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ARTICLE INFO ABSTRACT

Ara'clf history: PLGA microspheres are widely studied for controlled release drug delivery applications, and many models
Received 20 September 2012 have been proposed to describe PLGA degradation and erosion and drug release from the bulk polymer. Au-
Accepted 18 October 2012 tocatalysis is known to have a complex role in the dynamics of PLGA erosion and drug transport and can lead

Available online 26 October 2012 to size-dependent heterogeneities in otherwise uniformly bulk-eroding polymer microspheres. The aim of

this review is to highlight mechanistic, mathematical models for drug release from PLGA microspheres that

ﬁg(‘j/girg; specifically address interactions between phenomena generally attributed to autocatalytic hydrolysis and
Controlled release drug delivery mass transfer limitation effects. Predictions of drug release profiles by mechanistic models are useful for un-
PLGA derstanding mechanisms and designing drug release particles.
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1. Introduction

Poly(lactic-co-glycolic acid) (PLGA) microspheres are controlled-
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administrations, and improve patient compliance as compared to
conventional regimens. PLGA microspheres have been extensively
studied for controlled-release drug delivery [1-4] mainly because
of the biodegradable and bioabsorbable qualities that allow for the
passive degradation of the polymer in aqueous environments such
as living tissues and for the resorption of degradation products
into the surrounding media [5-7]. Despite these advantages, the
implementation of controlled-release drug delivery devices com-
posed of PLGA microspheres for human patients has been gradual;
the characterization and design of the microspheres depends heavi-
ly on trial-and-error experiments, and the interplay between com-
plex phenomena that contribute to the drug release is still being
deciphered.

Several processes contribute to the overall kinetics of drug release
from PLGA microspheres including chemical degradation of the poly-
mer by autocatalytic ester hydrolysis, polymer erosion, evolution of
pore structure as a result of mass erosion, and diffusive transport of
the drug through the polymer matrix and the aqueous pore struc-
ture [8]. In the present work, the term degradation refers to the pro-
cess through which the polymer chain bonds are hydrolyzed to
form oligomers and monomers. The term erosion refers to the loss
of mass due to diffusion of water-soluble, small oligomers and mono-
mers out of the polymer matrix. The definitions of degradation and
erosion are the same as those given by Gopferich [5] and have been
widely adopted in the literature.

Three main phenomena—PLGA degradation, PLGA erosion, and drug
transport—are discussed in Section 2, and mathematical models that
mechanistically address these phenomena and the interactions between
them are described in Section 3. The coupling between the three
phenomena is important for understanding how one of the three may
dominate or work in conjunction with the others under different condi-
tions. The autocatalytic degradation mechanism may accelerate the
degradation and erosion in the center of microspheres and enhance
size-dependent drug transport. The complex effects of autocatalysis are
difficult to predict without understanding of the relative strengths of
the phenomena and their dynamics.

Mathematical models can reduce the number of experiments
needed to probe different conditions and designs and to deepen the
understanding of the physical and chemical mechanisms of drug
release, particularly when the effects of different phenomena are
coupled. Empirical or correlative mathematical models, which are
commonly applied in the drug delivery field, have very limited pre-
dictive capability outside of the specific experimental conditions
used to fit parameters in the models [9]. In contrast, mechanistic
mathematical models aim to account for the physical and chemical
phenomena that contribute to the overall drug release kinetics [10]
and are applicable over a wide range of conditions to be used in the
model-based design of microspheres to produce desired release pro-
files (e.g., constant rate of release for uniform therapeutic dosage).
Here, only mechanistic models and hybrid empirical and mechanistic
models are addressed.

2. Background concepts

Polymeric drug delivery can be categorized based on the mecha-
nisms of drug release [11-13]: diffusion-controlled systems (diffusion
from non-degrading polymers), swelling-controlled systems (en-
hanced diffusion from polymers that swell in aqueous media), and
erosion-controlled systems (release as a result of degradation and ero-
sion of polymers). For biodegradable polyesters such as PLGA, drug re-
lease occurs through a combination of degradation and erosion of
polymer and transport of drug and is classified as being erosion-
controlled. In this section we overview the mechanisms of each of
these processes for erosion-controlled drug release from PLGA micro-
spheres and how their effects interact.

2.1. PLGA degradation

PLGA is a poly(a-hydroxy-ester) (see Fig. 1) that is depolymerized
in the presence of water. The hydrolysis reaction cleaves the ester
bonds of polymer chains. The reaction can be catalyzed by acids or
bases, but experimental data on the acidic local pH within PLGA par-
ticles [14-18] suggest that only the reaction mechanism catalyzed by
acid is relevant. The acid-catalyzed ester hydrolysis proceeds by the
bimolecular, acyl-oxygen cleavage Axc2 mechanism [19,20] summa-
rized by
P,+H,0+H" =P, +P,_,,+H", n=23,..andm=1,2,..n-1,

(1.1)

where P, P, and P,,_; denote polymer chains having degrees of po-
lymerization n, m, and n —m, respectively, and H" is the acid catalyst.

The source of the acid catalyst can be external from strong acid in
the medium (non-autocatalytic reaction) or internal from the carbox-
ylic acid end groups of the polymer chains (autocatalytic reaction)
[21]. In autocatalysis, the reaction product catalyzes further hydroly-
sis in the manner

A+B—2B, (1.2)

where A is water and B is acidic polymer chains in the context of PLGA
degradation.

2.2. PLGA erosion

Polymer erosion is classified as surface-eroding or bulk-eroding
[4,5,22,23]. For surface-eroding polymers such as polyanhydrides, the
rate of polymer degradation at the surface is faster than the rate of pen-
etration of water from bodily fluids in vivo or from the buffer mediumin
vitro into the polymer bulk. Surface-eroding polymers react from the
surface inward. Bulk-eroding polymers exhibit a faster rate of water
penetration than the rate of polymer degradation. The degradation
and erosion in bulk-eroding polymers occurs throughout the polymer
bulk. PLGA is a bulk-eroding polymer at the length scales used in drug
delivery microspheres (10s to 100s of microns) as the hydration time
scale is on the order of a few minutes compared to weeks or months
for degradation [24-26].

Erosion depends on the degradation, dissolution, and diffusion pro-
cesses [27]. For PLGA, the dissolution of water-soluble oligomers up to
nonamers [28-30] and of drug molecules is often assumed to occur faster
than diffusion and polymer degradation in many mathematical models
and is neglected. A few models propose that dissolution is rate-limiting
for PLGA oligomers [31].

2.3. Drug transport

An “initial burst” of drug release often occurs wherein a significant
percentage of the drug is released during the early stage of the release
process. This effect has been reported for many formulations of PLGA
microspheres. The initial burst can be diminished or eliminated by
adjusting the fabrication technique [32-34].

R o] R

O OH lactide unit: R = CHj;
OH o) glycolide unit: R =H

Fig. 1. Structure of poly(a-hydroxy-esters). PLGA has a fraction of functional groups
with lactide units and the remaining fraction with glycolide units. n is the number of
interior lactide and/or glycolide monomeric units.
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