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bstract

The need to tailor release rate profiles from polymeric microspheres is a significant problem. Microsphere size, which has a significant effect
n drug release rate, can potentially be varied to design a controlled drug delivery system with desired release profile. In this work the effects of
icrospheres mean diameter, polydispersity, and polymer degradation on drug release rate from poly(lactide-co-glycolide) (PLG) microspheres

re described. Piroxicam containing PLG microspheres were fabricated at 20% loading, and at three different impeller speeds. A portion of the
icrospheres was then sieved giving five different size distributions. In vitro release kinetics were determined for each preparation. Based on

hese experimental results, a suitable mathematical theory has been developed that incorporates the effect of microsphere size distribution and
olymer degradation on drug release. We show from in vitro release experiments that microsphere size has a significant effect on drug release rate.
he initial release rate decreased with an increase in microsphere size. In addition, the release profile changed from first order to concave-upward
sigmoidal) as the microsphere size was increased. The mathematical model gave a good fit to the experimental release data. For highly polydisperse
opulations (polydispersity parameter b < 3), incorporating the microsphere size distribution into the mathematical model gave a better fit to the
xperimental results than using the representative mean diameter. The validated mathematical model can be used to predict small-molecule drug
elease from PLG microsphere populations.

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

Controlled drug delivery offers numerous advantages com-
ared with conventional free dosage forms, in particular:
mproved efficacy, reduced toxicity, and improved patient com-
liance and convenience. Consequently there is considerable
nterest from the pharmaceutical industry in the encapsulation
f vaccines and drugs in biodegradable proteinaceous or poly-
eric micro and nanospheres (Ravi Kumar, 2000). PLG-based

icrospheres are attractive macromolecular carriers because of

heir biocompatibility, biodegradability, and non-toxicity. These
ynthetic polymers degrade at a rate dependent on properties
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uch as polymer molecular weight and lactide:glycolide ratio
Cutright et al., 1974). In addition, PLG microspheres are versa-
ile, and can be prepared using the oil-in-water (o/w) emulsion
olvent evaporation technique, which was shown to successfully
ntrap hydrophobic materials (Beck et al., 1979; Cowsar et al.,
985; Jeffery et al., 1991). Alternatively, PLG microspheres can
e prepared through the (water-in-oil)-in-water (w-o-w) solvent
vaporation technique that has been shown to be efficient in
ntrapping water-soluble material (Ogawa et al., 1988; Jeffery
t al., 1993; Parikh et al., 2003; Porjazoska et al., 2004).

Difficulty achieving desired release rates is an important lim-
tation in controlled drug delivery. Microsphere size, which has
significant effect on drug release rate, can potentially be varied

o design a controlled drug delivery system with desired release

rofile. Mathematical modeling provides insight into the fun-
amental processes that govern the release, and once validated
ith experimental results, it can be used to tailor a controlled
rug delivery system with specified drug release profile. Even

mailto:mandrews@lanl.gov
dx.doi.org/10.1016/j.ijpharm.2006.12.037
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hough the majority of the conventional manufacturing tech-
iques used for controlled drug delivery result in polydisperse
icrospheres (microspheres of non-uniform size distribution),

he mean diameter is used to represent the size of the micro-
pheres when modeling drug release. As a consequence, the
odel does not account for the effect of population polydisper-

ity which is believed to be one of the main causes for the initial
rug “burst” release (Berkland et al., 2003).

To minimize the polydispersity effect on release kinetics,
ome investigators used manufacturing techniques that result
n monodisperse populations, while others used sieves to frac-
ionate the microspheres into more uniform size distributions.
erkland et al. (2001) developed a method to produce micro-

pheres of a monodisperse size distribution by spraying a
olymer-containing solution through a nozzle. The nozzle was
quipped with acoustic excitation and a non-solvent carrier
tream to produce uniform droplets. This technology was later
sed to produce monodisperse PLG microspheres to investigate
he effect of microsphere size and polymer molecular weight
n drug release (Berkland et al., 2002; Raman et al., 2005).
iepmann et al. (2004) investigated the effect of the size of
iodegradable microparticles on release rate of dispersed drug
monolithic dispersions). The manufacturing technique resulted
n microspheres with a wide size distribution, and five different
ize fractions were then obtained by sieving (Siepmann et al.,
004). Alternatively, Bezemer et al. (2000) studied the release
f protein from amphiphilic multiblock copolymers, based on
ydrophilic poly(ethylene glycol) (PEG) blocks and hydropho-
ic poly(butylene terephthalate) (PBT) blocks. Despite the wide
icrosphere size distribution, the effect of microsphere size was

nly represented in terms of the mean diameter (Bezemer et al.,
000).

In this work the effects of microspheres mean diameter, poly-
ispersity, and polymer degradation on drug release rate from
oly(lactide-co-glycolide) (PLG) microspheres are investigated
xperimentally. Based on the experimental results, a mathemat-
cal model is proposed that accounts for the effects of diffusion,
olymer degradation, and microsphere size distribution to pre-
ict drug release kinetics from polydisperse PLG microsphere
opulations.

. Materials and methods

.1. Materials

The PLG used had a copolymer composition of 50:50, a Mw
f ∼40 kDa, and is a product of Sigma. The poly(vinyl-alcohol)
PVA) was 87–89% hydrolyzed, with a Mw of 13–23 kDa. In
ddition to these chemicals, Piroxicam (Mw 331.3), and HPLC
rade Dichloromethane (DCM) were purchased from Sigma.
odium hydroxide was purchased from EM Science. All chem-

cals were used as provided.
.2. Micropshere preparation

PLG microspheres were prepared by the oil-in-water (o/w)
mulsion solvent extraction technique described next. The pro-
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ocol is detailed in the literature (Beck et al., 1979; Cowsar et al.,
985; Jeffery et al., 1991). Piroxicam was co-dissolved with PLG
10%, w/v) in dichloromethane (DCM) at 20% of the PLG mass
20% theoretical drug loading (w/w)). PVA solution (8%, w/v)
as stirred at the desired stirring speed for 5 min in a 400 ml
yrex beaker with a Caframo ultra high torque stirrer (model
DC1850) having a speed range of 0–1800 rpm. The PLG solu-

ion was slowly added to the beaker and stirring was continued
or 60 min. Afterwards, the resulting emulsion was added to 1 l
f double distilled water, and stirring was continued for an addi-
ional 90 min at a speed of 1200 rpm. Microspheres were then
ollected by filtration, where the filter size used was 0.2 �m to
revent any loss of microspheres.

Three batches of microspheres were prepared at three dif-
erent impeller speeds (140, 300, and 900 rpm) to produce
icrospheres having a wide size distribution (0.2–140 �m). The

orrelation developed by Berchane et al. (2006), which relates
LG micropshere population mean diameter to impeller speed,
as utilized to determine the impeller speeds that would result

n the desired microsphere sizes. A portion of the microspheres,
repared at different impeller speeds, was stored for drug release
nvestigations from raw batches, while the rest of the micro-
pheres were combined and sieved to obtain five different size
ractions: 0.2–20, 20–40, 40–63, 63–90, and >90 �m (average
ore sizes of the sieves: 20, 40, 63, and 90 �m; Keison Prod-
cts, United Kingdom). Once sieved, the microspheres were
yophilized and stored at −20 ◦C.

.3. Determination of piroxicam loading

The experimental loading of piroxicam was determined by
issolving 2 mg of microspheres in 1 ml of 0.25 M sodium
ydroxide at 37 ◦C for 48 h. Piroxicam has been shown to be
table in sodium hydroxide solution (d’Arpino et al., 2003),
nd is thus believed to be stable under extraction. Piroxicam-
ree microspheres of the same molecular weight were treated
imilarly. Drug concentration was determined by measuring the
bsorbance of the piroxicam-containing solution in a quartz
uvette at 276 nm (Gilford Response Spectrophotometer) and
ubtracting the absorbance of the piroxicam-free solution. The
xperiments were done in triplicate.

.4. In vitro release

Drug release was determined by suspending 5 mg of
iroxicam-loaded microspheres in 1.3 ml of phosphate buffered
aline (PBS, pH 7.4). Piroxicam maintains an unchanged
tructure in buffer media (Ficarra et al., 1999), and is thus
elieved to be stable under the in vitro release conditions. The
uspension was continuously agitated by shaking (Glas-Col,
erre Haute, USA) at 100 strokes/min in a 37 ◦C incubator.
t predetermined intervals, the samples were centrifuged, and
ml of the supernatant was extracted, and replaced by fresh

uffer. The microspheres were then vortexed and put back into
he incubator. Resuspending the microspheres in fresh buffer
fter centrifugation (by vortexing), and continuous agitation
f the suspension throughout the release experiment prohib-
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Table 1
Characterization of sieved and raw piroxicam-loaded PLG microspheres

Microsphere population Mean diametera,
d43 (�m)

a b Theoretical drug
loading (%, w/w)

Experimental drug
loading (%, w/w)

Encapsulation
efficiency (%)

>93 �m – – – 20 5.94 29.7
63–90 �m 81.2 ± 0.4 80.5 9.7 20 5.33 26.65
40–63 �m 51.0 ± 0.4 50.9 5.4 20 5.2 26
20–40 �m 29.6 ± 0.3 29.6 6.0 20 4.7 23.5
0.2–20 �m 13.9 ± 0.2 13.8 3.17 20 5.38 26.9
140 rpm 76.0 ± 0.9 75.3 3.78 20 6.05 30.25
3
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00 rpm 33.5 ± 0.4 33.1 3.1
00 rpm 13.5 ± 0.2 13.3 2.7

a Mean diameter ± standard error.

ted microsphere aggregation and sedimentation. The piroxicam
oncentration in the supernatant was determined by measur-
ng the absorbance at 276 nm in a spectrophotometer (Gilford
esponse Spectrophotometer). Drug concentration was less than
0% of the saturation solubility in the release medium at 37 ◦C,
hich conforms to sink conditions (Gibaldi and Feldman, 1967).
iroxicam-free microspheres were treated similarly, and the
bsorbance from their supernatant was subtracted from all mea-
urements. The experiments were done in triplicate.

.5. Microsphere characterization

Imaging of microspheres was performed with a LEO-VP1530
eld emission scanning electron microscope at the Microscopy
nd Imaging Center (MIC) at Texas A&M University. Sam-
les of the spheres were mounted on aluminum stubs using
ouble adhesive tape. The stubs were then left overnight in a
esiccator to dry. The samples were sputter-coated with 4 nm of
latinum–palladium in an atmosphere of argon. Scanning was
hen performed at ambient temperature and vacuum pressure.
he mean diameter was quantitatively determined by measur-

ng ∼1000 microspheres from the SEM micrographs using the
cion Image Analysis software. The pixel to distance ratio for
ach micrograph was entered into the software, and the edges of
he spheres were specified by hand. The number of microspheres
∼1000) measured for each population was sufficient to provide
n accurate mean diameter (Table 1).

. Mathematical model

In diffusion-controlled drug release systems, a substance is
eleased from a device by permeation from its interior to the
urrounding. There are two main types of diffusion-controlled
ystems, the reservoir system and the monolithic system (Baker,
987). In a reservoir system the active agent is enclosed by an
nert outer membrane, while in monolithic systems the drug
s dispersed uniformly throughout the rate-controlling polymer

atrix. If the active agent is dissolved in the polymer matrix,
he device is called monolithic solution, while if the drug is dis-

ersed as a solid, the system is called a monolithic dispersion
Baker, 1987). In this work the microspheres were prepared by
o-dissolving the polymer and the drug in DCM which results in
monolithic solution.The theoretical framework used to model

u
B
d
t

20 5.23 26.15
20 5.65 28.25

rug release is based on a diffusion model for dissolved drug
elease from monolithic microspheres. Desorption of the drug
rom monolithic systems was first described by Crank (1956).
he one-dimensional mass diffusion equation for a sphere of
pecified diameter dm and radius R, is expressed by Fick’s second
aw as

∂C

∂t
= 1

r2

{
∂

∂r

(
D(t)r2 ∂C

∂r

)}
(1)

here C is the concentration of the drug; r the radial location
nside the sphere; D is the drug diffusion coefficient in the PLG

atrix. Solving the above equation with the following boundary
nd initial conditions (Crank, 1956):

(r = R, t > 0) = 0; C(r, t = 0) = C1

ives the following equation for the total amount of diffusing
rug leaving a sphere of diameter dm (Crank, 1956):

Mt,dm

M∞,dm

=
⎛
⎝1 − 6

π2

∞∑
j=1

1

j2 e(−j2π2T/R2)

⎞
⎠ ; T =

∫ t

0
D(t) dt

(2)

here C1 is the initial drug concentration; Mt,dm and M∞,dm

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

The drug diffusion coefficient is time-dependent due to bulk
egradation of the polymer matrix. As the polymer molecular
eight (Mw) decreases, the drug has more available space to dif-

use through the polymer chains, and so the diffusion coefficient
ncreases. The dependence of diffusion coefficient of piroxi-
am on PLG molecular weight was investigated by Raman et al.
2005), and an empirical mathematical equation was obtained
o represent this dependence:

n(D) = −0.347x3 + 10.394x2 − 104.95x + 316.95 (3)

here x = ln(Mw). Initial drug burst release is well documented
n the literature, and has been attributed to a variety of physical,
hemical, and processing parameters, but for the most part, the

nderlying mechanism is not clearly understood (Huang and
razel, 2001). To account for this initial burst release, an initial
iffusivity (D0) is used as a fitting parameter. D0 is used until
he time-dependent diffusivity D(Mw) is larger than D0.
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Hydrolysis, which causes bulk degradation of PLG polymer,
tarts with water uptake. The first stage of the process is con-
ned to a decrease in the molecular weight caused by random
ydrolytic ester cleavage, while the second stage is characterized
y the onset of weight loss. The first stage of the degradation
rocess is expressed as (Pitt and Gu, 1987):

w(t) = Mw(0) exp(−kdegt) (4)

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

he polymer degradation constant. The rate of polymer degrada-
ion, represented by the degradation constant (kdeg), is dependent
n the hydrolysis mechanism taking place. PLG degradation has
een widely investigated (Kenley et al., 1987; Lewis, 1990; Chui
t al., 1995; Faisant et al., 2002; Siepmann et al., 2004; Raman
t al., 2005), and values for kdeg reported in the literature range
rom 0.0638 to 0.104 day−1.

Other degradation studies performed on PLG microspheres
ave shown dependence of polymer degradation constant (kdeg)
n microsphere diameter (Berkland et al., 2003). It is believed
hat large microspheres degrade more quickly than small micro-
pheres because of an increased buildup of the acidic byproducts
f polymer hydrolysis in large microspheres (Berkland et al.,
003). In addition, drug release can occur by diffusion through
ores formed as a result of polymer erosion which results in
igher effective diffusivities than those predicted solely by poly-
er bulk degradation. In this work the degradation constant,

deg, is used as a fitting parameter, and the obtained values are
ompared with the reported data in the literature.

.1. Modeling size distribution

This work considers the release from a microsphere
opulation of non-uniform size distribution. The effect of poly-
ispersity on drug release rate from this population is accounted
or in the mathematical model by incorporating the population
ize distribution into the cumulative release equation (Eq. (2)).

hen characterizing microspheres for drug release studies, the
ass fraction size distribution is used which represents the mass

f microspheres in a specific size interval divided by the total
ass of the population and the length of the size interval. Since

he density of the microspheres is constant, the mass fraction
ize distribution and the volume fraction size distribution are
quivalent, and are thus used interchangeably. In the present
ork the mean diameter calculated is the mass/volume moment
ean diameter (d43), also known as De Brouckere mean diam-

ter, which is the center of gravity of the mass/volume fraction
ize distribution.

It was shown in previous work by Berchane et al. (2006)
hat the Rosin–Rammler mathematical distribution function pro-
ides an accurate representation of the size distributions of PLG
icrospheres prepared using our experimental set-up. For con-
tant drug loading throughout the entire population (Table 1),
he Rosin–Rammler function also represents the drug mass dis-
ribution for the population. The Rosin–Rammler distribution
unction can be expressed in the following form (Lefebvre, 1989;

w
l
l
r
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erchane et al., 2006):

1

M∞
dM

ddm

)
= g(dm) = b

a

(
dm

a

)b−1

exp

(
−
(

dm

a

)b
)

(5)

here M∞ is the total mass of drug in the microsphere pop-
lation under consideration; dm the microsphere diameter; a
nd b are constants to be obtained from a least squares fit to
he experimentally measured size distributions of PLG micro-
pheres. The non-dimensional cumulative mass release equation
or the population can then be expressed as

Mt

M∞
=
∫ dmax

dmin

g(dm)
Mt,dm

M∞,dm

ddm (6)

here dmin and dmax are the diameters of the smallest and largest
icrospheres in the population respectively, Mt is total mass of

rug released from the population at time t. In Eq. (6), g(dm)
s evaluated using Eq. (5), and Mt,dm/M∞,dm is evaluated using
q. (2).

. Results and discussion

.1. Microsphere fabrication and characterization

To investigate the effect of microsphere size on drug release
ate, three batches of PLG microspheres were prepared at dif-
erent impeller speeds (140, 300, and 900 rpm). A portion of the
icropsheres was removed from each batch, and then the dif-

erent portions were added together and sieved which resulted
n five different size fractions (0.2–20, 20–40, 40–63, 63–90,
nd >90 �m). SEM micrographs of the sieved microspheres are
hown in Fig. 1. The volume fraction size distribution is used
hen characterizing microspheres for drug release studies. This

ize distribution represents the mass of microspheres in a specific
ize interval divided by the total mass of the population and the
ength of the size interval. Integrating the volume fraction size
istribution yields the cumulative volume fraction distribution.
ig. 2 shows the experimental cumulative volume fraction dis-

ributions for raw and sieved microspheres, plotted against the
iameter of PLG microspheres. From inspection of the micro-
raphs, it is apparent that the microspheres appear rigid and
icely spherical with a smooth surface. It is also evident from
he micrographs and the size distributions that the majority of
he fractionated microspheres lie within the mean pore diameter
f the sieves used (Figs. 1 and 2(a)).

The cumulative Rosin–Rammler distribution function was
hown by Berchane et al. (2006) to give the best representation of
he cumulative volume fraction experimental data. This function
s expressed in the following form (Lefebvre, 1989):

V

Vtot
= GV(dm) = 1 − exp

(
−
(

dm

a

)b
)

(7)
here V is total volume contained in microspheres of diameter
ess than dm; Vtot the total volume of the microsphere popu-
ation; dm is the microsphere diameter. The Rosin–Rammler
elationship describes microsphere size distribution in terms of
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Fig. 1. SEM micrographs of sieved piroxicam-loaded PLG microspher

he parameters a and b, where a provides a measure of the distri-
ution mean diameter, while b provides a measure of the spread
f the microsphere sizes. If b is infinite, the microspheres are all
f the same size, and as the value of b decreases, the spread of
he microspheres increases (Lefebvre, 1989). The parameters a
nd b are obtained from a least squares fit of the Rosin–Rammler
umulative volume fraction distribution function (Eq. (7)) to the

xperimental cumulative volume fraction distributions (Fig. 2).
he values for a and b are given in Table 1. The parameter b,
hich provides a measure of polydispersity, ranges from 2.7 to
.78 for raw populations and from 3.17 to 9.7 for sieved popula-

s
s

>90 �m; (b) 63–90 �m; (c) 40–63 �m; (d) 20–40 �m; (e) 0.2–20 �m.

ions (Table 1). This shows that sieving was effective in reducing
he polydispersity of the microsphere populations, and is impor-
ant because one of the objectives of this work was to fabricate
icrosphere populations of varying polydispersity to investigate

he effect of polydispersity on drug release rate.

.2. In vitro drug release kinetics
Fig. 3 shows experimentally measured in vitro release of
ieved piroxicam-loaded PLG microspheres having different
ize fractions. The release profiles shown in the figures are nor-
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ig. 2. Cumulative volume fraction distribution of (a) sieved and (b) raw,
iroxicam-loaded PLG microspheres.

alized to the total amount of drug released at the end of the
tudy, which was within 10% of the experimental loading shown
n Table 1. The mean diameters (d43) of the microspheres range
rom 13.9 to 81.2 �m (Table 1). Inspection of Fig. 3 reveals
hat size is a major determinant of the release profile, and drug
nitial release rate decreased with increasing system size. This
s consistent with Fick’s law of diffusion which attributes this
ecrease in drug release rate to an increase of diffusion path-
ays (reduced surface area to volume ratio for large spheres).

n addition, microsphere populations having a mean diameter of
9.6 �m and above exhibit concave-upward (i.e. sigmoidal) pro-
le, with a high initial rate of drug release (“burst release”) which

hen slows down before it progresses again into a more rapid
elease phase before leveling off. This sigmoidal profile is most
bvious for populations with large mean diameters (d43 > 51.0,
ig. 3(a)–(c)), and to a lesser extent in the 29.6 �m mean diame-

er population (Fig. 3(d)), which exhibits a near constant release
zero order profile). Although the initial burst release has been
eported in numerous publications in our field, knowledge about

he underlying mechanism is limited. One potential explanation
or this burst release is that some drug becomes trapped on the
urface of the polymer matrix during the manufacturing process
Huang and Brazel, 2001). The sigmoidal shape is believed to

t
a
r
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e a result of polymer degradation. As the polymer degrades, its
olecular weight decreases, which causes an increase of the dif-

usion coefficient of the drug through the polymer matrix. This
s translated into an increase in the drug release rate which gives
ise to the sigmoidal profile. The 13.9 �m population (our small-
st), and contrary to the other populations, exhibits first order
elease (Fig. 3(e)). It is believed that this is a result of the rapid
nitial rate of release with ∼50% of encapsulated drug released
ithin the first 3 days, during which polymer degradation effects

re still negligible. In addition, polymer degradation proceeds
t a slower rate for smaller microspheres (Berkland et al.,
003).

Fig. 4 shows the release from raw microsphere populations
repared at three different speeds (140, 300, and 900 rpm). The
ean diameters of the microspheres range from 13.5 to 76 �m

Table 1). The drug release profiles from raw populations exhibit
he same behavior as those from sieved populations having
omparable mean diameters. Microspheres prepared at 140 and
00 rpm (having mean diameters of 76.0 and 33.5 �m, respec-
ively) have concave-upward (i.e. sigmoidal) profile, while

icrospheres prepared at 900 rpm (13.5 �m mean diameter)
xhibit first order release.

.3. Model results

A Matlab program was written to solve the derived cumula-
ive release equations (Eqs. (2) and (6)), with a time-dependent
iffusivity and two fitting parameters (D0 and kdeg), to predict the
elease of piroxicam from PLG microspheres having different
ean diameters and size distributions. Dependence of diffusiv-

ty on molecular weight was modeled using Eq. (3). To account
or the initial burst release, an initial diffusivity (D0) is used as a
tting parameter. D0 is used until the time-dependent diffusivity
(Mw) is larger than D0.
Since the molecular weight of PLG polymer varies with time,

t was modeled using Eq. (4). The rate of polymer degradation,
epresented by the degradation constant (kdeg), is dependent on
he hydrolysis mechanism taking place. PLG degradation has
een widely investigated (Kenley et al., 1987; Lewis, 1990; Chui
t al., 1995; Faisant et al., 2002; Siepmann et al., 2004; Raman
t al., 2005), and reported values for kdeg range from 0.0638
o 0.104 day−1. Here kdeg is used as a fitting parameter, and
he obtained values are compared with the reported data in the
iterature.

Size distribution of the microspheres was represented in the
athematical model in two different approaches to investigate

he use of the population size distribution model, and the alter-
ative mean diameter model. For accurate modeling of the drug
elease profile, the size distribution of the populations was incor-
orated into the model, and Eq. (6) was solved. Alternatively,
q. (2) was solved which utilizes the volume moment mean
iameter to represent the size distribution of the population. As
entioned in Section 3.1, the volume moment mean diameter is
he center of gravity of the volume fraction size distribution. The
im was to investigate the effect of polydispersity on drug release
ate. Fig. 5 shows the release profiles generated by the model
ompared with the experimental drug release data for sieved
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Fig. 3. Experimental piroxicam release from sieved PLG microsphere
icrosphere populations. The solid lines represent modeling
esults based on size distribution, while dashed lines represent
odeling results based on mean diameter. It is evident from
ig. 5 that the model based on size distribution is in good agree-

ig. 4. Effect of microsphere size on piroxicam release from raw PLG micro-
pheres.

m
o
i
w
fi
m
d
p
i
t
6
R
e
r
t
u
t
p

s

>90 �m; (b) 63–90 �m; (c) 40–63 �m; (d) 20–40 �m; (e) 0.2–20 �m.

ent with all the experimental results, and that the deviation
f the mean diameter-based model from experimental results
ncreases as the polydispersity of the population increases. Here
e use the value of the parameter b (Table 1), obtained by curve
tting the cumulative Rosin–Rammler function to the experi-
ental cumulative volume fraction distributions, to represent the

egree of polydispersity of the populations. For the 0.2–20 �m
opulation (value of b equal to 3.17, Table 1), the deviation
s considerable (Fig. 5(d), R2 = 0.952). Alternatively, popula-
ions that have a value of b greater than 3.0 (20–40, 40–63, and
3–90 �m, in Table 1), the deviation is negligible (Fig. 5(a)–(c),
2 > 0.994). Thus, for populations having a value of b ∼ 3, the
ffect of polydispersity on drug release is significant, and as a
esult incorporating the size distribution of the population into
he model is necessary to provide an adequate fit for practical
se. Consequently, it is recommended that the size distribu-

ion be incorporated into the model, when working with highly
olydisperse populations (value of b equal to or less than 3).

From Fig. 5, it can be observed that the degradation con-
tant (kdeg), obtained by curve fitting, increased from 0.07 day−1



N.S. Berchane et al. / International Journal of Pharmaceutics 337 (2007) 118–126 125

F ved P

f
1
t
(
l
t
a
u
d
0
1
2

(
r
l
(
p
d
fi
a
r

p
n
i
i
b
t
v
D
c
i
p
c
l
c
m
i
s
a

ig. 5. Comparison of model profiles to experimental piroxicam release from sie

or the microsphere population having a mean diameter of
3.9 �m (0.2–20 �m population, Fig. 5(d)) to 0.088 day−1 for
he microsphere population having a mean diameter of 81.2 �m
63–93 �m population, Fig. 5(a)). This is consistent with pub-
ished work which report that large microspheres degrade faster
han small microspheres because of an increased buildup of
cidic byproducts (Berkland et al., 2003). In addition, the val-
es for kdeg obtained in this work are in good agreement with
ata reported in the literature which range between 0.0638 and
.104 day−1 (Kenley et al., 1987; Lewis, 1990; Chui et al.,
995; Faisant et al., 2002; Siepmann et al., 2004; Raman et al.,
005).

It has been previously mentioned that an initial diffusivity
D0) is used in this work to account for the initial drug burst
elease. Although this burst release is well documented in the
iterature, the underlying mechanism is not clearly understood
Huang and Brazel, 2001). It has been hypothesized that polydis-
ersity is one of the main causes for the initial drug burst release,

ue to the presence of small microspheres which encapsulate suf-
cient amount of drug that is released more rapidly (Berkland et
l., 2003). Here we investigate this hypothesis by considering the
elease from the 63–90 �m sieved population (Fig. 5(a)). This

n
O
b
t

LG microspheres: (a) 63–90 �m; (b) 40–63 �m; (c) 20–40 �m; (d) 0.2–20 �m.

opulation has a value of b equal to 9.7 (Table 1), which indicates
egligible polydispersity effect on drug release. However, by
nspecting Fig. 5(a), it is observed that this population has high
nitial rate of drug release with an initial diffusivity (D0, obtained
y curve fitting the size distribution-based mathematical model
o the experimental results) equal to 10.0 × 10−18 m2/s. This
alue is significantly higher than the time-dependent diffusivity,
(Mw), at time t = 0 (D(Mw(0)) = 1.7 × 10−18 m2/s), which indi-

ates that the simple diffusion model does not account for this
nitial burst release. Thus although this population has negligible
olydispersity effect, it exhibits an initial drug burst release that
annot be merely explained by the simple diffusion model. This
eads us to the conclusion that polydispersity is not the main
ause for this initial burst release. The same conclusion can be
ade from recent work published by Raman et al. (2005), which

nvestigated drug release rates from monodisperse PLG micro-
pheres. Despite the uniformity of the microsphere populations,
high initial rate of drug release was observed which also can-

ot be explained by the diffusion model (Raman et al., 2005).
ne potential explanation for the burst effect is that some drug
ecomes trapped on the surface of the polymer matrix during
he manufacturing process (Huang and Brazel, 2001).
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. Conclusions

Piroxicam-loaded PLG microspheres have been prepared
sing an emulsion technique. The effect of microsphere mean
iameter, polydispersity, and polymer degradation on drug
elease rate from the microspheres was investigated. A math-
matical model is reported that predicts drug release from
olydisperse PLG microspheres. The model accounts for the
ffects of diffusion, polymer degradation and microsphere size
istribution. It was shown that drug initial release rate decreased
ith an increase in microsphere size. Also, the release profile

hanged from first order to concave-upward as the microsphere
ize was increased. Polydispersity did not have a significant
ffect on drug release rate for populations having a polydisper-
ity parameter (b) larger than 3. Alternatively, for distributions
aving a value of b close to or below 3, incorporating the size
istribution of the population into the model provided a better fit
o the experimental results. In addition it was shown that polydis-
ersity was not the main cause for the initial “burst” release. The
odel results were in good agreement with experimental results,

nd thus can be used to predict drug release from polydisperse
opulations of microspheres.
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