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Abstract: Poly (lactic-co-glycolic acid) (PLGA) copolymers

have been broadly used in controlled drug release applica-

tions. Because these polymers are biodegradable, they pro-

vide an attractive option for drug delivery vehicles. There are

a variety of material, processing, and physiological factors

that impact the degradation rates of PLGA polymers and con-

current drug release kinetics. This work is intended to pro-

vide a comprehensive and collective review of the

physicochemical and physiological factors that dictate the

degradation behavior of PLGA polymers and drug release

from contemporary PLGA-based drug–polymer products. In

conjunction with the existing experimental results, analytical

and numerical theories developed to predict drug release

from PLGA-based polymers are summarized and correlated

with the experimental observations. VC 2016 Wiley Periodicals,

Inc. J Biomed Mater Res Part B: Appl Biomater, 105B: 1692–1716,

2017.
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INTRODUCTION

Poly (lactic-co-glycolic acid) (PLGA) is a copolymer of poly
(lactic acid) (PLA) and poly (glycolic acid) (PGA) that have
been widely used as drug delivery vehicles in many con-
trolled release products because of their good biocompati-
bility and degradability in physiological environments.
These PLGA copolymers can be easily formed into drug car-
riers of all scales, such as millimeter-sized implants, medical
device coatings, microparticles, and nanoparticles,1–8 and
they are able to encapsulate a wide range of drugs with
nearly any molecular sizes. The biodegradation products
from PLGA are lactic acid (LA) and glycolic acid (GA), which
are biologically inert to the growing cells and are removed
from the body by normal metabolic pathways.2,3 As a biode-
gradable polymer with good biocompatibility, low toxicity,
relatively high miscibility with other polymers and adju-
vants4 as well as film-forming and capsule-forming proper-
ties, during the last several decades, many PLGA-based
drug–polymer systems have been developed and employed
for treatment of various diseases.1,5,6 The compositional

forms of PLGA are usually identified by their monomer
ratio; for instance, PLGA 75/25 indicates a copolymer
whose composition is 75 wt % PLA and 25 wt % PGA (i.e.,
LA/GA5 75/25).

The pharmacokinetics associated with the degradation
rate and the drug release of a PLGA-based polymer is influ-
enced by a number of factors, such as the initial molecular
weight (Mw), monomer composition ratio of PLGA matrix
(i.e., LA/GA ratio), drug type, processing method, and pH
value of the release medium.1–14 To fabricate a PLGA-based
drug delivery system with higher efficiency and efficacy
within a desired therapeutic window, it is essential to col-
lectively and quantitatively understand the effects of the
factors on the degradation rate and the drug release
kinetics of PLGA-based polymers and to properly accommo-
date these factors in fabricating the drug-polymer
composites.

The aim of this work is to collectively address the
impacts of factors determining the degradation and subse-
quent drug release kinetics from PLGA-based polymers. It
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must be noted that, there are already multiple review liter-
atures regarding this topic.1,13 In our report, for more com-
prehensive understanding, the influencing factors were
systematically categorized based on the material, process-
ing, and physiological perspectives. Here, we classified the
material factors to include the inherent physicochemical
properties of the drugs and the PLGA copolymers and the
interaction characteristics between them. The processing
parameters, on the other hand, were considered as the sys-
tem design factors that can be controlled and adjusted dur-
ing synthesis, such as the monomer ratio, the drug loading,
and the size and the shape of drug–polymer particles. Last,
the conditions of the release environments including pH
values, types of release medium, temperatures, and in vivo
and in vitro testing have been grouped as the physiological
factors. Among those factors, Mw and LA/GA ratio are of
major importance and can be easily controlled as one of
the material and the processing factors; thus, a special
emphasis has been placed on the quantitative analysis of
the effects of Mw and LA/GA ratio of PLGA copolymers on
the degradation behavior and the drug delivery kinetics. In
addition to the experimental findings, in this work, we pro-
vide a thorough review of the analytic mathematical and
numerical models developed to predict the drug release
behavior from PLGA-based drug delivery systems. When
applicable, the results of the model predictions are dis-
cussed with respect to the individual material, processing,
and/or physiological factors in the corresponding subsec-
tions. In the next section, theoretical and computational
models developed to predict the pharmacokinetics from
PLGA copolymers are reviewed and summarized. The fol-
lowing sections will then present up-to-date results, both
qualitative and quantitative, of the impacts of material,
processing, physiological factors on degradation, and drug
release based on the existing experimental and theoretical
work. Next, a section to discuss the drug delivery modula-
tion approach using the material and processing factors is
provided. Final remarks and summary statements are given
in the last section.

THEORETICAL AND COMPUTATIONAL MODELS

Drug release profile
PLGA-based drug–polymer particle systems can exhibit a
wide range of release profiles.7 In Figure 1, we schemati-
cally present the characteristics of three typical release pro-
files. The drug release from PLGA systems can exhibit one
or multiple phases in the release (i.e., mono-, bi-, or tripha-
sic release) behaviors. In Figure 1, Type I curve shows the
monophasic release from a single homogeneous phase, Type
II curve corresponds to the biphasic release that is charac-
terized by the initial burst and saturation (i.e., zero-order
release), and Type III curve represents the triphasic (i.e.,
phase I, phase II, and phase III) release profile.7 Phase I is
often referred to as a burst release phase caused by disinte-
gration of particles, formation of cracks on the matrix, non-
encapsulated drug particles, or hydration of drug molecules
on the surface. If the initial solubility of a drug is high, the
fraction of initial burst release could be relatively high.15

For example, a hydrophilic drug is more readily hydrated
than a hydrophobic drug, so that the initial burst can be
more prominent, as schematically described in Figure 2. As
another schematic example shown in Figure 3, lower Mw

produces a higher initial burst and shorter drug release
duration because lower Mw would result in a less hydropho-
bic polymer which will increase the rates of water absorp-
tion, hydrolysis, and erosion.7 On the contrary, it is known
that a lower Mw can increase the diffusivity (D) of drugs,
which would accelerate the release kinetics. Phase II is com-
monly known as a period of a slower release, during which
drug release is dictated by diffusion through the relatively
dense polymer with few pores. Phase III is described as a
rapid release period or sometimes is called as the second
burst. The onset of “erosion” (i.e., the point at which the
degradation products and drugs release much more rapidly)
is usually considered responsible for this accelerated

FIGURE 1. Typical profiles of drug release including different release

phases. Arbitrary unit (A.U.) is used for drug release time.

FIGURE 2. Typical Type II profiles of relative release amount of hydro-

phobic and hydrophilic drugs from PLGA-based polymers. Arbitrary

unit (A.U.) is used for drug release time.
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release, and the drug release during the period is mainly
degradation-controlled.

There are many factors or events that can affect these
release characteristics; therefore, the detailed shapes of such
release profiles are the outcome of complicated factors influ-
encing the polymer degradation and drug dissolution in the
media. For instance, the existence of a slow second phase can
be explained not only by pore closure but also by drug–drug
interactions and drug–polymer interactions. Besides, some fac-
tors influence drug release in more than one aspect. For exam-
ple, hydrolysis can result in pore formation and erosion, which
may increase the drug release rate, but hydrolysis can also
cause polymer chain rearrangement and pore closure that may
decelerate release.7 Therefore, it is difficult to understand the
drug release mechanism merely or directly from the drug
release profile and it is not easy to predict which profile would
be prominent for a specific system, if factors, such as pore clo-
sure and polymer–drug interactions, are not well established.
However, observations suggest some consistency between the
physicochemical properties of the system and drug release
character types. Generally, large PLGA particles show the tri-
phasic release profile because of heterogeneous degradation,
while small PLGA particles and thin-PLGA-film-coated particles
exhibit a biphasic release profile with a relatively rapid second
phase.16 It was also reported that some basic drugs tend to
result in a biphasic release pattern, while neutral drugs may
lead triphasic release profiles.17 In addition, the amount of ini-
tial burst can be lowered and the drug release can be prolonged
when PLGA systems with free COOH groups interact with
drugs.18,19 Among the three phases shown in the Type III curve
of Figure 1, the initial burst phase is relatively easy to under-
stand and even a quantitative expression could be obtained to
calculate the drug release fraction during this phase.20

Theoretical modeling
Existing literatures offer various kinds of mathematical (ana-
lytical), computational (numerical), and theoretical models of
drug release from polymeric microspheres.21–25 With differ-

ent transport phenomena, one can classify these into
diffusion-, swelling-, and erosion-based models.21,23 Because
PLGA is a bulk erosion copolymer and its swelling phenom-
enon is not obvious, not all available models can be applied
to PLGA-based drug delivery systems including swelling-
based and surface erosion-based models. This subsection fur-
nishes a review of analytical, computational, and theoretical
models that describe both the drug release and the bulk deg-
radation suitable for PLGA-based drug delivery systems.

Diffusion-based models. For theoretical modeling, the ana-
lytical solutions of Fick’s second law for various geometries
of PLGA drug delivery systems are the most widely used
mechanistic models. For example, for spherical microparticles,
the drug release ratio is given by the following Eq. (1).26
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where ct and c1 are the cumulative amounts of drug that
are released at time t and 1; and n, R, and D are the inte-
ger, the radius of the microparticles, and the diffusion coeffi-
cient of drugs, respectively. Note that all of the analytical
solutions of Fick’s second law involve empirical determina-
tion of certain variables. Although application of these mod-
els is limited based on such empiricism, these analytical
approaches can be applied in the following ways27; (i) the
analytical model can be applied to predict the drug release
rate at any time when D is known for a given size and spe-
cific PLGA polymer, (ii) the model can be used to empiri-
cally predict the value of D for a particular drug-PLGA
system, and (iii) the model can also be employed to deter-
mine the influencing factors such as the optimal combina-
tion of geometric (i.e., size) and/or material (i.e., D)
parameters to attain a desired rate for drug release.

Higuchi model28 is an empirical model based on the
exact integration of Fick’s law, in which the instantaneous
rate of drug release at time t is given by
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where Q is the cumulative amount of released drug at time
t per unit area of exposure. cinit and Csat are the initial con-
centration and the saturated concentration of drug, respec-
tively. When the initial concentration of drug is much higher
than the saturated concentration (cinit � Csat), the cumula-
tive amount can be simplified as

Q5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cinitDCsatt

p
(3)

Higuchi model is one of the earliest models that were
used in previous literatures to describe the drug release in
a quantitative way.28–30 The major limitation of this model
is that it assumes the surrounding environment is a perfect
sink, the drug distribution in the matrix is uniform, and
cinit � Csat.

FIGURE 3. Typical Type III release profiles of drugs with different

molecular weights (Mw) from PLGA-based polymers. Arbitrary unit

(A.U.) is used for drug release time.
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Korsmeyer et al.31 derived a simpler semiempiric power
law model as given by

ct
c1

5ktn (4)

where k is the rate constant that dictates the geometric and
structural characteristics of the drug release systems and n
is the diffusional exponent. By adjusting n, this model was
claimed to be able to describe a wide range of release phe-
nomena such as Fickian diffusion, anomalous transport,
type II transport, and so on.32,33

Bulk erosion-based models. Traditionally, analytical solu-
tions of Fick’s second law have successfully been applied to
quantify the drug release from PLGA microparticles and
thin films.8,34 However, they are applicable only for mono-
or biphasic release shown in Figure 1 due to the constant
drug diffusivity (D) in Eq. (1). A common approach to
expand the applicable range of Fick’s second law is to corre-
late D with the changing Mw upon degradation. For example,
Raman et al.15 have proposed a mathematical model quanti-
fying the drug release from spherical PLGA-based micropar-
ticles. Their model takes into account the drug diffusion, the
polymer degradation, and the initial nonhomogeneous drug
distribution within the system. The resulting equation is
expressed as15
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where c is the concentration of the drug, t is the releasing
time, r is the radial coordinate, and D(Mw) is the polymer
Mw-dependent drug diffusion coefficient, respectively. This
model considers the polymer degradation by associating the
drug diffusion coefficient with Mw of degrading polymer;
therefore, D(Mw) is no longer a constant. In their model, an
empirical cubic polynomial fit was used to relate D(Mw) for
piroxicam-loaded PLGA-based microparticles.15 As a result,
the following empirical dependence of the diffusion coeffi-
cient, D(Mw), on the average Mw was found.15
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where Mw0 is the unchanged Mw of the polymer in the early
release stage, tlag is the duration during which the Mw of
the polymer is unchanged (i.e., t > tlag), and kd is the poly-
mer degradation constant, respectively. Because the diffu-
sion coefficient (D(Mw)) of drug is a function of Mw, this
empirical model can be readily used to describe a triphasic
release.

Another widely used model deems a three-step release
sequence from PLGA film, that is, (i) solvent penetration
into the polymer, (ii) polymer relaxation controlled by deg-
radation and drug dissolution, and (iii) drug transport gen-
erally controlled by diffusion.35 The drug release ratio, (ct/

c1), is then a summation of burst release [first term on the
right-hand side of Eq. (8)],35,36 relaxation-induced drug dis-
solution release [second term on the right-hand side of Eq.
(8)], and diffusion controlled release [third term on the
right-hand side of Eq. (8)], as given by Eq. (8)35
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where ct and c1 are the cumulative amounts of drug
released at time t and 1, respectively, l is the half-thickness
of film, kr is the degradative relaxation constant of PLGA,
and /b and /d represent the fraction of initial burst release
and the fraction of diffusion-controlled release, respectively.
These three (l, kr, /b) are known parameters. D is the diffu-
sion coefficient of drug in PLGA, kb is the burst constant of
PLGA, tb is the end time of burst release from PLGA, tr is
the end time of relaxation release from PLGA, and /r is the
relaxation release coefficient of PLGA, respectively. These
parameters (D, kb, tb, tr, /r, and /d) can be empirically deter-
mined (i.e., fitting). Note that the last term in Eq. (8) is
identical to the analytical solution of Fick’s second law for
thin films with negligible edge effects (1D).26 It has been
shown that the empirical prediction from this model
matches well with the paclitaxel release profile from the
thin PLGA film of 80 lm thickness.35

A similar model has been proposed that takes into
account a two-step release sequence, that is, (i) initial burst
(diffusion controlled) and (ii) bulk-degradation controlled
drug release. In this case, the drug release ratio (ct/c1) at a
given time t can be described by20

ct
c1

5/b 12exp 2kbtð Þ½ �1 12/bð Þ exp kt2ktmaxð Þ
11exp kt2ktmaxð Þ
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(9)

where tmax is the time to the maximum degradation rate
and k is the rate constant of the second step, respectively.
Here, the rate constant kb is expressed as

kb5
DACS
WL/bh

(10)

where D is the diffusion coefficient, A is the surface area of
drug accessible to the medium, CS is the solubility of the
drug, h is the apparent aqueous diffusion boundary layer
thickness, and /b is the fraction of initial burst. Equation
(9) has been successfully used to describe drug release
from PLGA nanoparticles with low drug loadings.20

A number of stochastic models of polymer erosion have
been proposed with potential applications for drug delivery
systems. As an example of stochastic models for PLGA ero-
sion, Chen et al.25 uniformly discretized the model domain
into a finite number of degradation cells (elements). In their
model, the diffusion coefficient of monomers during degrada-
tion (Dm) was defined as a function of the hydrolysis state:
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where Dm0 is the diffusion coefficient of monomers before
degradation, Rm is the material constant, X is the status vari-
able for degradation cells. The authors used XH 5 1 for
“hydrolysable” cells, Xh 5 0.001 for “hydrolyzed” cells, and
Xv 5 0 for “void” cells. The diffusion of the monomer was
expressed by combining Fick’s second law with a monomer
source term (S(t)) as given by25

oCm
ot

5r DmrCmð Þ1S tð Þ (12)

where Cm is the concentration of monomers.
Siepmann et al.24,37 proposed a stochastic Monte-Carlo

computational model to include the time- and the direction-
dependent porosities in the PLGA matrix. The authors first
divided the PLGA-drug particle into finite computational pixels
to represent the nondegraded polymer and the drug regimes.
Then, the “lifetime” of a pixel was estimated using a random
stochastic variable that ranges from 0 to 99. After this lifetime
is reached, the corresponding computational pixel was
assumed to erode instantaneously to indicate degraded parts
(i.e., pores). With this approach, the diffusivities of radial and
height directions were separately averaged out for temporal
evolution of the internal structure of drug-PLGA particles.
Using this Monte-Carlo model, the authors claimed that the
developed model can describe various experimental observa-
tions such as initial burst, zero-order release, and triphasic
release, and so forth Hadjitheodorou and Kalosakas38 also uti-
lized the similar Monte-Carlo computation approach to eluci-
date the diffusion-controlled drug release mechanism. In their
model, the time-exponent (b) and relaxation time (s) in ct

c1
51

2exp 2 t
s

� �bh i
expression were empirically fitted and Eq. (1)

was used to predict the diffusion process.

MATERIAL FACTORS (MATERIAL PROPERTIES)

PLGA copolymers
Crystallinity. The crystallinity of PLGA copolymers impacts
both degradation rate and drug release. Lower crystallinity
accelerates the hydrolysis and degradation rates of PLGA.
Generally, the drug release in these systems is accelerated
by lesser crystallinity, especially when the release is con-
trolled solely by diffusion.17,39

The crystallinity of PLGA depends on the PLA enantiomer
used. LA has two optical isomers: L-(1)-lactic acid and D-(2)-

lactic acid. As a result, PLA generally includes poly-L-lactic
acid (PLLA), poly-D-lactic acid (PDLA), and poly-D,L-lactide
(PDLLA), and so forth PLLA tends to be semicrystalline or
amorphous depending on the processing method.40,41 PDLA
commonly exhibits higher crystallinity compared with PLLA
whereas PDLLA is amorphous. PLGA prepared from PGA and
PLLA is crystalline/semicrystalline copolymer while that
from PGA and PDLLA is amorphous which is preferred, as it
enables more homogeneous drug dispersion in the matrix.40

The crystallinity in these systems also depends on the com-
positional proportion (composition) of LA and GA in the
polymer chains. Although PGA itself is typically highly crystal-
line, increasing the proportion of GA in the polymer can
reduce the degree of crystallinity of PLGA, and an amorphous
PLGA structure could be observed with higher portion of GA
(25�70%) because the long range order of the polymer is
disrupted by the GA content.42

Table I summarizes the effects of the higher crystallinity
on drug release. As shown in Table I, the impact of crystal-
linity was mostly studied by comparing single polymer
materials (typically, PLA types), likely to avoid complications
in interpreting results from copolymer systems. For
instance, increasing the proportion of LA leads to a slow-
down in the rate of hydrolysis and degradation. This can be
explained not only from the view that LA content increases
the crystallinity but also from the view that LA contains the
methyl group would increase the hydrophobicity of PLGA.

In contrast to the general negative effect of the degree of
crystallinity on the drug release,17 there are some evidences of
the opposite influence of crystallinity under certain circum-
stances as reported in Refs. 41,43 in Table I. For instance,
Hurrell and Cameron43 showed that PLA matrices with higher
initial crystallinity released more drug (theophylline, 5 wt %
initial loading) at the initial stage. The authors explained that
this might be attributed to the redistribution of drug concen-
tration during the process of preparing the sample; the drug
concentration on the surface was higher than in the bulk.

Wang et al.44 developed the following expression to cor-
relate crystallinity (XC) with degradation.

dCe
dt

52
dR

dt
2x

dXC
dt

(13)

where Ce is the molar concentration of ester bonds in amor-
phous phase polymer, R is the molar concentration of mono-
mers produced by the hydrolysis process, t is the
degradation time, x is the molar concentration of polymer

TABLE I. Effects of Crystallinity on Drug Release

Drug Polymer/Copolymer Factors, Crystallinity (%) Results Ref.

Lidobase PDLLA 0 Diffusion coefficient: D 5 2.7 3 10211 cm2 s21 17
PLLA 40 Diffusion coefficient: D 5 6.95 3 10214 cm2 s21

PLLA 50 Diffusion coefficient: D 5 3.84 3 10214 cm2 s21

Papaverine PLLA 0 Drug release amount: 3 wt % (4th hour) 41
43 Drug release amount: 8 wt % (4th hour)

Theophylline PLA 5 Drug release amount: 0.7 6 0.3 wt % (1st day) 43
24 Drug release amount: 8.3 6 0.8 wt % (1st day)
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chains in crystalline phase, and XC is the crystallinity. This
model considered that the concentration of the amorphous
polymers (Ce) was reduced by crystallization, and the model
showed a good agreement with the experimental data of
PLGA for (weight loss vs time) and (crystallinity vs time)
except at long times.

Molecular weight (Mw). Molecular weight (Mw) of PLGA
polymer significantly influences the physicochemical proper-
ties of PLGA copolymers. Mw of PLGA used in controlled
release applications ranges typically between 5 and 150
kDa (i.e., 5000–150,000 g/mol).7 As presented in Table II, it
is generally observed that the degradation and the drug
release increase with decreasing Mw of PLGA. For example,
it has been reported that the initial burst amount can be
increased by as much as 8.5 times by controlling Mw (33
kDa compared to 84 kDa)45 and that the drug release
amount in 18 days can be increased by 3.7 times (from 95

to 26 wt %) when the Mw changes from 14.5 to 213 kDa.46

For the diffusion coefficient of drug, an example of piroxi-
cam release from PLGA 50/50 showed that increasing Mw

from 6 to 68 kDa resulted in decreased D from 6 3 10213

cm2 s21 to 7 3 10215 cm2 s21 (reduction of 85.7 times).15

For PLLA, however, the impact could be directly opposite to
these observations since there is an inversely proportional
relationship between Mw and crystallinity. For instance, in
Table II, it is seen that a 2 kDa PLLA polymer system had
smaller drug release amount than the 4 kDa PLLA polymer
system in 14 days in Ref. 47 because the former was more
crystalline than the latter; however, the drug release amount
from this PLLA was again decreased by as high as 6 times
from 77 to 13 wt % by increasing Mw from 4 to 50 kDa.47

Figure 4(a) shows some examples to illustrate the trend
of the drug release ratio of initial drug loading from PLGA
polymer systems with different Mw. Here, all the drug
release profiles were characterized at 378C and pH 7.4.

TABLE II. Effects of Molecular Weights (Mw) on Drug Release

Drug Polymer/Copolymer Factors, Mw (kDa) Results Ref.

Theophylline PDLLA 3.5 Drug release amount: 100 wt % (1st hour) 4
42 Drug release amount: 47 wt % (2nd hour)
92 Drug release amount: 37 wt % (2nd hour)
138 Drug release amount: 35 wt % (2nd hour)
553 Drug release amount: 32 wt % (2nd hour)

Piroxicam PLGA 50/50 6 Diffusion coefficient: D 5 6 3 10213 cm2 s21 15
20 Diffusion coefficient: D 5 5 3 10214 cm2 s21

34 Diffusion coefficient: D 5 2 3 10214 cm2 s21

49 Diffusion coefficient: D 5 9 3 10215 cm2 s21

68 Diffusion coefficient: D 5 7 3 10215 cm2 s21

Ovalbumin PLGA 50/50 33 Initial burst: 94 wt % 45
58 Initial burst: 39 wt %
84 Initial burst: 11 wt %

Estradiol PLGA 50/50 14.5 Drug release amount: 95 wt % (18th day) 46
45 Drug release amount: 66 wt % (18th day)
85 Drug release amount: 50 wt % (18th day)

Diffusion coefficient: D 5 5.91 3 10219 cm2 s21

213 Drug release amount: 26 wt % (18th day)
Diffusion coefficient: D 5 1.64 3 10219 cm2 s21

Paclitaxel PLLA 2 Drug release amount: 64 wt % (14th day) 47
4 Drug release amount: 77 wt % (14th day)
10 Drug release amount: 57 wt % (14th day)
50 Drug release amount: 13 wt % (14th day)

Rifampicin PLGA 50/50 5 Drug release amount: 100 wt % (10th day) 48
Diffusion coefficient: D 5 4.76 3 10215 cm2 s21

10 Drug release amount: 100 wt % (10th day)
Diffusion coefficient: D 5 4.44 3 10215 cm2 s21

20 Drug release amount: 50 wt % (10th day)
PLGA 75/25 5 Drug release amount: 85 wt % (10th day)

Diffusion coefficient: D 5 2.64 3 10215 cm2 s21

10 Drug release amount: 90 wt % (10th day)
Diffusion coefficient: D 5 3.92 3 10215 cm2 s21

20 Drug release amount: 25 wt % (10th day)
Tetanus toxoid PLGA 50/50 3 Drug release amount: 69 wt % (30th day) 50

100 Drug release amount: 32 wt % (30th day)
Fentanyl PLGA 5 50% release in 7.2 days 51

8 50% release in 7.9 days
33 50% release in 11 days

Doxorubicin hydrochloride PLLA 7.2 Drug release amount: 60.1 wt % (60th day) 52
10 Drug release amount: 53.4 wt % (60th day)
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Although the quantitative degree of impact is determined by
many other factors and the observation times are different
for each data set, the overall trend shows that the drug
release ratio decreases as the Mw increases. It can be seen
that the rifampicin release from PLGA 50/50 (5 and 10
kDa) achieved 100% in 10th day, and the rifampicin release
from PLGA 50/50 (20 kDa) achieved 50 wt % in 10th day,
75 wt % in 18th day, and 100% in 36th day, respectively.48

Compared with this, the estradiol release from PLGA 50/50
with comparable Mw (14.5 kDa) did not achieve 100% but
95 wt % in 18th day.46 This could probably be explained by
the shorter observation time or smaller particle size. The
rifampicin release from PLGA 75/25 (blue symbols) was
slower compared with that from the PLGA 50/50 (red sym-
bols) with comparable Mw due to the higher LA/GA ratio.48

For the rifampicin release from PLGA 75/25, drug release
from PLGA of 10 kDa was faster than that from PLGA 5
kDa, and this seemed due to the higher drug loading and
interaction of amino groups of rifampicin and carboxyl
groups of PLGA. Figure 4(b) shows the examples of
extracted effective diffusivities (Deff) of drugs with Mw of
PLGA polymers. Here, Deff was extracted from experiments
to exhibit biphasic release in Table II. To extract the Deff val-
ues of selected examples with a sphere shape, we adopted a

regression approach in solving the Fick’s second law expres-
sion as given in Eq. (1). In the figure, Deff was represented
using log Deff values. Although Deff would be influenced by
many other factors in addition to Mw, as seen in Figure 4(b),
Deff is generally decreased by increasing Mw except when
Mw is small.

As described above in Eqs. (5–7), models coupling Mw

and drug release have been proposed based on Fick’s sec-
ond law.15 The dependence of D on Mw has been deter-
mined empirically for selected systems.49 Inspection of the
drug release profiles from PLGA systems referred in Table II
reveals that some drug release kinetics46,48 followed Type II
behavior. In Ref. 46, as Mw of PLGA 50/50 increased from
14.5 to 213 kDa, the drug release profiles were altered
from Type I to Type II. When the swelling effect of poly-
mers is relatively minor, these drug release behaviors are
controlled by the diffusion mechanism derived from the
concentration gradient of drug. With releasing time, the con-
centration gradient of drug decreases while the degradation
rate of PLGA matrix gradually increases. When the diffusion
of drug is fast enough, the drugs are released completely
before the on onset of polymer erosion. If the diffusion of
drug is relatively slower, then the degradation cannot com-
pensate the diminished effect of concentration gradient,
which results in the Type II release of Figure 1.46,48 On the
other hand, if the effect of degradation compensates the
diminished effect of concentration gradient or if the onset of
erosion occurs relatively in an earlier stage, the duration
time of lag release could be shorter, therefore, the Type III
release or even Type I could take place.45,46,50

Glass transition temperature (Tg). It is generally accepted
that the drug release rates decrease with increasing Tg of
the matrix polymers.1 For example, Frank et al.17 reported
that, for PLLA with intrinsic viscosity of 4.37 dl/g, PLLA
with intrinsic viscosity of 2.04 dl/g, PDLLA, PLGA 80/20,
and PLGA 53/47 samples, Tg decreased gradually and were
70, 62, 50, 48, and 408C, respectively, and the correspond-
ing D values were 3.84 3 10214, 6.95 3 10214, 2.7 3

10211, 3.11 3 10211, and 1.596 3 10210 cm2 s21, respec-
tively. As another example, Karavelidis et al.53 showed the
effect of Tg of polyesteric nanoparticles on the release
kinetics of ropinirole HCl. The highest release rate was
found from the poly-(propylene suberate) (PPSub) and the
poly(propylene sebacate) (PPSeb), having the lowest Tg,
257.88C and 253.18C, respectively. On the contrary, the
slowest release kinetics of the drug was found from the
PLA with the highest Tg, 58.78C. After 12 days, PPSub,
PPSeb, and PLA released 98%, 96%, and 50% of ropinirole
HCl, respectively. It must be mentioned that Tg of PLGA/
PLLA polymers may not be controlled independently,
rather it is a function of other material or processing
parameters such as Mw or composition ratios. It has been
reported that Tg of PLGA decreases with the increasing GA
composition and decreasing Mw (or decreasing viscos-
ity)54–56; therefore, the resultant effects of Tg must be con-
sidered in conjunction with other multiple factors such as
intrinsic viscosity and/or D.

FIGURE 4. Selected examples of data to show (a) drug release ratios

and (b) log Deff as a function of molecular weights (Mw) of PLGA poly-

mers. [cm2 s21] is used for the unit of Deff.
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Drugs
Drug type: hydrophilic or hydrophobic. PLGA-based prod-
ucts have been widely studied for controlled delivery of a
variety of medicaments including macromolecular drugs
(such as human growth factors, genes, peptides, proteins,
vaccines, antigens, and so forth) and relatively small molec-
ular drugs (hydrophilic/hydrophobic drugs). Since unde-
sired pharmacokinetic properties have been associated with
low aqueous solubility of the drug, the prediction of drug
solubility is very important.57 As introduced before, Figure
2 shows the typical example of release profiles of relative
release amount of hydrophobic and hydrophilic drugs from
PLGA-based polymers. The degree of initial burst is much
lower for hydrophobic drugs because their low aqueous sol-
ubility leads to a sustained low driving force.57

There are numerous earlier studies to investigate the
effects of drug type (hydrophilic or hydrophobic) on the
degradation rate of PLGA matrices. For example, it has
been reported that the diffusion (or swelling) rate of aspi-
rin (relatively hydrophilic drug with aqueous solubility of
4.99 mg/mL) was substantially higher (i.e., 57.5 times)
than that of haloperidol (relatively hydrophobic drug with
aqueous solubility of 0.13 mg/mL).58 As another example,
Liu et al.59 examined the difference of the release patterns
of ciprofloxacin hydrochloride (hydrophilic) and sirolimus
(hydrophobic) from 50/50 PLGA films. The results
showed that more hydrophilic ciprofloxacin hydrochloride
induced faster release curves than more hydrophobic siro-
limus and that ciprofloxacin hydrochloride promoted the
weight loss of films while sirolimus inhibited the weight
loss of films. However, it was also observed that both

drugs inhibited the degradation of biodegradable carrier.
As expected, there could be a wide range of variations in
the release behavior from similar types of drugs depend-
ing on other physicochemical factors. Tables III and IV list
examples of the effective diffusivity (Deff) values of hydro-
phobic and hydrophilic drugs, respectively, in a variety of
biodegradable polymer matrices. One can see that the Deff

values of hydrophobic and hydrophilic drugs are within
the bounds of 10216 to 1029 and 10212 to 1027 cm2 s21,
respectively. Deff of hydrophobic drugs have been studied
more commonly compared to that of hydrophilic drugs,
which could be ascribable to the low encapsulation effi-
ciency and the issues related to drug leakage of water-
soluble drugs.66 In Figure 5, selected examples of log Deff

are plotted with their log P (octanol/water) values at pH
7.4.67–69 In the figure, the red and black symbols indicate
hydrophilic and hydrophobic drugs, respectively, and open
and solid symbols represent log Deff measurements from
porous and dense polymer matrices, respectively. It is
seen that Deff from porous matrices (i.e., open symbols)
substantially higher values compared with those from
dense matrices (i.e., solid symbols). Also, although Deff

cannot be solely determined from hydrophobicity and
must be correlated with other factors, it is observed that
Deff of hydrophilic 5-fluorouracil (5-FU) drugs (i.e., red
symbols) is higher than that of hydrophobic drugs (i.e.,
black symbols).

As for the theoretical aspect, the three-step release model
(i.e., Eq. (8)) is suitable for describing the hydrophobic drug
(e.g., paclitaxel) release from PLGA.35,70 Equation (8) with
/r 5 0 can be applied to the release of hydrophilic drugs

TABLE III. Effective Diffusivities (Deff) of Hydrophobic Drugs

Drug Polymer/Copolymer Factors, Matrix Structure Results, Deff (cm2 s21) Ref.

Piroxicam PLGA Dense microspheres 10215210213 15
Lidocaine PLGA Dense microspheres (0.4–8) 3 10212 34

Thin films 0.8 3 10212

Ibuprofen PLGA Dense microspheres (0.2–2) 3 10212

Thin films 2 3 10212

Paclitaxel PLA Dense microparticles (1.04–2.78) 3 10211 47
Indomethacin PLGA Porous foams 1.75 3 1029 57
Indomethacin PLA Porous foams 3.01 3 1029

Indomethacin PLA Dense nanoparticles 2.25 3 10212 60
PLGA Dense nanoparticles (1.98–2.35) 3 10212

PLA-PEG Dense nanoparticles 1.06 3 10212

Lidocaine PDLLA Dense nanospheres (1.35–7.13) 3 10216 61
Lidocaine PLA Dense nanospheres (7.7–7.9) 3 10216 62
p-Cymene PLA Dense microcapsules 5.21 3 10213 63
Thymol PLA Dense microcapsules 1.39 3 10211

TABLE IV. Effective Diffusivities (Deff) of Hydrophilic Drugs

Drug Polymer/Copolymer Factors, Matrix Structure Results, Deff (cm2 s21) Ref.

5-Fluorouracil (5-FU) PLGA Porous foams 1.41 3 1027 2
PLA Porous foams 2.21 3 1027

PLGA Dense microparticles 10212210210 64
Ovalbumin PLGA Porous microparticles 7.2 3 1027 65
Bovine serum albumin PLGA Porous microparticles 5.9 3 1027
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such as metoclopramide.70 This implies that the PLGA relaxa-
tion is important for the dissolution of hydrophobic drugs
because the drugs have a strong affinity with polymers. On
the other hand, it is thought that models with initial burst
and diffusion-controlled drug transport are adequate for
describing the release of hydrophilic drugs because Deff is rel-
atively higher.

Size of drug particles. The effect of drug particle size in
the matrix on the drug release is highly dependent on the
aqueous solubility of the drug; if a drug is moderately solu-
ble or insoluble, the influence of drug particle size is espe-
cially important.71–73 On the other hand, for soluble drugs,
the effect of drug size is only noticeable when the polymer
is highly hydrophobic and/or the drug particle size is very
large.71 It is relatively easier for the drug with smaller par-
ticles to dissolve and diffuse out of the matrix while the
drug with larger particles will dissolve less readily. How-
ever, not many previous studies were found for PLGA-based
drug delivery systems regarding these drug size effects.74

Perale et al.75 proposed a model considering the release
process mainly including (i) solubilization of drug particles
(related to drug size) and (ii) the diffusion of the solubilized
drug, and they validated this model for the PGA, PLLA, and
PLGA drug delivery systems. The fitting results were quali-
tatively consistent with the observed trends in release; how-
ever, there were numerical discrepancies that were
attributed to small amount of available data and settings of

experiments. The authors used the following equation to
express the solubilization of a solid drug particle

ond
ot

52kC c½ ��2 c½ �ð Þpd2p (14)

where nd is the number of moles of drug in the drug parti-
cle, t is the time, kC is the drug mass transport coefficient,
[c]* is the solubility of the drug in the solvent, [c] is the
molar concentration of drug in the solid particle, and dp is
the diameter of the solid particle. This model assumes that
the particle is a sphere (i.e., nd5qdpd

3
p=6, where qd is the

density of drugs) and that N particles are present in the
unit volume, and the expression describing the overall drug
dissolution rate is given by

Dd5NqdkC c½ ��2 c½ �ð Þp 6nd=pqdð Þ2=3 (15)

The mass balance of drug can be evaluated as

e
o c½ �
ot

5Dr2 c½ �1Dd (16)

where e is the polymer porosity after swelling. Thus, by
combining Eqs. (14) and (16), it is possible to express the
final conservation equations for the dispersed drug. Com-
pared with Fick’s second law, Eq. (16) considers the drug
solubilization dynamics by including the Dd term that
relates the size of drug particles.

Drug–polymer interaction: acidic or basic. If the impreg-
nated drug is a weak base or an acid, the effect of drug–
polymer interaction on polymer degradation needs to be
carefully considered. For acidic drugs, it is known that deg-
radation is faster due to autocatalysis, which will be dis-
cussed in the “Size of the matrix” section. For basic drugs,
however, there are conflicting views of the impact on degra-
dation. One viewpoint is that degradation will be acceler-
ated; basic drugs, such as tertiary amine or nucleophilic
drugs, catalyze the matrix degradation that will accelerate
the release rate because of a bulk erosion of the
matrix.17,76,77 An opposite viewpoint is that drug release
can be suppressed; basic drugs can neutralize the generat-
ing acid from polymer hydrolysis so as to minimize the
autocatalytic effect, thereby leading to a slower degradation
rate and consequent reduced drug release rates.43,78,79

As an example of the studies to address the impact of
drug–polymer interaction on the release behavior, Klose
et al.34 reported in vitro release behaviors of lidocaine and
ibuprofen drugs from PLGA-based polymers at pH 7.4 as

FIGURE 5. Selected examples to show log Deff variations with partition

coefficients (log P at pH 7.4).67–69 Open and solid symbols indicate

porous PLGA matrices and dense PLGA matrices, and red and black

symbols indicate hydrophilic and hydrophobic drugs, respectively.

[cm2 s21] is used for the unit of Deff.

TABLE V. Effects of Drug Types on Drug Release

Polymer/Copolymer Factors, Drug Type Results, Complete Release Ref.

PLGA microparticles Ibuprofen (pKa 4.4) Complete drug release in 7 days 34
Lidocaine (pKa 7.9) Complete drug release in 45 days

PLGA films Ibuprofen (pKa 4.4) Complete drug release in 7 days
Lidocaine (pKa 7.9) Complete drug release in 20 days
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shown in Table V. Lidocaine is slightly basic with a pKa
value of 7.9, thus it will be protonated and positively
charged at pH 7.4. In contrast, ibuprofen is an acid with a
pKa value of 4.4, hence it will be deprotonated and nega-
tively charged at pH 7.4. D of ibuprofen was around 4 times
higher than that of lidocaine, probably due to the attractive
interactions between the positively charged lidocaine ions
and the negatively charged deprotonated carboxylic end
groups of PLGA, which would hinder the lidocaine release
from PLGA-based microparticles and thin films. The effect of
drug–polymer interactions is also observed in Ref. 79. In
this work, it was observed that PLGA loaded with aspirin
degraded faster compared to PLGA without drug loading
(i.e., blank formulation). The relative Mw of PLGA residuals
of PLGA 50/50 (30%, w/v)/NMP (1-methyl-2-pyrrolidi-
none) without drug loading was 43%, while the relative Mw

of PLGA residuals of aspirin loaded formulation of PLGA50/
50 (30%, w/v)/NMP was 13%. The relative Mw of PLGA
residuals of blank formulation of PLGA50/50 (30%, w/v)/
NMP (80%, v/v)/PEG400 (20%, v/v) was 40% while the
relative Mw of PLGA residuals from aspirin loaded formula-
tion of PLGA50:50 (30%, w/v)/NMP (80%, v/v)/PEG400
(20%, v/v) was 18%, which implies that containing aspirin
substantially accelerates the degradation of PLGA. Aspirin is
an acidic (pKa53.5) and hydrophilic (i.e., aqueous
solubility53.3 mg/mL) drug. One can see that both of the
acidic property and the hydrophilicity of aspirin were
responsible for the enhanced PLGA degradation. Because of
its acidity, aspirin was deprotonated in the water accessible
regions of the PLGA matrix and decreased the pH inside the
matrix, causing faster bulk erosion, and the hydrophilicity of
aspirin facilitated the water absorption of PLGA thus
increasing the degradation rates of PLGA.

PROCESSING FACTORS (DELIVERY SYSTEM DESIGNS)

As previously mentioned, we categorized the processing fac-
tors as the system design parameters that can be changed
during synthesis, not the processing methodologies them-
selves. Unlike inherent material properties discussed in the
previous section, the composition, the drug loading, the
size/shape of the matrix, and the surface modifications in
the drug-PLGA products can be modified as desired during
processing.

Composition (LA/GA ratio)
Composition of PLGA (LA/GA ratio) is probably the most
important influencing factor for controlling the degradation
rates of the copolymer matrix. Since a higher content of GA
will render PLGA more hydrophilic and more amorphous, it
is clear that higher GA ratio will lead to much faster degra-
dation as well as the drug release. Because altering the LA/
GA composition ratio can be accomplished relatively easily
during synthesis, and it exhibits a prominent effect on the
drug release, there have been a large number of studies
that have examined its impact.5,17,39,45,50,80–83

Lee et al.5 investigated the difference in paclitaxel
release patterns from LA/GA 85/15 and LA/GA 50/50. It

was observed that, with initial paclitaxel drug loading of 2
wt %, the release rate from LA/GA 85/15 was 1.67 times
lower than that of LA/GA 50/50. The release rate from LA/
GA 85/15 was 2 times slower than that of LA/GA 50/50 in
the case of 10 wt % initial drug loading. Other quantitative
results supporting this correlation are tabulated in Table VI.
The results of Ref. 80 in Table VI show that the release rate
of mitomycin-C was 2.5-fold higher when the LA/GA ratio
was altered from 90/10 to 70/30. Frank et al.17 showed
that in the first 120 days, the release amount of lidobase
was nearly threefold higher when the LA/GA ratios were
varied from 100/0 to 80/20 and D of lidobase became 472-
fold higher (6.95 3 10214 to 3.11 3 10211 cm2 s21). Most
studied PLGAs are synthesized with LA/GA ratios of 50/50
or higher. This is presumably due to the difficulty in synthe-
sizing the PLGA systems with a low LA/GA ratio that is
resulted from the higher probability of an uneven distribu-
tion of Mw and the limited solubility in solvents used during
synthesis. Much of the prior work demonstrated that drugs
are released substantially faster from PLGA 50/50 than
from the copolymers with higher LA/GA ratio.40,80 There-
fore, PLGA 50/50 is likely an optimal choice for the most
rapid release if only the effect of LA/GA ratio is considered.
In Table VI, however, the data from Ref. 84 show that drug
release amount from PLGA 75/25 was 68 wt % in 30 days,
higher than 60 wt % from PLGA 50/50. This unexpected
phenomenon may be accounted for the increasing nanopar-
ticle size and narrower particle size distribution as the LA/
GA ratio decreases; it was found that PLGA 75/25 and
PLGA 50/50 enclosed drug particles with the size ranges of
50–1000 nm and 1000–1100 nm, respectively.

Figure 6(a) shows the drug release ratio with reference
to the PLA proportions of PLGA copolymers from various
PLGA drug delivery systems referred in Table VI. Note that
the measurement time frames are varied for the data points
in the figure. One can clearly see the overall trend that the
drug release ratio decreases as the LA/GA ratio increases
from 50/50 to 100/0. Of the data sets listed in Table VI, the
drug release ratios of lidobase from PLGA thin films17 were
the smallest compared with that of drug release systems
with the same LA/GA ratio, despite having the longest
observation time. The main reason for this is likely the very
large Mw of the polymers (i.e., 810 or 910 kDa) used in this
study. In Table VI, only the release of imatinib mesylate
from PLGA 50/50 exhibited 100% release of the initial load-
ing in 30 days.83 Reasons for such uncompleted release
could be very complex. If the release is slow due to the
drug–polymer interactions17,80,81 or Mw of PLGA,17,50 then
the saturation amount in in vitro drug release could be lim-
ited by the types and the relative molecular sizes of sol-
vents. Also, some release profiles were only given a part,
not the whole duration of observation.45,50 In Figure 6(b),
selected examples of extracted log Deff are plotted with their
PLA proportion in the copolymers.80,83,84 log Deff values
were estimated using Fick’s second law equation for the
systems to show biphasic release in Table VI. In these
selected examples, it was found that c1 (released drug
amount at infinite time) was substantially reduced by
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increasing LA/GA ratios; therefore, estimated log Deff values
were nearly independent of the corresponding PLA propor-
tions. This implies that, in many cases of in vitro dissolution
experiments to show biphasic release, the LA/GA ratio
affects the total release amount of drugs (c1), not Deff.

Assuming that the matrix would completely erode at the
end of the drug release, if the contribution of the matrix
erosion and the diffusion to the drug release kinetics is
combined, the following model can be used to describe a
triphasic release for spherical system at time t.85,86

ct
c1

56

ffiffiffiffiffiffiffi
Dtt

pr2

r
23

Dtt

r2
1FE

exp ket2ketmaxð Þ
11exp ket2ketmaxð Þ

� �
(17)

Dt5D0exp ktð Þ (18)

where D0, k, r, FE, ke, and tmax are the initial diffusion coeffi-
cient, the degradation constant, the radial coordinate, a
parameter to regulate the contribution of matrix erosion,
the acceleratory coefficient, and the time for the maximum
erosion rate of polymers, respectively. Here, the parameters
D0, k, FE, ke, and tmax can be correlated to the composition
and other factors such as initial loading.85,86

Drug loading
The relative amount of drug release is increased by incorpo-
rating higher initial drug loading.18,39 This observation can
be attributed to either of the following: (i) because the poly-
mer network acts as a physical barrier for drug diffusion,
smaller percent amount of network can weaken the physical
barrier function of the network, and (ii) after the drug
release out of the matrix, more voids will be left for water
entrance, which can further attenuate the strength of poly-
mer networks. However, when the initial drug loading
reaches a certain level, it is generally observed that this
drug loading effect is diminished.39,87

Leroux et al.88 found that 90 wt % of savoxepine was
released from PLA nanoparticles within 24 h with 16.7 wt
% initial loading. In contrast, particles released their content
over 3 weeks in the case of 7.1 wt % initial loading. As
another example, G€um€uşdereliog�lu and Deniz80 reported
that when the initial drug (mitomycin-C) loadings were 0.5,
1.0, and 2.0 mg, the drug released 40, 48, and 70 wt %,
respectively, from PLGA 70/30 after 90 days. Sampath
et al.87 studied gentamicin sulfate release from PLLA micro-
capsules. When the initial loadings were 10 and 33 wt %,

TABLE VI. Effects of Compositions of Polymers/Copolymers (LA/GA Ratios) on Drug Release

Drug Polymer/Copolymer Factors, LA/GA Ratio Results Ref.

Lidobase PLLA, PLGA (films) 100:0 (810 kDa) Drug release amount: 9 wt % (80th day) 17
Diffusion coefficient: D 5 6.95 3 10214 cm2 s21

80:20 (910 kDa) Drug release amount: 24 wt % (80th day)
Diffusion coefficient: D 5 3.11 3 10211 cm2 s21

Ovalbumin PLGA (84 kDa, 1.6 mm) 75:25 Drug release amount: 45 wt % (7th day) 45
50:50 Drug release amount: 63 wt % (7th day)

Tetanus toxoid PLA (9 6 5 mm),
PLGA(6 6 3 mm) (3 kDa)

100:0 Drug release amount: 31 wt % (30th day) 50
50:50 Drug release amount: 69 wt % (30th day)

PLA, PLGA (100 kDa,
60 6 20 mm)

100:0 Drug release amount: 16 wt % (30th day)
50:50 Drug release amount: 32 wt % (30th day)

Fentanyl PLGA (630 nm) 75:25 (20 kDa,
8.5 6 11.2 mm)

50% release in 7.1 days 51

50:50 (33 kDa,
26.7 6 3.4 mm)

50% release in 6.9 days

Mitomycin-C PLGA (150 mm) 90:10 Drug release amount: 30 wt % (90th day) 80
Diffusion coefficient: D 5 5.27 3 10212 cm2 s21

70:30 Drug release amount: 70 wt % (90th day)
Diffusion coefficient: D 5 8.14 3 10212 cm2 s21

Phenobarbitone PLA, PLGA (240 nm) 100:0 Drug release amount: 50 wt % (30th day) 81
85:15 Drug release amount: 72 wt % (30th day)
75:25 Drug release amount: 94 wt % (30th day)

Haloperidol PLGA 95:5 Complete drug release in 13 days 82
50:50 Complete drug release in 2 days

Imatinib
mesylate

PLGA (20 kDa, 33.83 mm) 85:15 Drug release amount: 64 wt % (6th day) 83
75:25 Drug release amount: 75 wt % (6th day)

Diffusion coefficient: D 5 6.27 3 10213 cm2 s21

50:50 Drug release amount: 90 wt % (6th day)
Diffusion coefficient: D 5 1.49 3 10212 cm2 s21

Paclitaxel PLA (589 nm) 100:0 (106 kDa) Drug release amount: 53 wt % (30th day) 84
Diffusion coefficient: D 5 1.26 3 10217 cm2 s21

PLGA (272.5 nm) 75:25 (90–120 kDa) Drug release amount: 68 wt % (30th day)
Diffusion coefficient: D 5 5.61 3 10218 cm2 s21

PLGA (515.5 nm) 50:50 (40–75 kDa) Drug release amount: 60 wt % (30th day)
Diffusion coefficient: D 5 1.48 3 10217 cm2 s21
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essentially complete release of gentamicin sulfate occurred
in 9 and 3 days, respectively. In their work, for initial load-
ing of 5 wt %, complete release duration was more pro-
longed, but microcapsules containing 50 and 67 wt %
gentamicin sulfate showed a similar release profile to that
with 33 wt % initial loading. Such initial loading effect can
be included in the mathematical model by determining an
empirical D as a function of the initial loading amounts. For
example, Siepmann et al.89 established an exponential rela-
tionship between the D values of 5-FU in PDLLGA 50/50
and the initial drug loading, C0 (%, w/w), as given by

D52:4exp 0:21C0 %;w=wð Þ½ �310214 ½cm2s21� (19)

However, the initial drug loading and the release amount
do not necessarily exhibit a positive relationship. Mu and
Feng90 drew a conclusion according to their research
results, as shown in the Table VII. They found that, for
nanoparticles in a same dimension, the higher initial loading

of drug leads to more compact internal structure, obstruct-
ing the water absorption into the matrix and consequently
decelerating the drug diffusion rates. There are some other
results that are in agreement with this finding. In Lee et al.’s
study,5 a fivefold higher relative paclitaxel release rate was
observed at a low initial loading (2 wt %) as compared to a
higher initial loading (10 wt %) from PLGA 50/50, and a 6-
fold higher relative release rate was observed at a low pacli-
taxel loading (2 wt %) as compared with a higher paclitaxel
loading (10 wt %) from PLGA 85/15. In Liu et al.’s work,59

for the sirolimus containing 50/50 PLGA films, a slow release
and a lack of an initial burst release were observed at low
loading of 1 wt %. The authors reported that although the
initial burst release increased after increasing the loading to
5 and 10 wt %, the drug release rates did not change signifi-
cantly.59 The effect of drug initial loading is, therefore, nontri-
vial, and is convoluted with other factors such as the
dispersity of drug (or drug size) in the matrix.

Size of the matrix
The dimension or size of PLGA-based drug controlled
release systems can impact the extent of autocatalysis and
is therefore an important factor in the design of these sys-
tems.8 Upon contact with water, PLGA can be cleaved into
LA and GA. On one hand, the generated acids decrease pH
of the surrounding environment, and because protons cata-
lyze the degradation of PLGA, result in the acceleration of
PLGA degradation, that is, autocatalysis. On the other hand,
the bases can penetrate into the matrix from the outside
environment neutralizing the generated acids. In general,
the acid generation rate is higher than the neutralization
rate for PLGA systems. It is expected that the longer the
pathways of the diffusion are, the slower the bases diffuse
into the system. Therefore, a larger size of PLGA matrix gen-
erally slows the process of neutralization and enhances the
autocatalytic effect. This impacts the drug release rate in
the following three ways; as the matrix size increases, it
will (i) decrease the drug concentration gradient that will
decelerate the drug release rate; (ii) lengthen the diffusion
pathway that will decrease relative release rate; and (iii)
create a more porous structure more rapidly due to the
increasing autocatalytic effects, which will promote the drug
release. From these, one can understand that the size of
matrix can have either a negative (i.e., (i) or (ii)) or a posi-
tive (i.e., (iii)) impact on drug release.

In Table VIII, the examples of the accelerating effects of the
matrix size on the degradation and the drug release are shown.
As seen in the table, the relative and absolute release rates
were found to increase with increasing microparticle size. As
an example of the positive effects of the matrix size, it was
reported that the D values of both ibuprofen and lidocaine
drugs were found to greatly increase as the PLGA-based micro-
particle sizes increase.34 One possible explanation for the
observed behavior is the occurrence of positive autocatalytic
effects (i.e., (i) and (ii) in the previous paragraph).91–95 In Ref.
89, 5-FU-loaded PLGA-based microparticles have been pre-
pared, and an empirical positive relationship between D and

FIGURE 6. Selected examples of data to show (a) drug release ratios

and (b) log Deff as a function of PLA proportions of PLGA polymers.

[cm2 s21] is used for the unit of Deff (LI-lidobase, OVA-Ovalbumin,

MMC-Mitomycin C, PH-Phenobarbitone, IM-Imatinib mesylate, PTX-

Paclitaxel, TT-Tetanus toxoid).
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the size (i.e., radius R) of biodegradable microparticles has
been established by

D52:4exp 0:21 � 16:7 � ln 2R lmð Þ½ �f g310214 ½cm2s21� (20)

However, the data tabulated in Table IX also show a neg-
ative correlation between the size of the matrix and the
drug release rate; larger polymeric nanoparticles exhibit a
lower initial burst release and a slower sustained release
compared to smaller particles.18,97 It is interesting to note
that positive autocatalytic effects should be reduced or even
completely suppressed in highly porous PLGA particles even
though they depend on the polymer degradation rate and
the mobility of the species, because the diffusion of water-
soluble acids and bases can be expected to be much more
rapid.98 In contrast to the either positive or negative effects
of the polymer matrix size, results of some studies showed
no obvious correlation between the size of the matrix and
drug release. For instance, Klose et al.34 investigated the
release of ibuprofen and lidocaine from PLGA microparticles
(diameters of around 16, 51, 76, and 104 lm), and
Siepmann et al.8 studied the kinetics of lidocaine release
from PLGA-based microparticles with diameters of 7.2, 24,
37, and 53 lm. Both concluded that the relative drug
release rates were similar for the ranges of microparticles
size studied. This may stem from the combination that is
compensated by the opposing two effects described above.

Analytical solutions of Fick’s second law discussed in
the “THEORETICAL AND COMPUTATIONAL MODELS” sec-
tion can be generally used for estimating the effects of the
shape and the size of matrix on drug release8,26,34 by con-
sidering a dimensional parameter such as the radius R of
the matrix in Eq. (1). In Ref. 99, mathematical models
addressing the effects of phenomena attributed to autocatal-
ysis on the drug release from PLGA systems have been
reviewed. In this review, mathematical models were classi-
fied according to their focused phenomena; degradation,
erosion, or drug transport. As an example of stochastic mod-
els for PLGA erosion, the probability of hydrolysis of an ele-
ment (PA) can be expressed by combining stochastic
hydrolysis and diffusion-controlled autocatalysis as given
by25

PA5PF1PC5PF1b eCm21
� �

PF (21)

where PA, PF, PC, b, and Cm are the accelerated probability
function for an element, the intrinsic probability of hydroly-
sis, the probability of hydrolysis due to autocatalysis, a
system-specific multiplicative factor, and the local concentra-
tion of monomeric degradation products, respectively. Here,
the size-dependent degradation and the erosion behavior
could be predicted by fitting b to experimental data. As an
example of a mathematical model for drug transport, Ref.
86 introduced Eq. (17) in which D can be considered to be
inversely proportional to Mw, and the change of the Mw was

TABLE VII. Negative Effects of the Drug Loading on Drug Release

Drug Drug Carrier
Factors, Initial

Drug Loading (wt %)
Results, Drug Release

Amount Ratio After 1 month Ref.

Paclitaxel PLGA (TPGS as emulsifier) 2 30 wt % 90
6 8 wt %
12 5 wt %

PLGA together with
TPGS (PVA as emulsifier)

2 27%
6 20%
12 12.5%

TPGS indicates D-a-tocopheryl polyethylene glycol 1000 succinate and PVA indicates poly(vinyl alcohol), respectively.

TABLE VIII. Accelerating Effects of the Sizes of the Matrix on Drug Release

Drug Polymer/Copolymer

Factors,
Matrix Diameter

(lm) Results Ref.

Ibuprofen PLGA 14–16 Diffusion coefficient: D 5 0.4 3 10212 cm2 s21 34
48–51 Diffusion coefficient: D 5 2.0 3 10212 cm2 s21

74–76 Diffusion coefficient: D 5 4.4 3 10212 cm2 s21

104–106 Diffusion coefficient: D 5 8.0 3 10212 cm2 s21

Lidocaine PLGA 14–16 Diffusion coefficient: D 5 0.2 3 10212 cm2 s21

48–51 Diffusion coefficient: D 5 0.7 3 10212 cm2 s21

74–76 Diffusion coefficient: D 5 1.2 3 10212 cm2 s21

104–106 Diffusion coefficient: D 5 2.0 3 10212 cm2 s21

5-Fluorouracil (5-FU) PLGA <36 Drug release amount: 56% (7th day) 89
36–56 Drug release amount: 63% (7th day)
56–72 Drug release amount: 73% (7th day)
72–125 Drug release amount: 87% (7th day)
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described by a first-order autocatalyzed polymer chain
cleavage kinetics.56,85,86

Shape of the matrix
In addition to the size of the matrix, the shape of the matrix
also has an effect on drug release kinetics. It has been
shown that the ratio of surface area to volume can influence
the degradation and drug release of polymer matrices sig-
nificantly.1,100–102 Generally, a larger surface area ratio will
lead to larger degradation and drug release rates of the
matrix.

Witt et al.101 observed that as the surface-to-volume
ratio increased, the onset time of erosion decreased in the
rank order of rods (30 days)5 tablets (30 days)>films (19
days)>microspheres (16 days) and the rate of erosion
decreased in the rank order of rods (0.11 day21)> tablets
(0.10 day21)>films (0.094 day21)>microspheres (0.042
day21), as shown in Table X. In Ref. 34, drug release from
thin films and microspheres of comparable sizes were stud-
ied and compared. The authors found that the D values of
ibuprofen and lidocaine were 4–5 times higher in thin films
than those in spherical microparticles at comparable film
thicknesses/microparticle diameters. Furthermore, Acharya
et al.103 studied the felodipine (FDP)-loaded PLGA with
cylindrical structures. In their work, samples with distinct
four particle dimensions were prepared: 10 3 10, 50 3 5,
20 3 20, 50 3 50 (diameter in lm 3 height in lm). After
14 days, the cumulative release amount for those samples

were 100%, 100%, 70%, and 60%, respectively. The release
kinetics for FDP (10 3 10) and FDP (50 3 5) were similar,
which was not surprising since the total surface area for
FDP (50 3 5) was 80% of that for FDP (10 3 10). This
study, therefore, clearly demonstrates that the amount of
drug release depends strongly on the total surface area
available for drug release. As mentioned above, the appro-
priate form of Fick’s second law may be applied to predict
the drug release from the PLGA systems with various
shapes.26,27,104

Microstructure of drug–polymer composites
Polymer block length. Drug release kinetics also depends
on the microstructure, including the morphology and the
porosity, of the drug-PLGA polymer matrix. The importance
of microstructure was illustrated in a study of hydrolytic
degradation from PLGA microspheres by Li et al.105 This
study demonstrated that the microspheres prepared from
alternating copolymers of PLGA underwent 1.5 times slower
hydrolysis than those made from the PLGA copolymers with
longer blocks of LA and GA units. In Ref. 106, the influence
of polymer structure of PEG (polyethylene glycol)–PLGA–
PEG triblock copolymer hydrogel on the release of spirono-
lactone drug was studied. In aqueous environment, the
PEG–PLGA–PEG triblock copolymer hydrogel system had a
structure of core-shell micelle; the hydrophobic PLGAs occu-
pied the inner core region and hydrophilic PEGs constituted
the outer shell region to decrease the free energy of

TABLE IX. Decelerating Effects of the Sizes of the Matrix on Drug Release

Drug Polymer/Copolymer
Factors, Size of

the Matrix Results Ref.

Rhodamine B chloride PLGA

PLGA

Diameter 20 lm Complete drug release in 8 days 91
Diameter 40 lm Complete drug release in 9 days
Diameter 65 lm Complete drug release in 10 days

Piroxicam Diameter 10 lm Complete drug release in 5 days
Diameter 50 lm Complete drug release in 8 days
Diameter 100 lm Complete drug release in 10 days

Cyclosporin A PLGA 50/50 Size 312 nm Drug release amount: 40 wt % (21st day) 96
Size 1842 nm Drug release amount: 35 wt % (21st day)
Size 5663 nm Drug release amount: 25 wt % (21st day)

TABLE X. Effects of the Shapes of the Matrix on Polymer Degradation and Drug Release

Drug Polymer/Copolymer
Factors, Shape of

the matrix Results Ref.

Ibuprofen PLGA

PLGA

Films Diffusion coefficient: D 5 2 3 10212 cm2 s21 34
Microspheres Diffusion coefficient: D 5 0.4 3 10212 cm2 s21

Lidocaine Films Diffusion coefficient: D 5 0.8 3 10212 cm2 s21

Microspheres Diffusion coefficient: D 5 0.2 3 10212 cm2 s21

N/A PLGA Tablets Onset time of erosion: 30th day 101
Rate of erosion: 0.10 day21

Rods Onset time of erosion: 30th day
Rate of erosion: 0.11 day21

Films Onset time of erosion: 19th day
Rate of erosion: 0.094 day21

Microspheres Onset time of erosion: 16th day
Rate of erosion: 0.042 day21
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hydration. The initial drug and polymer concentrations were
fixed at 0.25 and 27 wt %, respectively. The permeability
coefficients of spironolactone in the polymer PEG–PLGA–
PEG with block lengths of (550–2310–550) and polymer
PEG–PLGA–PEG (550–2810–550) were calculated as 9.87 3

10212 and 8.63 3 10212 cm2 s21, respectively, indicating
that if a structure included hydrophilic PEG and PLGA, then
the larger PLGA block resulted in a lower apparent perme-
ability of spironolactone due to reduced hydration.106 Table
XI summarizes the effects of morphology on the degradation
of polymers and the drug release.

Drug distribution. Depending on the chemical interactions
between drug and PLGA polymer matrix, the matrix size,
and the processing history, the distribution aspects of drug
phases inside PLGA matrix can be varied. In particular,
highly hydrophobic drugs in polymeric microparticles often
exhibit nonuniform drug distributions, which can impact the
temporal amounts of release and the shape of release pro-
files.15,107 Casalini et al.107 presented a mathematical mech-
anistic model considering the nonuniform drug distribution
in PLGA microparticles. In their model, the initial distribu-
tion of drugs as a function of radial distance from the center
of microsphere was used to describe the degradation and
the drug release behaviors of devices. The authors demon-
strated that incorporating initial drug distribution into the
model successfully reproduced the experimental measure-
ments. Raman et al.15 also introduced a model to include
the influence of non-uniform initial drug distribution. In
developing their model, the initial drug distribution was
obtained explicitly by analyzing the confocal micrographs of
drug-loaded microparticles, and then it was used to solve
the classical Fick’s diffusion equation as given in Eq. (5).
With this model, a good agreement between model fitting
and experimental data was achieved in piroxicam-PLGA
microsphere systems.

Porosity. Porosity is another factor that influences the deg-
radation processes and the drug release mechanisms of
PLGA particles. Generally, the presence of pores is expected
to increase the mobility of drug molecules in the PLGA sys-
tem. Table XI contains two examples that show the effects

of the porosity on the drug release. Klose et al.98 studied
the effects of the size of matrix on the release rate of lido-
caine from porous PLGA-based microparticles and nonpo-
rous PLGA-based microparticles. In their experiments, it
took 30 days for 100% drug release from the porous micro-
particles, while it took 45 days in nonporous micropar-
ticles.98 The porosity not only influences drug mobility but
also influences the drug transport mechanisms. It turned
out that for porous microparticles, the relative lidocaine
release rates were increased with decreasing particle sizes
in PBS (phosphate-buffered saline) at pH 7.4; however, for
initially nonporous microparticles with identical composi-
tion, the results were exactly opposite.98 Porosity also
affects the behavior of the initial and the second release
phases from PLGA-based systems.108,109 For example, by
increasing the porosity of the PLGA microspheres, the initial
burst release of fluorescein isothiocyanate-labeled dextran
more than doubled, from 6.6% for the nonporous micro-
spheres to 14.7% for the porous microspheres. However,
the porous PLGA microspheres presented a lower release
rate in the second stage; at 21 h of release, the cumulative
release was around 30% for both the nonporous and
porous particles.108 This may be due to faster neutralization
of autocatalysis effect because of the presence of the pores.

As for a mathematical modeling approach that includes
the impact of the porosity, the model by Perale et al.75 con-
siders the polymer porosity (e in Eq. (16)) that can be
measured by calculating the volume increase of the poly-
mer after swelling. The work of Siepmann et al.24 should
be mentioned as they developed a Monte-Carlo computa-
tion technique to consider a time- and spatial-dependent
matrix porosity in describing the degradation and the
release behaviors from bioerodible microparticles. As men-
tioned earlier, the authors included the microscopic nonde-
graded polymer, drug, and pore sectors in the
computational model to predict the triphasic release
kinetics. Stabenfeldt and Willits110 employed the thin-film
solution to Fick’s second law for describing the ovalbumin
(OVA) release from porous PLGA-PEG matrices. Zhao
et al.65 introduced an effective transient diffusion coeffi-
cient D(t)eff and related it to the diffusive protein release
by considering the following expression.

TABLE XI. Effects of the Morphologies of the Matrix on Polymer Degradation and Drug Release

Drug Polymer/Copolymer Factors, Morphology Results Ref.

Lidocaine PLGA Porous microparticles Complete drug release in 30 days 98
Nonporous

microparticles
Complete drug release in 45 days

N/A PLGA Alternating PLGA Mw decreased 47 wt %
(28th day)

105

Random PLGA Mw decreased 71 wt %
(28th day)

Spironolactone PEG–PLGA–PEG
(core–shell micelle)

PEG–PLGA–PEG block
length: 550–2310–550

Permeability coefficient:
9.87 3 10212 cm2 s21

106

PEG–PLGA–PEG block
length: 550–2810–550

Permeability coefficient:
8.63 3 10212 cm2 s21

Dextran PLGA Porous microspheres Initial burst: 14.7% 108
Nonporous microspheres Initial burst: 6.6%
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D tð Þeff 5
D tð Þ

s
(22)

where s refers to the tortuosity factor, which reflects the
influence of drug release via the serpentine channel.111–113

D(t) was defined as the hindered diffusion coefficient of
drug in growing pore.

Surface modification (PEG)
As a surface modification agent, PEG—a hydrophilic, flexible,
and nonionic polymer—has been broadly used to protect
proteins from denaturation,114,115 to maintain bioactivity of
nerve growth factor,114 and to improve the stability and dis-
persion of PLGA nanoparticles in biological fluids.6

PEG-PLGA micro/nanoparticles prepared from A–B
diblock or A–B–A triblock structure polymers are commonly
used.106,116,117 Generally, it has been shown that adding PEG
as the surface modification agent increases the amount of
drug release. As discussed in the previous “Microstructure of
drug–polymer composites” section, Jeong et al.106 studied the
drug delivery behavior from PEG–PLGA–PEG triblock copoly-
mer hydrogel, and they showed that higher relative PEG con-
tent resulted in a larger apparent permeability of
spironolactone drugs. In Ref. 117, PLGA nanospheres with a
coating of diblock copolymer PEG–PLA (ratios of 5:2 and 4:3)
displayed increased blood circulation time as well as reduced
protein adsorption and liver uptake as compared with the
uncoated PLGA nanospheres, suggesting they may be good
candidates for modified site-specific drug delivery (i.e., tar-
geted delivery) applications.

As another example, in Ref. 118, PEG–PLGA films have
been used for implantable devices containing indomethacin
(INC) cores. In this study, to predict the behavior of the
implants during use, the effects of Mw of PEG (i.e., 1.45 and 10
kDa) on the drug release kinetics, the blood compatibility, and
the morphology of the implants were studied in vitro (in blood
and PBS at pH 7.4). Sustained release of INC was maintained
over 21 days for both PLGA–PEG films consisting 1.45 kDa
PEGs and PLGA–PEG films consisting 10 kDa PEGs, and the

release profiles nearly followed zero-order release. For low Mw

(1.45 kDa) PEGs, the release rates of INC were slightly lower
compared to high Mw (10 kDa) PEG. At the end of the 21-day
interval, PLGA–PEG films containing PEG of low Mw released
85% of the initial INC loading, whereas for PLGA–PEG films
containing PEG of higher Mw, the release of INC was 100%. In
terms of morphology, larger pores appeared on the surface of
implants with high Mw of PEG after 2 days PBS immersion;
therefore, the drug delivery rates/blood compatibility of the
implants were enhanced. Good agreement between the Higuchi
model and the drug release data indicated that the release of
INC was likely governed by diffusion via the pores formed in
PLGA-PEG films. The effective D of ovalbumin (OVA) in PLGA
discs with varying amounts of PEG (1:10, 1:100, 1:1000 OVA:-
PEG molar ratio) have been obtained by Stabenfeldt and Wil-
lits.110 The authors found that higher PEG molar ratios
increase the effective D of OVA. As another example, bovine
serum albumin (BSA)-loaded PEG-PLGA particles had a higher
release rate than BSA-loaded PLGA particles in Ref. 115. The
BSA release ratio was 71.4% and 49.8% for PEG–PLGA and
PLGA, respectively, on 7th day. Example studies to show these
effects of PEG on the degradation and the drug release are
summarized in Table XII.

Sterilization
Sterilization to avoid serious infection could be extremely impor-
tant in drug delivery systems for physiological applications. 60Co
g-irradiation sterilization has been a preferred method over
other routes such as electron beam, ethylene oxide gas, steam, or
dry heat for terminally sterilizing moisture- and heat-sensitive
substances. g-irradiation is a commonly employed sterilization
method also for PLGA-based drug delivery systems because of
its absence of post-sterilization treatment, negligible thermal
effects, and high efficiency.119–126 g-irradiation can, however,
change the internal structure in the irradiated polymers that
will influence the drug release characteristics; g-irradiation
may lead to random chain cleavage of PLGA chains and acceler-
ated degradation of Mw of PLGA copolymers.119–126 For exam-
ple, Montanari et al.127 observed that the Mw-degradation was

TABLE XII. Effects of PEG on Drug Release

Drug Polymer/Copolymer Factors Results Ref.

Spironolactone PEG–PLGA–PEG
(core–shell micelle)

Block length:
550–2310–550

Permeability coefficient: 9.87 3 10212 cm2 s21 106

Block length:
550–2810–550

Permeability coefficient: 8.63 3 10212 cm2 s21

Ovalbumin PEG–PLGA
(discs, constant PLGA
content)

OVA:PEG
molar ratio 1:10

Diffusion coefficient: D 5 9.4 3 10211 cm2 s21 110

OVA:PEG
molar ratio 1:100

Diffusion coefficient: D 5 2.4 3 10210 cm2 s21

OVA:PEG
molar ratio 1:1000

Diffusion coefficient: D 5 7.0 3 1029 cm2 s21

Bovine serum
albumin

PLGA
(particles)

PEG–PLGA Initial burst: 30.1% 115
Drug release amount: 71.4% (7th day)

PLGA Initial burst: 20.7%
Drug release amount: 49.8% (7th day)

Indomethacin PEG-PLGA
(films)

PEG 1.45 kDa Drug release amount: 85% (21st day) 118
PEG 10 kDa Drug release amount: 100% (21st day)
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negligible when low irradiation dose (i.e., <15 kGy) was used,
however, as the irradiation dose was increased to 25 kGy, a
10% decrease in Mw was observed. Irradiation can also induce
other structural properties in PLGA copolymers. According to
the differential scanning calorimetry (DSC) analysis in Ref.
128, g-irradiation leads to decrease in the crystallinity and Tg.
The decrease of the average Mw, crystallinity and Tg in turn
accelerates the release rate of drugs. Generally, the drug
release rate increases with increasing irradiation dose if the
irradiation dose is larger than a specific threshold
value.123,126,128 For instance, no significant change in release
curve of vancomycin-loaded PLGA microparticle was observed
below 20 kGy irradiation, while a pronounced release peak in
the first few days was observed above 25 kGy irradiation.128

PHYSIOLOGICAL FACTORS (TESTING ENVIRONMENTS)

pH
In general, it is believed that strongly acidic and basic media
will expedite the polymer degradation129; however, if the media
are only slightly acidic and/or neutral, there will be no signifi-
cant difference in the degradation rates.130 Table XIII summa-
rizes the effects of pH on the degradation of polymers and the
drug release. The mass loss data for PLGA 75/25 foams
degraded at pH 5.0, 6.4, and 7.4 have been summarized by Holy
et al.129 They found that the mass loss rates of PLGA 75/25
foams degraded at pH 6.4 and 7.4 were �2 times lower than
that of foams degraded at pH 5.0. During the first 16 weeks, a
similar mass loss (i.e., lower than 3%) was observed for all
foams degraded at pH 5.0, 6.4, and 7.4. After 16 weeks, foams
degraded at pH 6.4 and 7.4 lost mass at a lower rate, losing
45% of their initial mass by the end of week 25. In contrast,
foams degraded at pH 5.0 showed a higher mass loss rate after
18 weeks, losing 82% of their initial mass by week 25.

Zolnik and Burgess130 showed that dexamethasone release
kinetics from the 25 kDa PLGA microspheres followed a tripha-
sic release profile at both pH 2.4 and 7.4, similar to the curves

shown in Figure 3. From 25 kDa PLGA microspheres, the initial
burst reached 46% and 52% for pH 2.4 and 7.4, respectively,
and the lag phases were comparable for both pH conditions.
The kinetics of the secondary zero-order phase was faster in the
system at pH 2.4 (3.48 day21) than pH 7.4 (2.13 day21). The
release profiles reached a plateau in 19 days and in 30 days for
pH 2.4 and 7.4, respectively. For 70 kDa PLGA microspheres, the
release behavior in the initial burst and lag phases were similar
at both pH values. However, the kinetics of the secondary zero-
order phase was faster at pH 2.4 (5.45 day21) than that in the
case of pH 7.4 (1.85 day21). The time to reach 80% of drug
release was increased from 52 days at pH 2.4 to 84 days at pH
7.4. The release profiles of 5-FU from PLGA 50/50 have been
studied in Ref. 64. The initial burst release reached 17%, 63%,
and 97% for pH 1.3/4.5, 7.4, and 10.8, respectively, and the
100% release plateaus were reached in 35, 21, and 2 days for
pH 1.3/4.5, 7.4, and 10.8, respectively. Therefore, one can see
that, in these two studies, strong acidic and basic environment
would accelerate the PLGA polymer degradation rates as well as
the drug delivery rates.

Drug release medium
The release kinetics is generally influenced by the types and
the compositions of drug release medium (pH, ionic
strength, buffer species, and so forth),131–133 and different
types of release medium may be tested to identify the
adequate in vitro release environment that can reproduce in
vivo testing.

PBS, serum, and plasma solution are one of the candi-
date release media that were tested conventionally. For in
vitro release experiments, PBS is a commonly used release
medium to maintain constant pH and osmolarity that match
with body fluids. To further imitate in vivo situation in
blood, however, testing in serum (i.e., plasma from which
the clotting proteins have been removed) or plasma-
contained media is more suitable because they include the

TABLE XIII. Effects of pH on Polymer Degradation and Drug Release

Drug Polymer/Copolymer Factors, pH Results Ref.

5-Fluorouracil (5-FU) PLGA pH 1.3 Initial burst: 17% 64
Complete drug release in 35 days

pH 4.5 Initial burst: 17%
Complete drug release in 35 days

pH 7.4 Initial burst: 63%
Complete drug release in 21 days

pH 10.8 Initial burst: 97%
Complete drug release in 2 days

N/A PLGA pH 5.0 Mass loss: 82 wt % (25th week) 129
pH 6.4 Mass loss: 45 wt % (25th week)
pH 7.4 Mass loss: 45 wt % (25th week)

Dexamethasone PLGA 25 kDa pH 2.4 Initial burst: 46% 130
Zero-order rate constant: 3.48 day21

pH 7.4 Initial burst: 52%
Zero-order rate constant: 2.13 day21

Dexamethasone PLGA 70 kDa pH 2.4 Zero-order rate constant: 5.45 day21

80% release in 52 days
pH 7.4 Zero-order rate constant: 1.85 day21

80% release in 84 days
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effects of plasma/serum proteins131,134–137 and different
ionic species in tissue fluids.138 Generally, it was found that
the drug release and degradation rates are faster in serum
and plasma than in PBS. For example, Blanco-Prı�eto et al.131

compared the release of vapreotide pamoate from PLGA in
PBS of pH 7.4 and in serum. In their work, 52% of the pep-
tide drug was released in PBS, whereas 68% was released
in serum within the first 15 days. The authors attributed
the faster release in serum to the higher solubility of the
peptide drug and binding to plasma proteins in this
medium. They concluded that serum was a more appropri-
ate release test medium for vapreotide pamoate compared
to PBS because a better correlation to in vivo results was
found using serum compared to PBS pH 7.4.131 Zhang
et al.134 also found that the doxorubicin release rate from
PLGA-based nanoparticles were slightly faster in fetal
bovine serum than in PBS; in 90 h, the cumulative doxorubi-
cin released from PLGA, PLGA-b-D-a-tocopheryl polyethyl-
ene glycol 1000 succinate (PLGA-b-TPGS), and mannitol-
functionalized PLGA-b-TPGS nanoparticles were 45.14 vs
53.12%, 58.94 vs 73.44%, and 76.41 vs 83.11% for PBS
and fetal bovine serum, respectively. This could be explained
by the adsorption of serum proteins onto the nanoparticle
surface reducing the stability of partial particles. Gido
et al.137 demonstrated that using diluted plasma as dissolu-
tion medium for doxepin-loaded PLGA microspheres could
obtain a better in vitro–in vivo correlation compared to
phosphate buffer pH 7.4 and this probably was a result of
the plasma protein binding as well. To find the correlation
between in vitro and in vivo degradation behaviors of PLGA,
Fredenberg et al.138 used PBS and another buffer containing
salts similar to plasma, and they found that PLGA degraded
faster in the plasma buffer than in PBS due to the catalyzing
effect of divalent ions (Ca21, Mg21) on degradation.

Temperature
Increasing temperature will enhance the polymer mobility
and thereby accelerating the drug diffusion. Although the
drug dissolution testing is typically conducted at physiologi-

cal temperature (i.e., 378C), in vitro experiments at higher
temperatures are often carried out, because the drug release
testing at 378C is a time-consuming process ranging from
days to months. Increasing temperature is one of the strat-
egies to accelerate the release, and it is used to correlate
the “real-time” release profile/kinetics and the accelerated
release profile/kinetics of a particular batch. Therefore, the
“real-time” release profile or kinetics can be predicted by
implementing the accelerated testing at high temperatures.
Table XIV summarizes temperature effects on drug release.
For instance, Zolnik et al.139 studied the release kinetics of
dexamethasone from 25 kDa PLGA at different tempera-
tures. In their experiments, the burst release values
increased from 26% at 538C to 36% at 608C. After initial
burst release, drug release of both cases followed a zero-
order release profile. The zero-order rate constants (i.e.,
slope of the profile) were 13.76 and 18.33 day21 at 53 and
608C, respectively. The time to reach 100% release was 3
days at 608C compared to 4 days at 538C, respectively. In a
study by Faisant et al.,64 the release of 5-FU from PLGA-
based microparticles have been examined. The drug release
rates for 65 and 608C were similar, and the time to com-
plete release for them were both 25 h. The time to complete
release for 538C was 75 h, while the drug was just released
85% and 56% for 458C and 378C, respectively, after 75 h.

For mathematical modeling, the following exponential
relationship between the initial drug diffusion coefficient, D,
and the temperature, T, has been developed by Faisant
et al.64

D52:68exp 0:1557 T �Cð Þ½ �310214 ½cm2s21� (23)

The degree of temperature effects is also associated
with the Tg values of PLGA polymers. To support the impact
of temperature in conjunction with Tg, Shameem et al.140

measured the release of peptide from 50/50 PLGA micro-
spheres without buffer at temperatures 37, 40, 50, 55, and
608C. The Tg values of the host polymer were between 40
and 508C. By comparing the % peptide released profiles, it

TABLE XIV. Effects of Temperatures on Drug Release

Drug Polymer/Copolymer Factors, Temperature (8C) Results Ref.

5-Fluorouracil (5-FU) PLGA 37 Drug release amount: 56% (75th hour) 64
45 Drug release amount: 85% (75th hour)
53 Drug release amount: 100% (75th hour)
60 Drug release amount: 100% (25th hour)
65

Dexamethasone PLGA 53 Initial burst: 26% 139
Zero-order rate constant: 13.76 day21

Complete drug release in 4 days
60 Initial burst: 36%

Zero-order rate constant: 18.33 day21

Complete drug release in 3 days
Peptide PLGA (Tg 5 40�508C) 37 Drug release amount: 23% (40th hour) 140

40 Drug release amount: 33% (40th hour)
50 Drug release amount: 100% (40th hour)
55
60
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was found that at the temperature above Tg, the release of
peptide was faster. The release acceleration was more signif-
icant after temperature changes of 40 to 508C compared
with 50 to 608C due to Tg of the polymer. Peptide release
was completed in 40 h at 50–608C, while the relative
release amounts of peptide were only 23% at 378C and
33% at 408C, respectively.

In vitro and in vivo
Current in vitro release models are able to mimic the
kinetics processes that the drug substance may encounter
in the biological environment at the administration site.
However, one can recognize that the difference of the
release performance of a controlled release device would
exist between in vitro and in vivo environments especially
when the drug-polymer product is degradable. Currently, no
firm correlation between in vitro and in vivo testing exists.

It has been reported that in vivo polymer degradation
could be faster than in vitro assays in buffer solution due to
the immunological response which might cause in situ
release of radicals or other harmful compounds141 and a
plasticizing effect of biological substances like lipids.142 Thy-
mosin alpha 1 was released from PLGA in vivo at a slightly
higher rate (95 wt % in 28 days) than that of the in vitro
release (90 wt % in 28 days).143 However, in vivo polymer
degradation could also be slower than in vitro assays.144 In
other words, a relationship—if any—between the delivery
kinetics in vitro and in vivo is not straightforward to
identify.

Table XV lists some examples for the effects of in vitro
and in vivo on the degradation of polymers and drug
release. Liu et al.143 showed a similarity in the drug release
amounts in the 28th day from in vitro and in vivo testing.
Mohammad and Reineke144 quantitatively measured the in
vivo degradation of PLGA nanoparticles after injection in tail
vein of mice and compared the results with those from in
vitro testing. Both in liver and spleen, the 200 nm nanopar-
ticles had a degradation rates nearly double of that in the in

vitro experiments. In the liver, the 500 nm nanoparticles
had a similar degradation rate as in vitro, whereas in spleen,
the degradation rate of the 500 nm nanoparticles was only
0.67 times of that in vitro. This may be attributed to the
autocatalytic degradation behavior described previously for
PLGA where it is known that larger particles degrade more
rapidly in vitro. Zolnik and Burgess145 evaluated the release
of dexamethasone from PLGA microspheres in vivo and in
vitro and established the following relationship (Eq. (24))
for the 28 kDa formulation.145 The authors then applied the
equation to predict the in vivo release of the 13 kDa formu-
lation and showed that the predicted values for 13 kDa for-
mulation in vivo match well with the experimental data.

% in vivo release51:6381 % in vitro releaseð Þ224:457

(24)

DRUG DELIVERY MODULATION

There have been extensive efforts to modulate the release
kinetics for stimulated or sustained drug delivery from
PLGA-based systems. Few functional groups in the poly-
meric chain and hydrophobic surface can hamper the
extended usage of PLGA. Intrinsic limitations of parenteral
bare PLGA nanoparticles include rapid removal from circula-
tion in the blood, disability to distinguish different cell
types, poor uptake by cells, proteins and peptides aggrega-
tion during the loading process, and so forth.146,147 To over-
come such drawbacks, versatile approaches have been
explored to functionalize bare PLGA materials, generally
including conjugation with cell-targeting ligands, polyion
complexation, lipid- or surfactant-coating, and surface modi-
fication by PEG.146,147 Because PLGA has been widely used
in controlled release systems, especially in parenteral and
implantation applications,146–148 stimulated drug delivery
systems based on PLGA have been developed including
light-triggered drug delivery,149,150 electro-responsive sys-
tems,151 and pH-sensitive systems.152–155 Also, a “random”

TABLE XV. Effects of in vitro and in vivo Testing on Polymer Degradation and Drug Release

Drug Polymer/Copolymer
Factors, Testing

Environment Results Ref.

Thymosin alpha 1 PLGA in vitro Drug release amount
(28th day): 90 wt %

143

in vivo Drug release amount
(28th day): 95 wt %

N/A PLGA (500 nm particles) in vitro and in vivo Degradation rate ratio (in
vitro:in vivo) in spleen
(170th hour): 1:0.67

144

Degradation rate ratio (in
vitro:in vivo)in liver
(170th hour): 1:1

PLGA (200 nm particles) in vitro and in vivo Degradation rate ratio (in
vitro:in vivo)in spleen
(170th hour): 1:2

Degradation rate ratio (in
vitro:in vivo)in liver
(170th hour): 1:2
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copolymerization technique has been applied to control the
dispersity of PLGA copolymers for stimulated drug
release.105,156,157

On the other hand, sustained delivery forms are some-
times highly desirable to avoid concentration peak and val-
ley in human body and enhance patient compliance. The
main problem with using PLGA for sustained release is a
high initial burst release of drugs.148,158 Means of control-
ling the initial burst release can be developed based on con-

sidering the material and the processing factors addressed
in this document. For instance, low Mw often exhibits a
higher initial burst and earlier start of erosion than high
Mw-PLGA systems.7 Intermediate properties can be achieved
by combining PLGA particles of various Mw.

159 Combining
PLGA particles of different sizes can alter the drug release
profile, from a triphasic profile to a preferred zero-order
profile.16 Also, increasing the LA/GA ratio can modulate the
burst by increasing the hydrophobicity of PLGA.46

TABLE XVI. Summary of the Correlation Between the Corresponding Factors and the Drug Release Rates from PLGA-Based

Drug Delivery Systems

Factors Correlation

Material factors Polymer Crystallinity Negative
Molecular weight (Mw) Negative
Cross-linking density of

a polymer network
Negative

Glass transition temperature (Tg) Negative
Drug Drug type (hydrophobicity) Negative

Drug size Negative
Drug–polymer interaction Acidic drugs: positive;

basic drugs: positive/negative
Processing factors Composition (GA content) Positive

Drug loading Positive/negative/no correlation
Size of the matrix Size of the matrix in general:

Positive/negative; autocatalysis: positive
Shape of the matrix Surface area ratio: positive
Block length Positive
Porosity Positive/negative
PEG Positive
g-irradiation sterilization Positive

Physiological factors Physiological pH Positive/negative/no correlation
Drug release medium Drug release and polymer

degradation rates: in serum/plasma> in PBS
Physiological temperature Positive

FIGURE 7. Summary chart of the correlation between the corresponding factors and the drug release rates from PLGA-based drug delivery

systems.
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Additionally, the burst release caused by the onset of ero-
sion also could be controlled through decreasing the hydro-
lysis rate. In Ref. 160, it was reported that end-capping
PLGA with alcohols decreases the hydrolysis rates because
this renders PLGA more hydrophobic and the capped acids
cannot participate in autocatalysis. PLGA with alternating
LA/GA sequence undergoes slower hydrolysis than those
with longer blocks of LA and GA units.105 Besides PLGA
polymer factors, other factors such as initial drug loading,
hydrophobicity of drug, and drug–polymer interactions can
also play an important role in achieving sustained release
behaviors.

SUMMARY AND CONCLUDING REMARKS

This article reviews correlations between drug release rates
and the physicochemical factors that influence them in bio-
degradable PLGA-based delivery systems. We systematically
categorized these factors considering the material, the proc-
essing, and the physiological (i.e., testing environment) fac-
tors. Table XVI summarizes the general correlations
between the physicochemical factors and the release rates
from PLGA-based drug delivery systems. In the table, the
impact of increasing a given factor is associated with either
a “positive” or “negative” correlation, corresponding to the
accelerating and the decelerating effects on the drug release
rates, respectively. Some factors listed in Table XVI show
both of the positive and negative effects. Also, there are
some factors to impose “no correlation” under certain situa-
tions, such as the drug loading and the pH value of the test-
ing environments. These correlations are schematically
illustrated in the summary chart presented in Figure 7. In
this figure, the backgrounds of individual factors are filled
with colors to indicate the observed correlations between
the factor and the degree of drug release. The color of solid
lines also denotes the direct (red lines) or the indirect/
inverse (blue lines) correlations between two mutual factors
in a qualitative sense.

Among the factors addressed in Table XVI and Figure 7,
Mw and LA/GA composition ratio of PLGA are the ones that
have been most widely studied because they can present
explicit relationship with the degradation/drug release
rates of PLGA and can be easily controlled during manufac-
turing. Based on research results collected in this work, it
is at least known that increasing the Mw can reduce D of
the drug as much as 85.7 times, the drug release by 3.7
times, and the initial burst amount by 8.5 times. By increas-
ing the LA/GA ratio, D could be decreased as much as 472-
fold in a certain situation, and the drug release amount
could be decreased as much as 3 times. However, as shown
in Table XVI and Figure 7, there are numerous physico-
chemical factors that are interrelated to dictate the drug
release kinetics in a convoluted, nontrivial way. The com-
bined impacts of these material, processing, and physiologi-
cal parameters must be carefully considered when tailoring
the polymer degradation and the drug release for a specific
application.

DISCLAIMERS

The mention of commercial products, their source, or their
use in connection with the material reported herein is not
to be construed as either an actual or implied endorsement
of the U.S. Food and Drug Administration.
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