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Abstract

Thermally induced phase separation (TIPS) for the fabrication of porous foams based on various biodegradable polymers of
poly(L-lactic acid) and its copolymers with D-lactic acid and/or glycolic acid is presented. Diverse foam morphologies were obtained
by systematically changing several parameters involved in the TIPS process, such as polymer type and concentration, coarsening
conditions, solvent/nonsolvent composition, and the presence of an additive. The produced foams had microcellular structures with
average pore diameters ranging from 1 to 30 lm depending on the process parameters, which were characterized by scanning electron
microscopy (SEM) and mercury intrusion porosimetry. Additionally, Pluronic F127 was used as an additive porogen to control the
pore geometry and size. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(L-lactic acid) [PLLA] and its copolymers with
D-lactic acid and/or glycolic acid have been extensively
explored for biodegradable drug delivery carriers and
tissue engineering sca!olds due to their superior biocom-
patibility and versatile processabilities. For tissue engi-
neering sca!olds, a macroporous open cellular structure
is often required with pore sizes of 100}300 lm for cell
penetration. The most popularly used polymer sca!old in
soft tissue regeneration is heat-compressed nonwoven
"ber mesh of polyglycolic acid. However, it is not suitable
for hard tissue regeneration due to the weak mechanical
strength [1,2]. Several other techniques have been de-
veloped for the fabrication of porous biodegradable poly-
mers useful for cell transplantation: solvent casting/salt
leaching [3,4], phase separation [5,6], emulsion freeze
drying [7], and gas foaming [8,9]. These methods gener-
ally intend to generate large open porous matrices for
penetration and in-growth of bone and cartilage cells. On
the other hand, it is often necessary to manufacture
microcellular foams with pore diameters ranging from 10

to 100 lm for optimal in-growth of "broblasts for the
tissue regeneration of skin. Concomitantly, achieving
sustained release capability of a therapeutic protein
through these porous biodegradable matrices is desirable
for improving the viability of cells seeded within the
matrices [5].

Thermally induced phase separation (TIPS) is current-
ly utilized to fabricate microporous membranes or
microcellular foams [10}12]. This technique is based on
the principle that a single homogeneous polymer solu-
tion made at elevated temperature is converted via the
removal of thermal energy to two-phase separated do-
mains composed of a polymer-rich phase and a polymer-
lean phase [13}15]. Subsequent freeze-drying of the
liquid}liquid phase-separated polymer solution produces
microcellular structures as a result of solvent removal.
A schematic temperature}composition phase diagram
for a binary polymer}solvent system is represented in
Fig. 1. It shows the expected variations in polymer foam
morphology depending on the "nal thermodynamic state
of the polymer solution to be thermally quenched. Ac-
cording to whether the quenching end point is located in
the metastable region between binodal and spinodal
curves or in the unstable region below the spinodal curve,
two distinctive morphologies can be obtained: (i) a poor-
ly interconnected bead-like structure by a nucleation and
growth mechanism or (ii) a well-interconnected open
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Fig. 1. A schematic representation of a binary phase diagram of a poly-
mer solution showing the expected morphological variations from
liquid}liquid-phase separation.

porous structure by a spinodal decomposition mecha-
nism. It is necessary to preferably utilize the spinodal
decomposition for the production of open-pore microcel-
lular foams. Pore size distribution and their interconnec-
tivity of the resultant microcellular foams are determined
by a delicate balance of various parameters such as
polymer concentration, quenching route, quenching
depth, solvent/nonsolvent composition, and the presence
of additives. Additionally, the e!ect of ripening and co-
alescence in the liquid}liquid phase separation plays
an important role in determining the "nal foam morpho-
logy via a coarsening process. This e!ect is induced by
di!erential interfacial tension exerted between the two
phase-separated domains. It was demonstrated that the
coarsening process results in pore size enlargement prim-
arily via Ostwald ripening, coalescence, or hydrodynamic
#ow mechanism [16,18]. Thus, the coarsening process
should be carefully considered as a kinetic parameter to
control the pore morphology of the resultant foams.

In this study, PLLA, poly(D,L-lactic acid) [PDLLA],
poly(D,L-lactic-co-glycolic acid [PLGA] were used for
the preparation of various microcellular foam structures
by adjusting parameters involved in the TIPS process.
Pure 1,4-dioxane, a good solvent for the polymer, was
used for a solid}liquid phase separation, and water was
added as a nonsolvent to induce a liquid}liquid phase
separation by lowering the degree of polymer}diluent
interaction. The addition of Pluronic surfactant in the
TIPS formulation was also examined in order to better
control the pore morphology.

2. Materials and methods

2.1. Materials

Poly(L-lactic acid) (PLLA), poly(D,L-lactic acid)
(PDLLA), and poly(D,L-lactic-co-glycolic acid, lactide :
glycolide ratio 85 : 15) (PLGA) were supplied by
Medisorb (Cincinnati, OH). Weight and number average

molecular weights were determined by gel permeation
chromatography (GPC) as described elsewhere [19];
M

8
"59,000 and M

/
"28,500 for PLLA, M

8
"74,500

and M
/
"35,900 for PDLLA, and M

8
"74,700 and

M
/
"46,000 for PLGA. Carbonic anhydrase II (from

bovine erythrocytes, cat. d C-2522) and Coomassie Blue
R-250 were obtained from Sigma and Pluronic F127
(Poloxamer 407) from BASF (Parsippany, NJ). Solvents
such as methanol, 1,4-dioxane, glacial acetic acid and
other chemical reagents were of analytical quality.

2.2. Foam preparation

Processing condition 1: PLGA polymer (9% (w/v)) was
dissolved in an 87/13 (v/v) mixture of 1,4-dioxane and
distilled deionized water by warming at ca. 403C with
magnetic stirring until the polymer solution became
clear. This temperature was above the cloud point tem-
perature. The homogeneously clear solution was main-
tained at 43C for 0, 2, and 10 min, in order to induce the
coarsening e!ect, before being poured into a disc-shaped
brass mold (1 cm in diameter and 5 mm in thickness)
which was pre-equilibrated with liquid nitrogen. Solvents
were removed by freeze-drying for 3 d.

Processing condition 2: PLLA and PDLLA polymers
(12.5% (w/v)) were, respectively, dissolved in an 87/13
(v/v) mixture of dioxane and distilled deionized water by
warming at 603C (above the cloud point) with magnetic
stirring. The homogeneously clear solution was main-
tained at room temperature for 5 min in order to observe
the coarsening e!ect, poured into the aluminum foil mold
(disc, 5 cm in diameter and 5 mm in thickness), and then
fast-frozen in liquid nitrogen. Solvents were removed by
freeze-drying for 3 d.

Processing condition 3: PLLA polymers (10 and 15%
(w/v)) were respectively dissolved in an 87/13 (v/v) mix-
ture of dioxane and water by warming at ca. 603C (above
the cloud point) with magnetic stirring. The homogene-
ously clear solution was air-cooled down until the poly-
mer solution became cloudy and then maintained at ca.
53C below the cloud point for 1 min. The cloudy polymer
solutions were then poured into a disc-shaped brass mold
(5 cm in diameter and 5 mm in thickness) pre-equilib-
rated at dry-ice/ethanol temperature. Solvents were re-
moved by freeze-drying for 3 d.

Processing condition 4: PLGA polymer (6% (w/v)) was
dissolved in an 87/13 (v/v) mixture of dioxane/water by
magnetic stirring. Three % (w/v) Pluronic F127 was
added to the polymer solution with continuous magnetic
stirring. In the case of a mixture of dioxane and water, the
solution was heated gently to dissolve the polymer com-
pletely. The polymer solution was quenched by liquid
nitrogen and then freeze-dried for several days. Freeze-
dried sample was placed in pure excess methanol at 43C
for 1 d in order to extract the Pluronic F127. Afterwards,
the sample was freeze-dried again for several days.
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Fig. 2. SEM images of the cross section of amorphous PLGA foams as
a function of coarsening time. The foams were prepared by coarsening
9% (w/v) polymer solution at 43C for 0 min (a), 2 min (b), 10 min (c), and
then quenching by liquid nitrogen.

Processing condition 5: PLGA polymer solutions (4, 6,
and 9% (w/v)) in dioxane were prepared by magnetic
stirring at ca. 303C. The homogeneous polymer solution
was poured into a brass mold pre-equilibrated with
liquid nitrogen temperature. Solvents were removed by
freeze-drying for 3 d. The sample was then freeze-dried
again for 3 d.

2.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM, Philips 535M)
was used for the observation of the internal pore mor-
phology of the freeze-dried foams. The samples were
fractured by a surgical blade and then coated with gold
by using a sputter-coater (HUMMER V, Technics,
USA). Ar gas pressure was set at 5 psi and the current
was maintained at 10 mA for a coating time of 5 min.

2.4. Mercury intrusion porosimetry

Mercury intrusion porosimetry (PMI 30K-A-1, Po-
rous Materials, Inc., Ithaca, NY) was used to determine
pore size distribution, total pore volume, and surface
area of the foams. Pore size and surface area were cal-
culated from the measurement of the intruded mercury
volume by raising pressure [20].

2.5. Protein loading and distribution analysis

Ten % (w/v) PLLA polymer foams prepared by pro-
cessing condition 3 were cut in a dimension of
7 mm]7 mm]3.6 mm. They were pre-wetted in pure
ethanol at 43C for 14 h under static condition and
ethanol was then replaced by excess water with orbital
shaking [21]. Carbonic anhydrase II was loaded into the
pre-wetted foams by dipping them into the protein solu-
tion (4.44 mg/ml) at room temperature for 38 h. Loading
quantity was determined by measuring the remaining
amount of protein in the solution. In order to analyze the
distribution of the protein incorporated into the foams,
the protein-loaded foams were dipped into a Coomassie
Blue solution, which consisted of 0.1% (w/v) Coomassie
Blue R-250, 45% (v/v) methanol, 45% (v/v) water, and
10% (v/v) glacial acetic acid. After incubation for several
hours, the dye was destained by using a solution of 10%
(v/v) methanol, 10% (v/v) glacial acetic acid, and 80%
(v/v) water. The dye penetrating depth was then deter-
mined.

3. Results and discussion

Cloud points for di!erent concentrations of PLLA,
PDLLA, and PLGA in a mixture of dioxane and water
with 87/13 volume ratio were previously determined by
the visual inspection of polymer solution clarity [19]. It

should be mentioned that the constructed cloud point
curves would not coincide with the binodal curve, since
polydisperse polymers were used in our experiment.
Thus, phase diagram could not be constructed based on
the observed cloud points. However, it is believed that
the determination of cloud points could be utilized as
a good criterion dividing the homogeneous and the phase
separated region [17].

Fig. 2 shows amorphous PLGA microcellular foams
obtained by coarsening 9% (w/v) polymer solution at
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Fig. 3. SEM images of the cross section of 12.5% (w/v) semi-crystalline
PLLA and amorphous PDLLA foams. (a) PLLA, direct liquid nitrogen
quenching; (b) PLLA, 5 min coarsening at room temperature; (c)
PDLLA, 5 min coarsening at room temperature

43C for di!erent time intervals of 0, 2, and 10 min and
subsequent quenching into liquid nitrogen (processing
condition 1). The cloud point of 9% (w/v) PLGA poly-
mer solution was about 203C in an 87/13 (v/v) mixture of
dioxane and water. The morphologies were open cellular
microporous structure with average pore sizes ranging
1}10 lm, suggesting that a spinodal decomposition
mechanism was responsible for these structures as sim-
ilarly reported elsewhere [18]. The SEM observation
evidently shows the e!ect of the coarsening time on the
resultant foam morphology. As the coarsening time was
extended, the pore size increased and bi-continuous open
structure tended to become more closed cellular struc-
ture. This agrees well with the general trend of the coarse-
ning e!ect found in the other polymer membranes
[18,22].

PLLA and PDLLA foams prepared by using 12.5%
(w/v) polymer solution with di!erent phase-separation
conditions (processing condition 2) are demonstrated in
Fig. 3. For the PLLA foam, the resultant pore morpholo-
gies were compared under two di!erent conditions: (i)
direct quenching into liquid nitrogen and (ii) allowing
5 min coarsening time at room temperature prior to
immersion into liquid nitrogen. Greater enlargement of
pore size can be seen with permitting the coarsening
process, as expected. The PDLLA foam was prepared
under the same coarsening condition to the PLLA foam.
It shows the combined presence of large pores and many
small pores with a tendency of stringy/beady morpho-
logy in contrast to the PLLA foam. At 12.5% (w/v)
polymer concentration, the cloud points of PLLA and
PDLLA were 41 and 273C, respectively [19]. Thus, the
PDLLA foam produced by coarsening at room temper-
ature just below the cloud temperature was likely to "rst
undergo a nucleation and growth mechanism in the
metastable region as a prerequisite step directing towards
the spinodal decomposition occurring in the unstable
region. This might result in di!erent morphologies in the
PDLLA foam compared to the PLLA foam. Addition-
ally, PLLA, which is semi-crystalline in nature in con-
trast to amorphous PDLLA, might crystallize after the
liquid}liquid demixing and resulted in the di!erent foam
morphology [23].

PLLA foams from 10 and 15% (w/v) polymer solution
were prepared by a two-step quenching process: "rst,
slow cooling down to 53C lower than the cloud temper-
ature (41 and 433C for 10 and 15% (w/v) PLLA concen-
tration, respectively) and maintaining for 1 min at that
temperature, and as a second step, rapid quenching in
a brass mold pre-equilibrated with liquid nitrogen. The
resultant foam morphologies are represented in Fig. 4
(processing condition 3). Distinctive multi-modal distri-
bution of pores composed of large pores up to 100 lm
and many micropores are clearly observed in both cases,
although 15% sample has more well-de"ned round
shaped pores. This interesting morphology has been

reported in other polymer}solvent systems [18]. This
phenomenon can be attributed to the two-step-phase
separation: (i) gradual-phase separation during the slow
cooling process and (ii) spinodal decomposition during
faster cooling process. The large pores were presumed to
preferentially generate during the "rst step, since the
kinetic time scale of the second step for arresting the
phase separation was too short. The morphological dif-
ference between the 10 and 15% PLLA foams can be
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Fig. 4. SEM images of the cross section of 10 and 15% (w/v) PLLA foams. They were prepared by cooling down the polymer solution to 53C below the
cloud point, maintaining for 1 min, and then quenching by liquid nitrogen. 10% (w/v) PLLA (a), (b); 15% (w/v) PLLA (c), (d).

Table 1
Characterization of porous polymer foams by mercury intrusion po-
rosimetry

Intrusion volume
(ml/g)

Surface area
(m2/g)

Porosity

9% PLGA 5.00 2.77 0.89
12.5% PDLLA 6.74 0.89 0.92
10% PLLA 5.03 2.27 0.85
15% PLLA 3.37 5.88 0.76

explained by di!erent quenching routes. Since the se-
lected quenching routes in this experiment were located
in the left side of the critical polymer concentration, 10%
polymer solution had more probability to be located
within the deeper metastable region than 15% polymer
solution. This means that the nucleation and growth
process can get involved in the early stage phase separ-
ation to a greater extent. Therefore, characteristic mor-
phology of the 10% PLLA foams, which is di!erent from
the well-de"ned round-shaped pore structure of the 15%
sample, was caused by more involved nucleation and
growth mechanism of polymer-rich phase. Many micro-
pores are also observed between the isolated macropores,
which might be generated, upon further quenching in
dry-ice/ethanol, from spinodal decomposition in the ex-
cluded polymer-rich phase formed in the "rst-step pro-
cess, as reported [18].

Selected PLGA, PDLLA, and PLLA foams were char-
acterized in terms of total pore volume, surface area, and
porosity by a mercury intrusion porosimetry. The results
are listed in Table 1. Fig. 5 shows pore size distributions
of the selected foams. The PLGA foam prepared with 9%
(w/v) polymer concentration and 10 min coarsening time
exhibits microporous structure having a mean pore dia-
meter of 8.5 lm, as observed in the SEM picture in
Fig. 2c. The PDLLA foam prepared with 12.5% (w/v)
polymer solution shows multi-modal distribution of pore

diameters with appearing two major peaks centered at
6.9 and 28 lm. The two PLLA foams prepared by the
two step quenching process; they show small pores
ranging 1}2 lm and micropores ranging 8}18 lm as ob-
served in the SEM picture in Fig. 4. However, large
macropores near 100 lm which are clearly found in the
SEM picture could not be detected in the result of mer-
cury porosimetry, perhaps due to the limitation of mer-
cury intrusion method [7,20]. For the detection of large
pores by a mercury intrusion technique, the facile pen-
etration of pressurized mercury through tortuous inter-
connected channels of surrounding small pores should
occur to access the large pores. Even high pressure was
applied to intrude mercury into the polymer foams, the
accessibility of mercury to the large pores would be
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Fig. 5. Pore size distribution of the selected foams determined by
mercury intrusion porosimetry.

Fig. 6. Cross-sectional image of Coomassie Blue stained-protein distri-
bution in the 10% (w/v) PLLA foam.

Fig. 7. SEM images of the cross section of PLGA foams. The foams
were prepared by quenching 6% (w/v) PLGA solution without (a) or
with (b) 3% (w/v) Pluronic F127 into liquid nitrogen.

limited due to their isolated distribution. This is the most
plausible reason for not detecting the large macropores
in the mercury intrusion method in contrast to the SEM
observation. This problem is particularly acute for the
foams having broad pore size distribution with a closed
cellular structure.

The 10% (w/v) PLLA polymer foam prepared by the
two-step quenching method was used for protein distri-
bution study. A model protein, carbonic anhydrase (MW
31 000) was loaded into the foam by an immersion-
soaking method. Fig. 6 shows protein speci"c staining
extent of Coomassie Blue dye for the cross-sectional area
of the foam, which exhibits spatial distribution of protein
loaded within the foam matrix. The protein molecules
were located in the peripheral region, indicating that the
foam was not well inter-connected or the wall of small
pores was not completely wetted in spite of the ethanol
pre-wetting treatment. This protein staining result cor-
responds to the aforementioned limitation of mercury
intrusion method for detecting the closed large pores in
the foam matrix.

It is of interest to add an additive in the TIPS formula-
tion to modify the pore geometry and size [24]. As
reported previously, the "nal morphology of the foams is
determined by a kinetically arrested state of the phase
separating system [19]. Since TIPS process produces
two-phase-separated domains having di!erent interfacial
energies at their surface, tri-block copolymer surfac-
tant composed of poly(ethyleneglycol)}poly(propylene-
glycol)}poly(ethyleneglycol), Pluronic F127, was added
to examine its interface compatibilization e!ect on the
foam morphology. Fig. 7 demonstrates the SEM picture
of 6% (w/v) PLGA foam prepared by using an 87/13
dioxane/water mixture with and without adding 3%
(w/v) Pluronic F127 (processing condition 4). The Plu-
ronic surfactant was later removed by incubating the
freeze-dried foam in a methanol solution. It can be seen
that the addition of Pluronic surfactant e!ectively pro-
duced more enlarged open cellular pores up to 50 lm
while concomitantly maintaining more round pore
shapes. This suggests that Pluronic surfactant indeed
reduced the interfacial energy between phase-separated
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Fig. 8. SEM images of the cross section of PLGA foams produced by
quenching 4% (a), 6% (b), 9% (c) (w/v) polymer solution in pure
dioxane into liquid nitrogen.

polymer-rich phase and polymer-poor phase in the
spinodal decomposition by acting as a phase com-
patibilizer. The foam obtained by adding Pluronic sur-
factant appears to be suitable for seeding of appropriate
cells due to its pore size and geometry.

Finally, the use of pure dioxane as a sole solvent,
instead of dioxane/water mixture, for a solid}liquid TIPS
process was tried to fabricate PLGA foams. Various
concentrations of PLGA dissolved in dioxane were rap-
idly quenched into liquid nitrogen. Fig. 8 shows the SEM
pictures of PLGA foams obtained. With increasing the
polymer concentration in the order of 4, 6, and 9% (w/v),
the morphology changes beady/stringy, ladder-like, and
tube-like structure, respectively (processing condition 5).
In the case of 6% (w/v) polymer solution, a similar
morphology was recently reported [6]. These aniso-
tropic morphologies were likely to be developed by a
solid}liquid-phase separation, in which preferential crys-
tallization of pure dioxane dominantly occurred in the
direction of heat transfer. The formation of a beady/
stringy structure at 4% (w/v) polymer concentration sug-
gests that the nucleation and growth mechanism pro-
ceeded at this polymer concentration as a major TIPS
pathway.

4. Conclusions

It has been shown that various microcellular and po-
rous foam morphologies could be obtained by adjusting
the TIPS parameters. A slight change in the parameters,
such as types of polymer, polymer concentration, sol-
vent/nonsolvent ratio, and the most importantly, thermal
quenching strategy, signi"cantly a!ected the resultant
foam morphology. In particular, the addition of poly-
meric surfactant in the TIPS formulation enhanced the
size of pores and improved their inter-connectivity. The
prepared foams could "nd applications in controlled
drug delivery.
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