate for 28 days (3.57% of total
drug load delivered per day). Using the numerical optimization
technique, it was determined that the optimum release can be
achieved by mixing the 63–90 �m/55 kDa microsphere and the
20–40 �m/18 kDa microsphere populations at mass fractions of
0.43 and 0.57, respectively. Inspection of Fig. 3(b) shows that
designing a truly zero-order release by mixing two individual pop-
ulations had a limited success (R2 = 0.965).
The desired release in both Fig. 3(c) and (d) has a near zero-
order profile that starts with a high initial drug release rate for
two (2) days and then shifts to a lower release rate for the addi-
tional 23 days. In Fig. 3(c) the desired release delivers 20% of
the total drug load in the first two (2) days, while the desired
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Fig. 4. Designing a drug release profile having three distinct pulses.

elease in Fig. 3(d) delivers 30% of the total drug load in that
ame time period. The optimum release in Fig. 3(c) was achieved
y mixing the 20–40 �m/55 kDa microsphere population and the
0–40 �m/18 kDa microsphere population at mass fractions of 0.53
nd 0.47, respectively. It is evident from Fig. 3(c) that the predicted
ptimum release profile is in good agreement with the desired
elease (R2 = 0.994). Alternatively, the optimum release in Fig. 3(d)
as achieved by mixing the 20–40 �m/55 kDa microsphere popu-

ation and the 0.2–20 �m/18 kDa microsphere population at mass
ractions of 0.63 and 0.37, respectively. From inspection of Fig. 3(d),
t is evident that the predicted optimum release profile is in fair
greement with the desired release (R2 = 0.981).

In addition, Fig. 3(a)–(d) shows that the experimental opti-
um release profiles are all in good agreement with the predicted

ptimum release profiles. This validates the predicted release pro-
les, and shows that the measured release from a combination of
icrosphere populations corresponds to a mass-weighted linear

ombination of the individual profiles.
More complex drug release profiles can be achieved by mixing

ndividual PLG microsphere populations having a wider range of
izes and polymer molecular weights. In addition, other key param-
ters such as polymer composition in general and lactide:glycolide
atio in particular, can be utilized to prepare PLG microspheres hav-
ng a wide variation of drug release profiles. As an illustration of the
ower of the optimization method, a predicted drug release profile

s shown in Fig. 4 that has three distinct pulses. The dashed line
s the target profile, while the solid line is the predicted optimum
elease. The target release has a pulsatile profile that delivers its
rst pulse (∼25% of the total drug load) in the first 3 days, and then
elivers its second pulse (∼29% of total drug load) from day 22 to
ay 28, and finally delivers its third pulse (∼ 28 % of total drug load)
rom day 38 to day 44. The mathematical model was used to pre-
ict drug release from PLG microspheres having a mean diameter of
60 �m and a molecular weight of 220 kDa (population A in Fig. 4).
hen using the numerical optimization technique, it was deter-
ined that the optimum release can be achieved by mixing the

60 �m/220 kDa microsphere population, the 63–90 �m/55 kDa
icrosphere population, and the 0.2–20 �m/18 kDa microsphere

opulation at mass fractions of 0.38, 0.35, and 0.27, respectively.
rom inspection of Fig. 4, it is evident that the predicted opti-
um release is in excellent agreement with the desired release

R2 = 0.998).
. Conclusions

Piroxicam-loaded PLG microspheres have been prepared using
he oil-in-water (o/w) emulsion technique. The effect of micro-
phere mean diameter, and polymer molecular weight on drug
of Pharmaceutics 383 (2010) 81–88 87

release rate from the microspheres was investigated. The math-
ematical model developed by Berchane (2007) was used to predict
drug release from PLG microspheres having different size and poly-
mer molecular weight. It was shown that the initial drug release
rate decreased with an increase in polymer molecular weight.
The combined effect of varying the microsphere size and polymer
molecular weight resulted in release profiles having different dura-
tions (10–28 days), and shapes (first-order, zero-order, sigmoidal).
The model results were in good agreement with the experimen-
tal results. It was also shown that the mixture release profiles
corresponded to a mass-weighted linear combination of the indi-
vidual profiles. A numerical optimization technique was developed
to tailor desired drug release profiles by combining individual
microsphere populations in appropriate proportions. Using the
numerical optimization technique, appropriate proportions of indi-
vidual microspheres were determined that generated target release
profiles, in particular, zero-order, and pulsatile. The conventional
microsphere preparation impeller set-up used in this work pro-
duced microsphere populations of non-uniform size distribution,
and as a result precise matching to desired profiles was limited
by the polydispersity of the microcapsule populations that formed
our building blocks. In the near future new manufacturing tech-
niques will produce monodisperse microsphere populations that
will eliminate the need for sieving, and provide precise building
blocks for further optimization of designed release histories.
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