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The interplay of phase inversion and drug release has been studied for films of several biodegradable
polylactide polymers cast from solutions containing polymer, solvent, and drug (naproxen). Variables
studied included polymer type and concentration, solvent type, and film casting conditions (i.e. free or
forced convection, humidity). Film morphologies and thermal properties indicate that reduction of the
Tg of the amorphous poly (lactide-co-glycolide) (PLGA) and poly (d, l-lactide) (PDLLA) systems caused
by the drug, inhibits stabilization of a porous, structure, regardless of dry casting conditions and drug
embrane
hase inversion
ontrolled release
iodegradable
rug delivery

loads. Porous membranes could be formed by wet casting; however, drug loss during casting, makes this
a non-viable process. For semi-crystalline PLLA, membrane morphologies could be varied by controlling
the mass transfer path to form a single-phase dense film by polymer crystallization or a liquid–liquid two-
phase structure followed by locking-in by polymer crystallization. However, the lack of drug solubility
in the crystalline phase leads to unfavorable drug distributions most often leading to a burst release.
Release profiles for all three polymers were found to follow a two-stage release model, with a first stage

by z
diffusive release followed

. Introduction

Studies in our laboratory have shown that the drug release
haracteristics of solution-cast films of relatively high glass tran-
ition polymers [cellulose acetate (CA) (Ma and McHugh, 2007)
nd poly (n-butyl cyanoacrylate) (PBCA) (Xiang et al., submitted for
ublication)] are profoundly influenced by the casting conditions
nd morphologies that form during phase inversion. Since CA is
on-degradable and PBCA, although degradable, remains stable on
he time scales of the film formation-release experiments (Xiang
t al., submitted for publication), the impact of film morphology
n the drug release kinetics can be isolated for both systems. A
ey feature is the interplay between the plasticizing effects of the
rug, its crystallization rate, and the mass transfer dynamics during
uenching that promote locking-in of the phase-separated mem-
rane structure. As a result of this interplay, porous morphologies
hat encapsulate the drug in the body of the film can be produced

t high drug load (DL), with minimal bursting on release.

We have recently extended our studies to include several
ommonly used amorphous and crystallizable biodegradable poly-
ers, including amorphous copolymer poly (lactide-co-glycolide)

∗ Corresponding author. Tel.: +1 610 758 4470; fax: +1 610 758 6245.
E-mail address: ajm8@lehigh.edu (A.J. McHugh).
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ero-order release in the second stage due to polymer erosion.
© 2009 Elsevier B.V. All rights reserved.

(PLGA), single, amorphous poly (d, l-lactide) (PDLLA), crystalliz-
able poly (l-lactide) (PLLA) and poly (�-caprolactone) (PCL) and
blends therein, with naproxen as the active pharmaceutical agent.
Although these polymers have been used broadly in drug delivery
areas (Brodbeck et al., 1999; Mohamed and van der Walle, 2008;
Stamatialis et al., 2008), to our knowledge, the role of polymer–drug
interactions and phase inversion dynamics in the formation of
their membrane morphologies and associated drug release behav-
ior have not been systematically studied. In this study, membrane
morphologies, and drug–polymer interactions will be shown to
have a dramatic effect on the drug release kinetics.

2. Experimental

2.1. Materials

The poly (d, l-lactide-co-glycolide) (50/50, IV 0.58 dL/g in HFIP),
poly (d, l-lactide) (IV 0.66 dL/g in chloroform), and poly (l-lactide)
(IV 0.99 dL/g in chloroform) used in these studies were purchased
from Durect (Pelham, AL). Poly (�-caprolactone) (Mw ∼80,000 GPC),
acetone, dichloromethane, tetrahydrofuran (THF), dioxane, chlo-

roform, and (S)-(+)-6-methoxy-�-methyl-2-naphthaleneacetic
acid (naproxen, 98%), were obtained from Aldrich (St. Louis, MO).
Acetonitrile, methanol, ethanol, and o-phosphoric acid (85%, HPLC
grade) were purchased from Fisher (Fairlawn, NJ). All solvents
were HPLC grade, and all chemicals were used without further

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:ajm8@lehigh.edu
dx.doi.org/10.1016/j.ijpharm.2009.12.027
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urification. Water (de-ionized, DI) was prepared with Millipore
illi-Q® system (Billerica, MA).

.2. Methods and characterization

.2.1. Membrane casting
Casting solutions were prepared by dissolving the polymer

esins and drug in solvent or solvent–nonsolvent mixtures, fol-
owed by sonication for 15 min and sitting for 30 min to remove air
ubbles. Typical solutions consisted of 20–35 wt% PDLLA and PLGA,
0–12% PCL or 5–6% PLLA, 1–10 wt% naproxen, 60–80 wt% solvent,
nd 0–25 wt% nonsolvent. Solutions were film-cast on glass plates
sing a bar applicator with gap size of 500 �m. The membrane was
hen formed by dry and wet-cast phase inversion methods. In the
ormer case, evaporation of solvent and nonsolvent was carried out
nder either free or forced convection conditions in a 35–45% rela-
ive humidity (RH) lab environment. Forced convection was carried
ut under a fume hood with an air velocity of 90 cm/s. Membranes
ormed under vapor-induced phase separation (VIPS) were dry-cast
nder 75% or 95% RH in an ETS Model 5500-8000 polycarbonate
umidity-controlled chamber (Electro-tech system, Inc., Glenside,
A). For wet casting, the membrane was formed by evaporation of
he casting solution on the plate for 1 min and then quenching into
2-L nonsolvent bath. The membrane was solidified for 1–4 h prior

o drying. All formed films were dried in a fume hood overnight,
ollowed by a vacuum oven for an additional 3 days at room tem-
erature. The resulting membrane thicknesses were in the range of
0–70 �m. Drug loads (DLs), defined as the weight percent of the
rug in the dry naproxen/polymer membrane were between 0%
nd 40%. The upper limit on the DL was set by the solubility of the
aproxen in the organic solvents. Several samples were also stored
t room temperature with desiccant for periods up to 2 months in
rder to test for drug stability.

.2.2. Membrane morphologies
Membrane morphologies and drug distribution in the polymer

atrix were examined using a Hitachi S-4300 scanning electron
icroscope (SEM) under an accelerating voltage of 2 kV. Films were

ractured in liquid nitrogen and mounted on a metal stub with a
ouble-sided adhesive tape. The cross-section and surface of the
embrane were sputter-coated with Au/Pd prior to SEM analysis.

.2.3. Drug release profiles
In vitro drug release experiments were conducted using a Han-

on Research SR8-Plus dissolution test station configured as USP
pparatus 5 (paddle-over-disk). 3 cm × 3 cm films were inserted
nto USP 5 disks (Pharma Alliance) and placed in vessels contain-
ng 900 mL sodium phosphate buffer (50 mM, pH 7.4) equilibrated
t 37 ◦C. The agitation speed was 50 rpm. Sample solutions were
aken into HPLC vials at various times with 1 mL pipettes and were
ept at 5 ◦C for concentration analysis. Analyses were made using
Waters 2690D high performance liquid chromatography (HPLC)

ystem with a reversed phase column, Waters Symmetry Shield RP8
4.6 mm × 50 mm, 5 �m), and UV detection at 229 nm. The mobile
hase consisted of acetonitrile and 0.1% o-phosphoric acid (50:50,
/v). Naproxen concentrations were determined from calibration
urves of standard with naproxen concentration of 38.03 �g/mL. A
inimum of two replications were run for each experiment and

he results are presented as averages. Relative standard deviations
ere in the range of 1–3%.
.2.4. Polymer molecular weight degradation profiles
Degradation kinetics of the polymers were studied using a

aters 1515 gel permeation chromatography (GPC) system fitted
ith a Waters Styragel guard, a HR 1, and a HR 4 column connected

n series. Both columns and the refractive index (RI) detector were
of Pharmaceutics 388 (2010) 1–12

equilibrated at 40 ◦C and chloroform was used as the mobile phase.
Molecular weights of each sample were determined from a cali-
bration curve of polystyrene standards (Mw ranging from 1680 to
560,000) and analysis was carried out using the software Breeze
3.20 with the method of GPC. A minimum of two replications were
run for each experiment and the results were presented as averages.

2.2.5. Thermal properties
Thermal properties of the membrane/drug system, including

drug melting temperature (Tm), heat of fusion (�H), and mem-
brane glass transition temperature (Tg), were measured using a TA
instruments 2920 differential scanning calorimeter (DSC). Samples
of 5–20 mg were cut from cast films, sealed in aluminum pans, and
heated from 25 to 250 ◦C at a rate of 10 ◦C/min. After a rapid quench
to −10 ◦C, samples were reheated to 250 ◦C at the same heating rate.
The endothermic melting peak for naproxen was recorded from
the 1st heating cycle, and the glass transition temperature of the
polymer was taken as the inflection point in the heat capacity incre-
ment during the second heating cycle. The degree of crystallinity
of naproxen was calculated as follows:

Crystallinity = �Hm

�H0 × DL
× 100% (1)

where �Hm and �H0 are the heat of fusion (J/g) for the
naproxen/PBCA membrane and pure naproxen crystals (161.8 J/g),
respectively. The percent of amorphous drug dissolved in the PBCA
was estimated using Eq. (2), assuming 100% crystallinity for the
precipitated drug crystals:

%Amorphous = DL(1 − Crystallinity)
1 − DL × Crystallinity

× 100% (2)

All samples were run in duplicate. In order to determine naproxen
stability in the cast films, DSC runs and drug release runs were made
on the stored samples mentioned above. No noticeable changes in
drug crystallinity or Tg occurred, nor were any significant changes
observed in the release kinetics of the aged films compared to the
freshly cast samples.

2.2.6. Cloud point curves (binodal curves)
Cloud point measurements were made on polymer/solvent/

naproxen solutions for several of the systems. Stirred solutions
were titrated with nonsolvent water at 25 ◦C until permanent visual
turbidity was achieved. The final solution concentrations were plot-
ted as volume % of each component on a polymer/solvent/water
ternary phase diagram.

3. Results

3.1. Drug–polymer compatibility and drug plasticizing effects

As shown in our earlier studies, (Ma and McHugh, 2007; Ma,
2008), drug–polymer compatibility can be estimated by comparing
solubility parameters for the systems, calculated by group contribu-
tion methods, and the associated heats of mixing. However, a more
direct measure of the solubility characteristics of the as-cast films
is thermal analysis. In this case, the % solubility, SA, of the naproxen
in the polymer at the melting point (Tm) is estimated from the rela-
tion between DL and drug–polymer heats of fusion (�H) (Li et al.,
2002; Ma and McHugh, 2007):

DL = SA + 100 − SA

�H0
�H0(DL) = SA + k�H0(DL) (3)
SC

�H0(DL) and �H0
SC are the heat of fusion of the drug in the film

and pure form, respectively, and k is the slope. Fig. 1 shows DSC
solubility plots for the PLA systems. From these data, the extrapo-
lated solubilities of naproxen in the PLGA, PDLLA, and PLLA as-cast
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ig. 1. Naproxen solubility plots for (a) PLGA film, (b) PDLLA film and (c) PLLA film.

lms are 9%, 13%, and 9%, respectively. Overall solubilities for the
hree systems are lower than in CA (22%), consistent also with the
heoretical estimation (Ma and McHugh, 2007; Ma, 2008).

Fig. 2 shows Tg data obtained from the second DSC scans for
he polylactide samples with 0–40% DL. All samples exhibited a
ingle Tg between that of the polymer and that of the naproxen,
g = −24 ◦C (Nair et al., 2001), indicating complete miscibility of the
olymer–drug in this concentration range. The data for the PLGA
embranes show that, as the DL increases from 0% to 22%, the

olymer–drug Tg decreases from 45 ◦C for the pure PLGA to about
8 ◦C. Similar Tg decreases are observed for PDLLA and PLLA films;
owever, the plasticizing effects in all three polymers are not as
ramatic as that exhibited by the CA–naproxen systems (Ma and
cHugh, 2007).

.2. Polymer–solvent–nonsolvent phase diagrams and the role of
aproxen on the structure formation of quenched films

PLGA and PDLLA are amorphous polymers with good solu-
ility in acetone. Experimentally determined cloud point data

nd associated binodal curves for the PLGA–acetone–water and
DLLA–acetone–water systems (figures not shown) showed the
inodal curves for the two are essentially the same. However,
he binodals were much closer to the polymer–solvent line
ompared with the CA–acetone–water system, indicating less com-
Fig. 2. Effect of DL on the glass transition temperature (Tg) for (a) PLGA film, (b)
PDLLA film and (c) PLLA film.

patibility with the acetone–water system. Based on the cloud
point data, the starting nonsolvent compositions in the cast-
ing solutions for PLGA and PDLLA systems were generally kept
below 8–10% in order to maintain homogeneity. By contrast,
the PLLA, a semi-crystalline polymer (Tm ∼175–185 ◦C), is solu-
ble in only a few organic solvents, such as chloroform, dioxane
or dichloromethane. Ternary phase diagrams have been reported
for two such cases: PLLA–dichloromethane–ethanol (Liu et al.,
2004) and PLLA–chloroform–methanol (van de Witte et al., 1996a).
Depending on the starting compositions and mass transfer path,
phase inversion for these systems can occur either by liquid–liquid
(l–l) demixing followed by locking-in due to crystallization, or by
solid–liquid (s–l) demixing. Generally, l–l phase separation results
in a porous two-phase structure, while s–l demixing leads to a more
uniformly dense structure (van de Witte et al., 1996b).

Figs. 3i–iv and 4a–f show the as-formed morphologies for
naproxen–PLGA–acetone and naproxen–PDLLA–acetone mem-
branes, respectively, for DLs below and above the solubility limit.
For DL below or close to the solubility limit, membrane structures
in both systems are uniformly dense with no observable drug par-
ticles, reflecting the fact that the naproxen is fully dissolved in
the as-cast polymer film. (The small particles in Figs. 3ii and 4a–c

are ice which condenses from the air when the film is fractured
under liquid nitrogen prior to SEM irradiation.) By contrast, for
DL’s above the solubility limit, needle-like particles of naproxen are
clearly visible, dispersed throughout the membrane matrix. Similar
to what was observed earlier with the CA films (Ma and McHugh,
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ig. 3. Morphologies of PLGA/acetone/naproxen membranes with different DL. (The
-21% DL and 5% water, vi-23% DL and 5% water, [PLGA] = 33 wt%, no water is prese

007), the lack of phase inversion and occurrence of uniformly
ense films indicate that naproxen does not function as a phase-
eparating agent (i.e. nonsolvent) in either system. On the other
and, PLGA–acetone–naproxen films cast from initially homoge-
eous solutions containing 5% nonsolvent water turn opaque after
few minutes, indicating formation of a two-phase structure. How-
ver, as evaporation proceeds, films revert back to a completely
lear state and at the end of the solidification process exhibit a uni-

ormly dense structure as shown in Fig. 3v and vi. This is similar
o what was observed in an earlier study of PLGA cast films (van
e Witte et al., 1996b) and with CA–naproxen (Ma and McHugh,
007). In the present case, locking-in of the two-phase structure

s inhibited by the intrinsically low Tg of PLGA, while in the latter

ig. 4. Morphologies of PDLLA/acetone/naproxen membranes with different DL. (The top
-22% DL, f-37% DL, [PDLLA] = 30 wt%.)
urface represents the air–solution interface, i-0% DL, ii-5% DL, iii-21% DL, iv-36% DL,
he casting solutions of i–iv.)

case (CA–naproxen), the plasticizing effect of the drug, lowers the
polymer Tg, causing the collapse of the two-phase structure and
reversion to a homogeneous state.

3.3. Relation of film morphology to the drug release kinetics

The impact of membrane morphology on the drug release kinet-
ics of the PLGA and PDLLA systems is illustrated in Figs. 5 and 6.

Since, 5% DL PLGA films cast with either 0% or 5% water have a
dense structure; their release profiles are very similar. Likewise,
the 5% and 10% DL PDLLA films exhibit similar release profiles, with
the expected higher release rate with increased DL. By contrast, the
higher drug load films in both cases exhibit a burst release pattern,

surface represents the air–solution interface, a-0% DL, b-5% DL, c-10% DL, d-15% DL,
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ig. 5. Naproxen release profiles overlaid with PLGA degradation kinetics from
aproxen/PLGA/acetone/water membranes with different DL. Symbols: (�) 21% DL,
% water; (�) 5% DL, 5% water; (�) 5% DL, 0% water. Dashed line: Mw (5% DL, 0%
ater); solid line Mw (5% DL, 5% water).

ue to the fast dissolution of the long needle-like drug particles
Figs. 3iii, iv and 4e, f).

In both cases, the release curves for the low DL films exhibit
two-stage pattern. The initial release stage for the PLGA is a
ore-or-less diffusion-controlled parabolic profile (Fig. 5), while

he PDLLA first stage is zero-order release (Fig. 6). In this stage,

ignificant polymer degradation also occurs with both systems, as
hown by the sharp decrease in the Mw. However, in both systems
he film mass was found to be constant, indicating that significant
olymer erosion has not started. Hence, depending on the interplay
f polymer degradation and drug diffusion through the polymer

ig. 7. Morphologies of PLLA/dichloromethane/naproxen/ethanol membranes cast from
nterface, a-0% DL, b-5% DL, c-10% DL, d-15% DL, e-20% DL, f-30% DL, g-41% DL, [PLLA] = 5 w
Fig. 6. Naproxen release profiles overlaid with PDLLA degradation kinetics from
naproxen/PDLLA/acetone membranes with different DL. Symbols: (�) 5% DL; (�)
10% DL; (�) 15% DL; (�) 22% DL; (+) 37% DL. Heavy dashed line: Mw (5% DL); light
dashed line: Mw (10% DL).

matrix, the release can exhibit either a diffusion-controlled pro-
file as shown in Fig. 5 or a degradation-controlled near zero-order
release profile as seen for the PDLLA system (Fig. 6). The data in Fig. 5
suggest that, prior to erosion; increases in the release rate are due
primarily to the increased diffusivity resulting from the decrease in
polymer molecular weight, which also apparently occurs at more-
or-less constant morphology. Once the Mw decreases to a certain

level (about 4 days) the increased solubility of the oligomers in the
dissolution medium, reflected in a measurable mass loss, leads to
the onset of an erosion-controlled release process which shows as
a zero-order release profile. For the PDLLA, the zero-order release
kinetics during the first stage is due to the continuous increase of

solutions containing 25% ethanol. (The top surface represents the air–solution
t%.)
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rug diffusivity in the polymer matrix and the zero-order profile at
he second stage is likely due to an erosion-controlled mechanism.
hese observations are put on a more quantitative basis in Section
.10.

The morphologies of the PLLA–dichloromethane–naproxen
lms with DLs beyond the solubility limit (9%) (i.e. from 20% to
0%) were found to be similar to those of the PLGA and PDLLA sys-
ems above their solubility limits (i.e. dense films with precipitated
eedle-like drug particles — figures not shown). Accordingly, the
elease profiles of these two films also exhibited a burst release pat-
ern, followed by shut-down (figures not shown). Apparently the
urst effect cannot be avoided for these single-phase dense films
hen the DL is above the solubility limit.

.4. Effect of DL on membrane morphology and drug release

In order to investigate the role of phase inversion and deter-
ine whether porous structures could be locked-in at high DL, a

eries of films having various DLs were cast from solutions contain-
ng nonsolvent. Similar to the PLGA films cast with 5% water, (see
ig. 3v and vi), all of the high DL PDLLA films exhibited uniformly
ense structures with precipitated drug particles. By contrast, CA
lms cast under similar conditions exhibited a two-phase honey-
omb structure (Ma and McHugh, 2007). Apparently, locking-in of
he porous two-phase structure is inhibited in the PDLLA films due
o the low glass transition temperature of the polymer, similar to
hat found with the PLGA films discussed in the previous section.
ikewise, a two-stage, near zero-order release profile occurs with
he 5% DL membrane, while the drug release profiles for the high
L films (DL > 10%) exhibit a burst release (figure not shown). This

s consistent with and further supports the previous findings indi-
ating that membrane morphologies and drug distributions within
hem have a profound effect on drug release kinetics.

Fig. 7 shows the morphologies of PLLA membranes cast from
LLA–dichloromethane–ethanol solutions containing 25% ethanol.
he polymer concentration was maintained at 5% to ensure that
he mass transfer path during quenching proceeds through the l–l
emixing line, in which phase inversion can be locked-in by PLLA
rystallization. As expected, all the films across the DL range exhibit
phase-separated structure with a dense skin and a uniform, hon-
ycomb structure underneath. The absence of particles for low drug
oads (<10%), reflects the fact the naproxen is dissolved in the PLLA-
ich phase. For DL near and beyond the solubility limit, e.g. 10% DL,
recipitated drug particles can be seen in the structure. However,

n contrast to the CA membranes (Ma and McHugh, 2007), in which
he precipitated drug particles were embedded into the honeycomb
ores, the drug particles in the PLLA membranes precipitated as
ither large needles or plates outside the pores (Fig. 7e and f), or as
lusters (Fig. 7g). This different drug distribution is likely due to the
ejection of the drug from the crystalline regions of the PLLA, which
nhibits their incorporation into the pores or walls. As a result, the
elease profile exhibits a burst behavior as seen in Fig. 8. The drug
elease profile for the 5% DL film exhibits a single-stage, more-or-
ess diffusion-controlled release pattern. In this case, due to the
elatively slower degradation rate, significant polymer erosion did
ot occur on the time scale of the release, leading to the absence of
second stage erosion-controlled release. Quantitative modeling

f these data is also given in Section 3.10.

.5. Effect of nonsolvent content on membrane morphology and
rug release
To investigate the effect of nonsolvent content on the mor-
hological transitions and drug release characteristics of the PLLA
embranes, a series of experiments was carried out with films cast

rom solutions having a fixed DL of 40% and ethanol contents from
Fig. 8. Naproxen release profiles overlaid with PLLA degradation kinetics from
naproxen/PLLA/dichloromethane/ethanol membranes cast from solutions contain-
ing 25% ethanol and indicated DLs. Symbols: (�) 5% DL; (�) 10% DL; (♦) 15% DL; (*)
20% DL; (�) 30% DL; (�) 40%. Dashed line: Mw, 10% DL.

0% to 25%. Fig. 9 shows the membrane morphologies. For ethanol
contents less than 10%, a more-or-less dense, single-phase film with
long, needle-like or plate-like naproxen crystals is obtained, indi-
cating that no phase inversion occurs. This clearly suggests that,
at low ethanol contents, the mass transfer path crosses the s–l
demixing line, leading to polymer crystallization. With increasing
ethanol content (20%) the morphology transforms to the honey-
comb structure, indicating that the mass transfer path proceeds
to the l–l demixing line with subsequent locking-in of the phase-
inverted structure by crystallization. The structural transformation
continues with increasing ethanol content, eventually reaching the
well-defined honeycomb morphology with a dense polymer-rich
skin at the air–solution interface (Fig. 9e). Most of the precipitated
drug particles are dispersed as plates or clusters outside of the pores
with very few embedded in the pores. This pattern of increasing
two-phase structure formation with increasing nonsolvent con-
tent is also consistent with the CA films (Ma and McHugh, 2007).
However, the formation mechanisms are different, i.e. l–l demix-
ing followed by locking-in due to glassification in the CA systems,
and l–l demixing followed by locking-in due to crystallization in
the PLLA systems.

Naproxen release rates (figure not shown) exhibit bursting
for all the membranes. The dense films cast with 0–10% ethanol
content exhibited complete drug release within 1 day while, in con-
trast, release from the film cast with 25% ethanol is much slower
due to the partial sequestering of small drug crystals in the pores
(Fig. 9e).

Similar to PLLA, PCL is a semi-crystalline biodegradable poly-
mer; however, it has a much lower Tg (−65 ◦C). At low water
contents (5% and 7.5%), the system undergoes s–l demixing, result-
ing in a more-or-less dense single-phase structure with long
precipitated drug particles (figure not shown). Consequently, the
drug release was found to exhibit a burst of 100% in a 24-h period
(figure not shown).

3.6. Effect of polymer concentration on membrane morphology
and drug release

To explore the effect of polymer concentration, PLLA mem-

branes with 20% DL were cast with 25% ethanol and four
concentrations of PLLA — 5%, 10%, 15%, and 20%. Fig. 10 shows
the as-formed film morphologies. The 5% PLLA membrane shows
a typical two-phase structure with a thin dense skin and a honey-
comb structure underneath. Other than some large pieces, most of
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ig. 9. Morphologies of naproxen/PLLA/dichloromethane membranes with 40% DL c
he air–solution interface, a-0% ethanol, b-5% ethanol, c-10% ethanol, d-20% ethano

he precipitated drug particles appear as clusters embedded in the
ores. With increasing polymer concentration, the skin becomes
hicker and the two-phase structure eventually collapses to form a
ingle-phase dense film at 20% PLLA concentration (Fig. 10d). As dis-
ussed in Sections 3.3 and 3.4, the morphological transition is likely
ue to the mass transfer path being diverted from the l–l demixing

ine (5%, 10% and 15% [PLLA]) to the s–l binodal curve (20% [PLLA]),
hich induces PLLA crystallization and formation of a dense film.
he drug release curves exhibited a monotonic increase with PLLA
oncentration starting from a more-or-less diffusion-type control
t 5% PLLA and followed by a bursting profile at the higher PLLA con-
entrations (10–20% PLLA) (figure not shown). The reduced burst
elease at the lower PLLA concentration likely reflects incorpora-

ig. 10. Morphologies of PLLA/dichloromethane/naproxen/ethanol membranes with 20
ir–solution interface, a-5% [PLLA], b-10% [PLLA], c-15% [PLLA], d-20% [PLLA].)
m solutions containing various ethanol concentrations. (The top surface represents
% ethanol, [PLLA] = 5 wt%.)

tion of the drug particles into the pores; however, this apparently
occurs only for the lowest drug concentration (5%).

3.7. Effect of casting conditions on membrane morphologies and
drug release

The effect of casting methods and conditions on morphologies
and drug release rates for PDLLA films was studied by comparing

membranes cast under free convection, forced convection, wet-cast
(quench), or vapor-induced phase separation conditions. Fig. 11
shows the as-formed membrane structures for the 5% DL film. The
dry-cast films exhibit a single-phase dense structure (Fig. 11i and
ii), whether formed under free or forced convection conditions. This

% DL cast from solutions containing 25% ethanol. (The top surface represents the
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ig. 11. Morphologies of PDLLA/acetone/naproxen membranes with 5% DL cast und
onvection, ii-forced convection, iii-wet-cast.)

ikely reflects the low Tg of PDLLA which inhibits locking-in of the
hase-separated structure. By contrast, the phase-inverted porous
tructure can be locked-in by wet casting, as seen in Fig. 11iii. This
s likely due to a much more rapid solvent–nonsolvent exchange in
he bath that reduces the solvent plasticizing effect and keeps the
olymer Tg high enough to allow locking-in of the phase-inverted
tructure. Release rates for the free and forced convection films
ere found to be similar and slightly slower than that of the
et-cast film (figure not shown). The morphologies of 37% DL

DLLA films dry-cast under free conditions films, exhibited a dense
ingle-phase structure with precipitated drug particles, while the
et-cast film exhibited a porous morphology containing macro-

oids from which long needle-like drug crystals appeared to have
een extruded (figures not shown). In both cases, the release curves

howed a burst with 100% released in 1 day (figures not shown).

Morphologies of the 0% DL PDLLA films cast under 75% and 95%
H via the VIPS process all exhibited a dense, single-phase struc-
ure, regardless of the humidity level (figures not shown). The films
ecame opaque as water began to precipitate from the vapor, indi-

ig. 12. Morphologies of PLLA–PDLLA/dichloromethane/naproxen membranes with 40%
ir–solution interface, a-100% PLLA, b-90% PLLA, c-70% PLLA, d-50% PLLA, e-30% PLLA, f-1
erent conditions with 8% water. (The top surface is the air–solution interface, i-free

cating the initiation of phase inversion. However, the films became
completely clear after removal from the humidity chamber and dry-
ing under ambient conditions. This phenomenon again reflects the
inability of the phase-inverted structure to lock in due to the low
polymer Tg.

3.8. Effect of polymer blending on membrane morphology and
drug release

Results described in the previous section indicate that the
phase-inverted structure of PLLA membranes can be locked-in by
polymer crystallization. However, the precipitated drug particles
in the high DL films are excluded from the honeycomb pores due to
repulsion from the polymer crystalline regions, thereby leading to

a burst release. By contrast, naproxen has good compatibility and
can be molecularly dissolved in amorphous PDLLA. However, the
phase-separated structure for that system cannot be locked-in due
to the low Tg of the polymer. To further investigate this aspect, a
PDLLA–PLLA blend system was studied. The objective was to deter-

DL and cast from solutions containing 25% ethanol. (The top surface represents the
0% PLLA, g-0% PLLA, h-100% PLLA magnified porous region, [PDLLA + PLLA] = 5 wt%.)
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ine whether the lock-in feature of the crystalline PLLA and good
ompatibility feature of PDLLA film could be combined to produce
igh drug load-nonbursting films.

Fig. 12 shows as-formed membranes for PLLA–PDLLA blends
ith 40% DL. The 100% PLLA film exhibits a classic honeycomb

tructure (Fig. 12a) with some embedded drug particles (Fig. 12h).
s the PLLA content decreases below 70%, the membrane changes

rom a two-phase porous structure to a single phase, dense struc-
ure with large pieces of precipitated drug particles dispersed
ithin the polymer matrix (Fig. 12d–g). This indicates that the low

g of the PDLLA dominates the morphology formation in these films,
eading to the collapse of the phase-inverted structure.

The more-or-less dense films with PLLA content ≤70% exhibited
harp burst release profiles (100% release in 1 day) with signifi-
antly reduced bursting for the 100% PLLA film (100% release in 7
ays) (figures not shown). The latter reduction in release rate is

ikely due to the incorporation of the small drug particles in the
oneycomb pores (Fig. 12h).

.9. Effect of solvent properties on membrane morphologies and
rug release

Since solvent properties could affect the shape or location of
he binodal curve on the ternary phase diagram, their effects on
DLLA and PLLA films were evaluated. The morphologies for PLLA
lms cast from solutions containing chloroform and methanol as
solvent and nonsolvent and 10% or 45% DL all exhibited a uni-

ormly dense structure when cast by free or forced convection
ith 20% methanol in the casting solution (figures not shown).

he apparent lack of phase inversion can be explained with the
LLA–chloroform–methanol ternary phase diagram illustrated in
an de Witte et al. (1996b). Since the PLLA content is kept at 10% and
he methanol content is 20%, the mass transfer path likely crosses
he s–l line, so that solid–liquid demixing occurs and polymer crys-
allization leads to a single-phase, dense film. Drug release profiles
or these films (figures not shown) showed a 100% burst release for
he 45% DL films owing to the fast dissolution of the precipitated
rug particles with connections to the membrane surface. The 10%
L film showed a small burst of 15% with a sustained release profile

figure not shown), which was significantly slower than the same
L porous film-cast with dichloromethane–ethanol (see Fig. 9). The

atter shows a 35% burst followed by a fast release pattern. This may
eflect the lower drug diffusivity in the dense membrane structure
s opposed to that in the porous membrane structure.

PDLLA membranes were also cast with dichloromethane–
thanol and chloroform–methanol. The 20% and 35% DL films
xhibited a dense structure with long precipitated drug parti-
les (figures not shown). Similar to the acetone–water system,
he single-phase structure likely resulted from the inhibition of
ocking-in of the phase-inverted structure due to the low Tg of the
DLLA films. Consequently, both films showed an 80% burst release
ue to the fast dissolution of the drug particles (figures not shown).

.10. Quantification of the drug release kinetics

PLGA, PDLLA, and PLLA are generally believed to undergo bulk
rosion, with erosion progressing homogeneously throughout the
olymer matrix (Alexis, 2005). Investigation of membrane mor-
hologies for 10% DL PLLA films at different dissolution times
howed that the initially dense film changes to a leafy structure
ith scattered pores throughout after 7 days in the dissolution bath,

hile also exhibiting only slight polymer degradation (Ma, 2008).
fter 72 days, the number of pores increased dramatically indicat-

ng a larger extent of degradation. Most of the pores were close
o the membrane–dissolution medium surface region due to the
ery low diffusion rate at the membrane–USP 5 disk surface. The
of Pharmaceutics 388 (2010) 1–12 9

distribution of the pores would be expected to be uniform through-
out the membrane matrix if both sides of the membrane were in
touch with the dissolution medium directly. These results confirm
that PLLA undergoes bulk degradation in the in vitro dissolution
medium. It is interesting to note that even with naproxen, a weak
acid, auto-acceleration of the degradation, as reported in literature
(Li et al., 1990a,b,c), that would have led to faster erosion in the
middle than at the surface of membrane, was not observed.

As discussed in Section 3.3, the release kinetics can be quanti-
fied in terms of a two-stage release mechanism. During the first
stage, polymer degradation, showing as a sharp molecular weight
decrease, occurs; thus the dissolution is by a combination of poly-
mer degradation and drug diffusion in the membrane matrix. Since
as indicated, the total system mass remains more-or-less constant
in this stage, release occurs at more-or-less constant morphology.
In the second stage, the molecular weight drops to the level at which
oligomers are soluble in the medium, thus significant polymer ero-
sion results as a mass loss. In this stage, the drug release is modeled
as an erosion-controlled, zero-order mechanism.

During the first stage, the polymer degradation, i.e. molecular
weight reduction, can be fit by the following inverse, second-order
polynomial relationship.

Mw

Mw0
= 1

1 + at + bt2
(4)

where Mw0 and Mw are the polymer molecular weights at the begin-
ning of and during the dissolution, respectively, t is the dissolution
time, the coefficients a and b are fit to the molecular weight data.
Drug transport through the rubbery polymer matrix can be quanti-
fied in terms of the Stokes–Einstein equation (Bird et al., 2002) for
a viscous melt,

D = kBT

6��r
(5)

where D is the drug diffusivity, kB is Boltzmann’s constant, T is
the absolute temperature, � is the viscosity of the polymer matrix,
and r is the equivalent molecular radius of the (assumed) spherical
drug particle. Since for molecular weights below the entanglement
value, the viscosity varies linearly with Mw (Kumar, 1980), com-
bination of Eqs. (4) and (5), gives the following expression for the
time dependence of the drug diffusion coefficient:

D = D0(1 + at + bt2) (6)

where D0 is the initial drug diffusivity. The diffusive release rate can
be described using the standard modification of the Fickean diffu-
sion equations with a time-dependent diffusivity (Crank, 1975).

Mt

M∞
= 4

(
T

�l2

)1/2
for 0 ≤ Mt

M∞
≤ 0.6 (7)

Mt

M∞
= 1 − 8

�2
exp

(
−�2T

l2

)
for 0.4 ≤ Mt

M∞
≤ 1.0 (8)

where, the modified time, T is given by

T =
∫ t

0

Ddt = D0

∫ t

0

(1 + at + bt2)dt = D0t
(

1 + 1
2

at + 1
3

bt2
)

(9)

In these expressions, l is the membrane thickness, k is the release
rate constant, and Mt/M∞ is the fraction of drug released. D0 can be
calculated by fitting the experimental release data, and from this,
the complete release profiles can be predicted using Eqs. (7) and
(8).

In the second stage, drug release is mainly controlled by the

polymer erosion. Expressing this as a zero-order release process
gives:

Mt

M∞
= kdt (10)
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Fig. 14. Plots of model predications and experimental data for 5% DL PLGA–acetone
films cast from solutions containing 0% or 5% water (symbols — experimental data,
lines — model predictions). (�) 5% Dl, 0% water; (�) 5% DL, 5% water.

Table 2
Drug release kinetics results for PDLLA–acetone membranes with 0% water in the
casting solution.

−1 −2 2 2 −1 2

T
D

ig. 13. Plots of model fit with experimental data for 5% DL PLGA–acetone films.
a — inverse polynomial curve fit for the polymer degradation profiles, b — linear
lots of release fractions versus time at the second stage of release.) Symbols: (�)
% water; (�) 5% water.

he polymer erosion rate constant, kd, is obtained from the release
raction versus time curve for the second stage of release.

.10.1. PLGA membrane release
The release curves for the 5% DL PLGA films cast from 0% to

% water solution, respectively, are illustrated in Fig. 13. The fit in
ig. 13a is for the first stage (0–4 days) degradation kinetics and
ig. 13b illustrates the zero-order fit for the second release stage

4–7 days). Table 1 summarizes the resulting parameters. The diffu-
ivities and erosion rate constants are comparable for both systems,
uggesting that the diffusion rate of the dissolved amorphous drug
s similar for these two dense films with similar erosion rate. Fig. 14
hows the overall release profiles for the 5% DL films predicted by

able 1
rug release kinetics results for PLGA–acetone membranes with 5% DL.

Sample a (day−1) b (day−2) R2

5% DL, 0% water 0.6935 −0.0458 0.9
5% DL, 5% water 0.3919 −0.0250 0.9
Sample a (day ) b (day ) R (Mw) D0 (cm /s) kd (h ) R (kd)

5% DL 0.0248 0.0014 0.9955 5.32E-14 0.1705 0.9913
10% DL 0.1800 −0.0007 0.9933 1.20E-13 0.2597 0.9914

the two-stage models. The data are well fit in the first stage and
most of the second stage, however, the plateau at the final stage is
not.

3.10.2. PDLLA membrane release
The drug release profiles for 5% and 10% DL PDLLA films cast

from 0% water solutions, were analyzed; however, due to the severe
burst release profiles, the high DL films (DL > 10%) were not. Simi-
lar to the PLGA system, release profiles for the PDLLA membranes
show a typical two-stage pattern with a longer polymer degra-
dation stage (first stage) but fast erosion rate (second stage) (see
Figs. 5 and 6). Fig. 15a and b show the inverse polynomial fit for
the molecular weight data, and the zero-order erosion fit for the
second stage, respectively. Table 2 summarizes the corresponding
model parameters. Fig. 16 shows the overall release profiles for the
two films as predicted by the two-stage model. Similar to the PLGA
systems, the fit is better for the first stage but not for the plateau at
the end of the release.

3.10.3. PLLA membrane release
In contrast to the PLGA and PDLLA films, the PLLA degrada-

tion rate is much slower (Fig. 8), as also reported by (Li et al.,
1990c). Although the molecular weight decreases dramatically,
since degradation occurs primarily in the amorphous regions,
degradation of the crystalline region is too low to lead to any sig-
nificant solubility in the dissolution medium. Moreover, compared
with the single-phase dense films for the PLGA and PDLLA films,
the PLLA film is highly porous with a honeycomb structure. Con-
sequently, quantification of the release in this system was similar
to the approach used with the CA films (Ma and McHugh, 2007). In

this case, an effective diffusivity Deff for the porous region is used,
where

Deff = Dε

�
(11)

(Mw) D0 (cm2/s) kd (h−1) R2 (kd)

978 5.68E-13 0.6553 0.9987
957 8.95E-13 0.6785 0.9960
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Fig. 17. Plots of model fit and predications with experimental data for 5% DL PLLA-
dichloromethane films cast from solutions containing 25% ethanol (top — inverse
ig. 15. Plots of model fit with experimental data for PDLLA–acetone films with indi-
ated DL cast from solutions containing 0% water (top — inverse polynomial curve
t for the polymer degradation profiles, bottom — linear plots of release fractions
ersus time at the second stage of release).

is the mutual diffusivity of the drug in the amorphous polymer
hase, ε is the system overall porosity, and � is the tortuosity factor
or the membrane matrix. The fit to the experimental data is shown
n Fig. 17 and the parameter results are summarized in Table 3.
nterestingly, the initial effective diffusivity is similar to that for

he PDLLA film with the same 5% DL (see Table 2), which has a
ense structure. This result is consistent with the findings for the
A films with low DL (Ma and McHugh, 2007). Fig. 17 shows the
odel prediction for the overall drug release profile assuming no

ig. 16. Plots of model predications and experimental data for PDLLA–acetone films
ast from solutions containing 0% water (symbols — experimental data, lines —
odel predictions). (�) 5% DL; (�) 10% DL.

polynomial curve fit for the polymer degradation profile, bottom — model predic-
tions and experimental data).

Table 3
Drug release kinetics results for PLLA-dichloromethane membranes with 5% DL and
25% ethanol in the casting solution.
Sample a (day−1) b (day−2) R2 (Mw) Deff,0 (cm2/s)

5% DL 0.0550 −5.0E-05 0.9927 4.37E-14

polymer erosion occurs, thus a more-or-less diffusion-controlled
parabolic release pattern. The model prediction fits well with the
experimental data.

4. Discussion and conclusions

The results described in this paper clearly indicate that the inter-
play of solution phase inversion and polymer–drug glass transition
behavior in cast films with and without crystallization, plays a crit-
ical role in the morphology development and locking-in of the
structure, and these together profoundly affect the drug release
behavior.
For amorphous PLGA and PDLLA membranes cast from acetone
5–8% water solutions with DLs below the solubility limit (0–10%
DL), the drug will be dissolved uniformly in the polymer matrix.
Although the Tg of the system is only lowered 15–20 ◦C, locking-
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jen, J., 1996b. Phase transitions during membrane formation of polylac-
tides. I. A morphological study of membranes obtained from the system
polylactide–chloroform–methanol. J. Membr. Sci. 113, 223–236.
2 D. Ma, A.J. McHugh / International Jo

n of the phase-separated morphology is still inhibited due to the
ntrinsic low Tg of the polymer, i.e. 45 and 55 ◦C for PLGA and
DLLA, respectively. This is evidenced by the single-phase dense
orphologies for the 0% DL films. By contrast, while the Tg of the

A membranes in this DL range is lowered to 150 ◦C, as much as
0 ◦C lower than the pure CA membrane (Ma and McHugh, 2007),

t is still high enough to lock in the phase-inverted morphology
nd form a stable honeycomb structure with drug dissolved in
he hardened CA-rich phase. At higher drug loadings, up to and
eyond the solubility limit (10–40% DL), similar single-phase dense
lms were obtained for the PDLLA and PLGA films with the pre-
ipitated drug particles. Therefore, for PLGA and PDLLA polymers
ith low Tg, a phase-inverted structure cannot be stabilized by

ny of the dry casting methods (including free, forced convec-
ion, or VIPS) regardless of drug loads. One possible way to obtain
hase-separated membranes is through a wet-cast in which the
ast solvent–nonsolvent exchange reduces the solvent plasticizing
ffect and keeps the polymer Tg high enough to lock in the structure
uring the phase inversion process. Although the wet-cast method

s widely used for injectables systems (Brodbeck et al., 1999) and
aking coated membranes (Herbig et al., 1995), drug loss is likely

ccurring during the wet casting, especially when the quench bath
ontains organic solvents. Therefore, this process is not favored for
aking drug-encapsulated membranes.
For the semi-crystalline PLLA polymers, the membrane mor-

hologies can be better controlled, since the mass transfer path can
ither pass the s–l demixing line and form a single-phase dense film
y polymer crystallization, or the l–l phase-separation and followed
y locking-in the two-phase structure by polymer crystallization.
owever, the relative lack of drug solubility in the crystalline phase

eads to unfavorable drug distributions in the film that most often
ead to a burst release profile.

Overall, the release rates for PLGA, PDLLA and PLLA membranes
ere found to follow a two-stage model. Generally, a zero-order
esired release is obtained for the second stage in which the release
ate is controlled by the polymer erosion. Theoretically, it is also
ossible to achieve zero-order release by controlling the interplay
f polymer degradation rate and drug diffusivity in the membrane
hrough control of the membrane morphology, drug load and dis-
ribution in the membrane, as well as drug–polymer interactions.
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