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rphology of poly(lactic acid)
monoliths controlled via novel phase separation
technology

Tomonari Kanno and Hiroshi Uyama*

This work reports the unique leaf-like morphology and physical properties of plant-based poly(lactic acid)

(PLA) monoliths designed by a novel thermally induced phase separation (TIPS) technology. PLA monoliths

with micron to nano scale frameworks and a leaf-like morphology were successfully produced via TIPS with

ternary solvent using 1,4-dioxane as a good solvent, water as a non-solvent, and 2-butanone as a mid-

solvent which controls phase separation. It was revealed for the first time that the addition of mid-

solvent significantly affects the morphology and crystallization of PLLA, which leads to a precise

controllability in morphology and high porosity (90–93%). A ternary phase diagram of the solvents was

proposed for the TIPS, which successfully explained the present results. It was demonstrated that the

newly developed, amazingly simple TIPS is ideal for the synthesis of PLA monoliths compared to the

most commonly used TIPS with binary solvent.
Introduction

Poly(lactic acid) (PLA) is a bio-based polymer with great biode-
gradability and biocompatibility, which is derived from renew-
able resources such as agricultural products and their by-
products including plant stem and leaf. Because of its environ-
mental adaptability, PLA has received great attention for the
development of a sustainable society. In addition to its biode-
gradability and biocompatibility, PLA has sufficient mechanical
strength, high transparency, and processability due to its higher
glass transition (ca. 60 �C) and melting temperature (ca. 170 �C)
compared to other bio-based plastics.1 Moreover, PLA can be
degraded by catalyst-free simple hydrolysis without toxic degra-
dation products, for which PLA has been approved by the US
Food and Drug Administration (FDA) for several medical uses.2,3

Because of these unique properties and great developments in
the industrialization of PLA over decades, the use of PLA mate-
rials has been spread to various elds including medical, foods,
packaging, and even housewares in different forms with
increasing awareness to environmental conservation.4

Monolithic porous PLA has also been developed in several
elds such as tissue engineering, drag delivering, and ltration
technology. Since the monolith form of PLA has great advan-
tages in surface area, light weight, and 3-D framework in
addition to the environmental adaptability, the use of PLA
monolith has been expanded to a scaffold for cultivating human
cell,5 an articial bone,6,7 a support for controlled release of
iversity, 2-1 Yamadaoka, Suita-shi, Osaka
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drugs,2,8 and a lter.9–11 The monolith formation has been
developed using a variety of methods including porogen, ber
bonding, gas-based foaming, a use of supercritical CO2, and 3-D
printing.2,5,12–14 Especially, for the usage mentioned above, it is
important to synthesize monoliths through the process with
precise controllability in morphology and reproducibility
because the function of monoliths such as biodegradation rate,
hydrophobicity, and adhesiveness signicantly depends on its
pore and skeletal size. Therefore, exploring a method with
process exibility has been attempted to prepare desirable
formation suitable for each usage.

Among those techniques of producing PLA monoliths,
recently, phase separation has been utilized due to its excellent
versatility, simplicity, and controllability in pore size compared
to other methods.9–11,15–19 Furthermore, good processability is
also key factor of this method since the shape of monolith is
dependent on the shape of vessels where the phase separation
and gelation take place. This method can mainly be classied
into two for preparation of monoliths from PLA by types of
trigger to occur phase separation: non-solvent induced phase
separation (NIPS) and thermally induced phase separation
(TIPS). These techniques were previously explained in detail by
Lloyd et al. using the Flory–Huggins theory.20,21 Briey, the
change in polymer fraction in a ternary system of polymer, good
solvent, and non-solvent increases Gibbs free energy which
triggers phase separation. Until the mixing of polymer-lean and
polymer-rich phases becomes stable, phase separation
continues to satisfy the lowest Gibbs free energy. At this process,
the system undergoes liquid–liquid or solid–liquid phase
separation depending on the composition and temperature,
which determines the nal morphology of monoliths. It is well
This journal is © The Royal Society of Chemistry 2017
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Table 1 Ratio of ternary solvent (1,4-dioxane/2-butanone/water) and
PLLA concentration used in the process

Systemsa
1,4-Dioxane
(v/v%)

2-Butanone
(v/v%)

Water
(v/v%)

PLLA conc.
(mg mL�1)

85/0/15 85.0 0 15.0 100
65/20/15 65.0 20.0 15.0 100
45/40/15 45.0 40.0 15.0 100
25/60/15 25.0 60.0 15.0 100
20/70/10 20.0 70.0 10.0 100
15/80/5 15.0 80.0 5.0 100
10/90/0 10.0 90.0 0 100

a System corresponds to the solvent ratio of 1,4-dioxane/2-butanone/
water (v/v%).
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known that liquid–liquid phase separation gives inter-
penetrating 3-D network via spinodal decomposition, whereas
solid–liquid phase separation leads to the sea–island
morphology including polymer precipitation via nucleation and
growth mechanism.21

In the NIPS method, addition of non-solvent to polymer
solution induces phase separation.20,21 The morphology of ob-
tained monoliths can be changed by various factors such as
selection of solvent and polymer, solvent ratios, polymer
concentration, molecular weight, and standing temperature.
Few researchers attempted to produce PLA monoliths by
NIPS.15,16 For example, Rezabeigi et al. produced PLA monoliths
by NIPS using dichloromethane (DCM) as a polymer solvent and
hexane as a non-solvent.15 They reported that PLA monoliths
with the porosity ranging from 40.7% to 90.7% and meso/
macroporous hierarchical morphology were successfully fabri-
cated by changing the DCM ratio and the PLA concentration
during phase separation.

By contrast, TIPS method has also been utilized to prepare
PLA monolith.9–11,17–19 In the TIPS method, the drop in polymer
solubility induced by solution temperature leads phase sepa-
ration. Distinct from NIPS process, TIPS has remarkable
advantages in reproducibility and exibility since the phase
separation is occurred by simple temperature reduction rather
than non-solvent exchange which include variables that need to
be controlled.20 Furthermore, the morphology can be controlled
by changing quench temperature in addition to those control-
ling factors of NIPS as mentioned. Despite these fascinating
advantages, the precise control to give desirable morphology of
PLA monoliths via TIPS is still challenge. For instance, Tanaka
et al. applied this method and reported that PLA monoliths for
ltration could be prepared by the TIPS using 1,4-dioxane as
a solvent and water as a non-solvent,9 however, the resultant
PLA monoliths mainly exhibited pores in the short range of 10–
30 mm with micron scale of frameworks. On the other hand,
Önder et al. developed this idea and reported that PLA mono-
liths with high porosity ranging from 85.1 to 92.8% and 25–400
mm of relatively large pores were fabricated using tetrahydro-
furan (THF) and water solvent system by changing polymer
concentration, solvent ratio, and quenching temperature.17

Although they conducted to control the morphology with
various ways, the pore and skeletal size of PLA monoliths were
still limited in the micron scale.

In our present study, we focused on the production of PLA
monolith with micron to nano scale of pore and skeletal size via
novel TIPS method using ternary solvent, elucidating the rela-
tionships between structures and characteristics via phase
diagram in the system and thermo-analysis. Distinct from the
traditional TIPS using binary solvent, we selected ternary
solvents: 1,4-dioxane as a good solvent, water as a non-solvent,
and 2-butanone as a mid-solvent which controls phase separa-
tion. 2-Butanone was chosen because it exhibits good affinity
but no solubility to PLA itself in addition to miscibility with 1,4-
dioxane/water. We demonstrate that the PLA monoliths with
unique morphology and precise controllability in pore and
skeletal size can be fabricated by amazingly simple, newly
developed TIPS.
This journal is © The Royal Society of Chemistry 2017
Experimental section
Materials

Poly(L-lactic acid) (PLLA) was purchased from NatureWorks LLC
(Ingeo™ Biopolymer 4032D, Mw ¼ 1.5 � 105 g mol�1). 1,4-
Dioxane, 2-butanone, and 2-propanol (iPA) were obtained from
Nacalai tescue and were used as received.

Ternary phase diagram

For understanding detailed behaviors on phase separation, we
prepared ternary phase diagram of 1,4-dioxane/2-butanone/
water at xed PLLA concentration and temperature by
changing the ratio of solvents to give a cloud point of the
solution.

First, PLLA was dissolved in 1,4-dioxane/2-butanone mixture
at 70 �C with the PLLA concentration of 100 mg mL�1 for 2 h in
a glass test jaw. Aer dissolution, water was added to the
solution and then the transparent solution was kept at 70 �C or
0 �C for 30 min. The cloud point in the system at 70 �C and 0 �C
was dened at which the solution turned opaque during 30min.
By plotting these cloud points, the borders separated homoge-
nous and heterogenous area at 70 �C and 0 �C in the system
were determined.

Preparation of PLA monoliths

At rst, PLLA was dissolved in 1,4-dioxane/2-butanone mixture
at 70 �C with the PLLA concentration of 100 mg mL�1 for 2 h in
a glass test jaw. Then, water was added to the solution and
stirred for 10 min to give transparent solution. The ratios of
ternary solvent were selected from homogenous region sur-
rounded by the boundaries at 70 �C and 0 �C in the ternary
phase diagram (Table 1), that is, wherein the homogenous
solution at 70 �C can be phase-separated by quenching to 0 �C.
The solution was immediately cooled to 0 �C using ice bath for
1 h to induce phase separation. The resultant gels were
exchanged to iPA by washing using a TAITEC BioShaker M-BR-
022UP at 25 �C. The obtained gels were placed in a vacuum and
dried at room temperature for 5 h to give PLLA dry-monolith.
Fig. 1 shows the sample at each process in this study. Addi-
tionally, to investigate the inuence of PLLA concentration on
the formation of PLLA monoliths in the system, extra monoliths
RSC Adv., 2017, 7, 33726–33732 | 33727
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Fig. 1 Fabrication process of PLLA monoliths in this study: PLLA
solution (a), solution undergone phase separation (b), wet gel resulted
from gelation (c), PLLA monolith after drying (d).
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were prepared using the same technique mentioned above
at xed (15/80/5) 1,4-dioxane/2-butanone/water ratio with
different PLLA concentrations (50–150 mg mL�1).
Fig. 2 Ternary phase diagram of 1,4-dioxane/2-butanone/water
system with the fixed PLLA concentration at 100 mg mL�1. Note that
(O) and (B) symbols represent respectively the cloud point in the
system at 70 �C and 0 �C. The boundaries separated homogenous and
heterogenous (area in grey) regions at 70 �C and 0 �C in the system are
given in red and blue lines, respectively.
Analysis

Morphology of PLLA monoliths were observed by scanning
electron microscopic (SEM) analysis using a HITACHI SU-3500
instrument. Averaged pore diameter was determined using
Image-Pro PLUS (MediaCybernetics) by calculating to 50 pores
exhibited in the SEM image of the monoliths. Melting temper-
ature (Tm), and crystallinity (Xc) of the PLLA monoliths and the
pellet used were estimated by differential scanning calorimetry
(DSC) using SEIKO DSC6220, at a heating rate of 10 �Cmin�1 in
a range between 30 and 200 �C and a nitrogen ow rate of 50 mL
min�1. The crystallinity of the PLLA crystals were calculated
using the theoretical heat of fusion (93.1 J g�1).22 During the
DSC measurements, no peaks ascribable to cold crystallization
appeared so that the Xc could be simply estimated from the
enthalpy of melting. Porosity of the monoliths was calculated
using an apparent density of the monoliths and eqn (1) given
below.15,23

Porosity ð%Þ ¼
�
1� r

r0

�
� 100 (1)

here, r/r0 represents the relative density where r and r0 are
respectively the apparent density and skeletal density which can
be estimated from eqn (2)

r0 ¼ wc(rc � ra) + ra (2)

In the eqn (2), where wc represents the crystalline volume
ratio, rc is the density of 100% crystalline PLLA (1.290 g cm�3),
and ra is the density of fully amorphous PLLA (1.248 g
cm�3).15,22,23 Thus, the r0 can be estimated by measuring the
crystallinity of the PLLA monoliths using DSC.
Results and discussion
Ternary phase diagram

Fig. 2 gives the ternary phase diagram of 1,4-dioxane/2-
butanone/water at PLLA concentration of 100 mg mL�1. As
shown from the diagram, the PLLA solution become heteroge-
nous over 91 v/v% of 2-butanone and 17 v/v% of water contents
at 70 �C, whereas those of maximum contents at 0 �C are
decreased to 60, 11 v/v%, respectively. In this regard, phase
separation takes place by quenching from 70 �C to 0 �C using
33728 | RSC Adv., 2017, 7, 33726–33732
the solvent ratio selected from the region surrounded by homo/
heterogenous boundaries at 70 �C and 0 �C. It is noteworthy that
the region between boundaries at 70 �C and 0 �C become
signicantly wider with increasing the ratio of 2-butanone,
whereas that in the binary 1,4-dioxane/water system is limited
in narrow range between 89/11 and 83/17 v/v%. These data
indicate that PLLA is much more miscible in the ternary 1,4-
dioxane/2-butanone/water solvent than the traditional binary
1,4-dioxane/water solvent, suggesting the slower phase separa-
tion can be occurred in the solution with higher 2-butanone
content. This effect of phase separation will be discussed in
detail later.

Furthermore, this study demonstrates that the addition of
mid-solvent may expand selection of controlling factor for pore
and skeletal size. For over decades, TIPS with binary good/poor
solvent have been widely used,9–11,17–19 while this oen limits the
condition of fabrication. For example, Tanaka et al. reported
that PLLA monoliths were produced by TIPS using binary 1,4-
dioxane/water solvent with the limited ratio around 87/13 w/
w% at 10 wt% of PLLA concentration.9 In addition, Önder et al.
reported PLLA monoliths were successfully fabricated using
binary THF/water solvent, however, only narrow range of the
THF/water ratio between 90/10 and 84/16 w/w% can be utilized
to give the monolith formation.17 Therefore, the TIPS using
ternary solvent in this study may open the limitation in choice
of solvent to add a desirable morphology to monoliths.
Characterization of PLLA monoliths

PLLA monoliths with no visible shrinkage aer drying were
successfully produced from fully gelated PLLA gels synthesized
This journal is © The Royal Society of Chemistry 2017
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Table 2 Physical properties of PLLA monoliths prepared at different
1,4-dioxane/2-butanone/water ratios

Systemsa Tm
b (�C) Xc

c (%)
Apparent density
(g cm�3) Porosityd (%)

85/0/15 168.0 45.0 0.12 90
65/20/15 168.2 54.9 0.12 91
45/40/15 168.5 57.4 0.11 92
25/60/15 170.1 58.5 0.10 92
15/80/5 168.7 66.5 0.10 93

a System corresponds to the solvent ratio of 1,4-dioxane/2-butanone/
water (v/v%). b Tm ¼ melting temperature of PLLA crystal. c Xc ¼
crystallinity of PLLA crystal calculated from DSC measurements
assuming the theoretical heat of fusion ¼ 93.1 J g�1.22 d Porosity
calculated from eqn (1) and (2) using the apparent density and
crystallinity of PLLA monoliths.

Fig. 3 DSC thermograms of PLLA monoliths prepared at different 1,4-
dioxane/2-butanone/water ratios [(a) 85/0/15, (b) 65/20/15, (c) 45/40/
15, (d) 25/60/15, (e) 15/80/5].
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at the all solvent ratios used which is determined by the ternary
diagram. The resultant samples were analyzed by DSC to esti-
mate PLLA crystallinity and porosity of the monoliths, focusing
on the inuence of the solvent ratio.
Fig. 4 SEM images of PLLA monoliths prepared from different 1,4-dioxa
25/60/15].

This journal is © The Royal Society of Chemistry 2017
In Table 2 and Fig. 3 showing the DSC results, all PLLA
monoliths indicated the Tm peak originated from PLLA crystals
at ca. 168 �C, which corresponded to 45.0–66.5% of high crys-
tallinity. Note that the crystallinity become higher with
increasing the ratio of 2-butanone which was used in the TIPS
process. This can be explained by the difference in speed of
phase separation, which is previously discussed in detail by
several researchers.15,17 During quenching process, the phase
separation and the gelation caused by crystallization of PLLA
are occurred competitively. The crystallization takes place in the
polymer rich phase during liquid–liquid phase separation,
wherein the solvent diffuses from the polymer-rich phase to
lean phase giving the mobility of polymer chain. Namely, the
lower phase separation rate is, the slower solvent transport from
the polymer-rich phase takes place, which provides sufficient
time to form more crystals. Therefore, the speed of phase
separation in the system signicantly affects on the nal
morphology and crystallinity of the resultant PLLA monoliths.
In this study, as the 2-butanone ratio in the mixture increases,
the slower phase separation can be occurred providing more
time to facilitate PLLA crystallization during quenching because
of its higher miscibility of PLLA than that mixture including
larger amount of water (see Fig. 2). It is also interesting to note
that all PLLA monoliths exhibited much higher crystallinity
than original PLLA pellet (Xc ¼ 38.9%) used for preparing the
monoliths. This tendency has been also reported previously
when using other choices of polymer,24 however, the mecha-
nism of the crystallization during phase separation has not
been fully investigated until now. In the present study,
a possible cause of the higher PLLA crystallinity may be induced
by the ordering and/or stretching of the polymer chain
during phase separation, promoting the formation of PLLA
crystallization.
ne/2-butanone/water ratios [(a) 85/0/15, (b) 65/20/15, (c) 45/40/15, (d)

RSC Adv., 2017, 7, 33726–33732 | 33729
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Fig. 6 Change in averaged pore size of PLLA monoliths prepared at
different 1,4-dioxane/2-butanone/water ratios calculated from SEM
images shown in Fig. 4 and 5.
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From the estimated PLLA crystallinity, the porosity of all
monoliths were successfully calculated from the eqn (1) and (2)
using the apparent density (Table 2). These calculations
demonstrated that the PLLA monoliths have more than 90% of
high porosity, and was increased from 90 to 93% with higher 2-
butanone content. The increase in porosity may due to the
shrinkage at gelation process for the system including larger
amount of water. During gelation, water can exist on the
hydrophilic surface of the glass test container, which can lead to
the shrinkage preventing the gel formation at the edge of glass.
This tendency is oen observed in TIPS process with other
choices of solvents in our researching group.

Thus, it was revealed that the PLLA monoliths with the high
crystallinity and porosity were successfully fabricated through
the controlled phase separation using 2-butanone.
Morphology control of PLLA monoliths

Structural analysis was carried out to observe the morphology of
PLLA monoliths (Fig. 4 and 5). SEM images demonstrated that
all samples exhibited 3-D porous structure which was frozen by
phase separation. Fig. 4 clearly shows that the wall-like
morphology was minimized self-similarly with increasing the
ratio of 2-butanone at the range of (1,4-dioxane/2-butanone/
water) 85/0/15 to 25/60/15 (v/v%) xing water content. In addi-
tion, in the range of 25/60/15 to 10/90/0 (v/v%), with the collapse
of wall-like morphology, pore and skeletal size in the PLLA
monoliths were decreased dramatically with higher 2-butanone
content and given unique morphology in which leaf-like small
units were interconnected (Fig. 5). From these SEM images, the
averaged pore size of the monoliths was calculated by collecting
each pore diameters (Fig. 6). Amazingly, the averaged pore size
was diminished drastically from 28.6 mm to 1.1 mm by only
Fig. 5 SEM images of PLLA monoliths prepared from different 1,4-dioxa
10/90/0] with high resolution.

33730 | RSC Adv., 2017, 7, 33726–33732
changing the solvent ratio, where the skeletal size was also
decreased from 2500 nm to less than 200 nm. These descents in
size can also be explained by the speed of phase separation and
the crystallization of PLLA mentioned above. The slower phase
separation induced by higher content of 2-butanone promotes
PLLA crystallization (see Table 2) that leads higher viscosity in
the system and arrests phase separation in earlier stage,
resulting in shorter gelation time and gel formation with
minimized morphology.15

For comparison with other controlling factors than the
2-butanone ratio, it was additionally investigated the effect of
PLLA concentration on monolith formations (Fig. 7). PLLA
monoliths were successfully produced at xed (15/80/5) 1,4-
dioxane/2-butanone/water ratio with the limited PLLA concen-
tration of ca. 50–150 mg mL�1, whereas that prepared from less
than 50 or over 150 mg mL�1 resulted in polymer precipitate
ne/2-butanone/water ratios [(a) 25/60/15, (b) 20/70/10, (c) 15/80/5, (d)

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEM images of PLLA monoliths prepared at (15/80/5) 1,4-dioxane/2-butanone/water with different PLLA concentration [(a) 50 mg mL�1,
(b) 100 mg mL�1, (c) 150 mg mL�1].
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aer quenching or heterogenous solution before the phase
separation process. SEM observation clearly demonstrated that
the leafy framework in the monoliths was minimized with
increasing the concentration of PLLA, however, the change on
morphology was occurred in narrow scope compared to the
variations generated by 2-butanone content. This fact may
indicate that the inuence of the amount of 2-butanone on
phase separation is more critical in the system than the change
in PLLA concentration.

In the past, PLLA monoliths produced from common TIPS
method using binary solvent tended to have micron scale of
wall-like morphology because of the fast phase separation given
by absence of the solvent which controls the phase separation
and PLLA crystallization efficiently.9,17 In the present study,
PLLA monoliths having micron to nano meter scale of pore and
skeletal sizes with leaf-like morphology were successfully
produced by only changing the ternary solvent ratio using 2-
butanone as the controlling factor of TIPS. It was demonstrated
that the novel TIPS method using ternary solvent including 2-
butanone is ideal for the synthesis of PLLAmonoliths compared
to the more commonly used binary solvent.
Conclusions

This work utilized for the rst time that the TIPS using novel
ternary solvent of 1,4-dioxane/2-butanone/water to fabricate
PLLA monoliths with excellent controllability in morphology.
The inuence of the addition of 2-butanone as a controlling
factor was elucidated from the ternary phase diagram of the
solvents and characterization of the resultant monoliths,
focusing on the relationships between its structure and char-
acteristics. It was demonstrated that 2-butanone in the 1,4-
dioxane/water mixture signicantly affects the morphology
and crystallinity of PLLA monoliths. Furthermore, it was
revealed that 2-butanone is capable of promoting the slow
phase separation which leads the diminished structure.
Besides, the addition of mid-solvent expands the selection of
solvent condition, which enables precise control in morphology
just by changing the ratio of the solvents without any control-
ling factors such as polymer concentration, molecular weight,
and quenching temperature. The ternary phase diagram
proposed for the TIPS in this study successfully explains the
present results. The PLLA monoliths exhibited micron to nano
scale of pore (28.6–1.1 mm) and skeletal (2500–200 nm) size with
high porosity up to 90–93% were successfully obtained by only
This journal is © The Royal Society of Chemistry 2017
changing the starting solvent ratios during phase separation.
Moreover, it was observed that the unique transition to inter-
connected leaf-like structure from wall-like morphology with
increasing the content of 2-butanone. Thus, it was demon-
strated that the PLLA monoliths with unique morphology and
precise controllability in pore and skeletal size can be fabricated
by newly developed TIPS.
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