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ABSTRACT: In this study, poly(i-lactic acid) (PLLA) was prepared by four typical approach systems, namely, solid-liquid phase-
separation processes from PLLA-dioxane at —80°C, PLLA-dioxane-water at —80°C, PLLA—tetrahydrofuran (THF) at —80°C, and
PLLA-THEF at 18°C. The microstructural characteristics and crystallization behaviors of PLLA were investigated by scanning electron
microscopy, differential scanning calorimetry, X-ray diffraction, and Fourier transform infrared spectroscopy. In the PLLA—dioxane
binary system and PLLA-dioxane—water ternary system, the solvent froze immediately after quenching to a low temperature, and this
restricted the PLLA chain arrangement. Thus, the PLLA amorphous phase dominated in the scaffolds, and solid-walled structures
were produced. THF was liquid throughout the entire process, which enabled free PLLA chain arrangement and further crystalliza-
tion. Single crystals aggregated by crystal nucleation and growth at a critical temperature (T,) of 18°C; this resulted in its most com-
mon and stable polymorph, the o form. However, o -form crystals, which were assumed to be limit-disordered crystals of the o form,
were produced at a low T, (—80°C). Scaffolds with a plateletlike structure were produced at a T, of 18°C, whereas a nanofibrous net-
work was obtained at —80°C. PLLA crystallization competed with phase separation; thus, the crystal structure and scaffold morphol-
ogy depended on the codevelopment of these two processes. Finally, the effects of the scaffold morphologies on the cell behaviors
were studied, and the nanofibrous scaffold was found to have better cell adhesion and viability than the other three scaffolds. © 2013
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INTRODUCTION

Thermodynamic demixing occurs when a homogeneous poly-
mer—diluent system is quenched or upon exposure of a mixture
to an additional nonsolvent, which converts to binary phase
regions composed of polymer-rich and polymer-poor phases.
According to the thermodynamic state in which the polymeric
solution is converted, two phase-separation mechanisms may be
involved, namely, solid-liquid (S-L) and liquid-liquid (L-L)
phase separation. A typical schematic of the temperature—com-
position phase with an upper critical solution temperature is
presented in Figure 1 to elucidate the mechanism of thermally
induced phase separation (TIPS). When the quenching end
temperature is located between the critical temperature (T,) and
the solvent freezing point (Ty) with T, > T L-L phase separa-
tion occurs and is identified as either binodal demixing, spino-
dal decomposition, or a combination of both." The solution
separates into polymer-rich and polymer-poor phases upon
entering the metastable region between the spinodal and bino-
dal lines by a nucleation and growth mechanism. If the unstable
area below the spinodal line is entered, phase separation occurs
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through spinodal decomposition, and this results in bicontinu-
ous polymer-rich and polymer-poor phases.” However, the
polymer—diluent system undergoes S-L phase separation when
T. < Tj whereas the solvent is completely solidified before L-L
phase separation.””

The subsequent solvent removal of the phase-separated polymer
solution from the TIPS system can produce porous structures.
The morphology of the resultant scaffolds depends on the mecha-
nisms of phase separation. The metastable region leads to a bead-
like or poorly interconnected closed pore structures for polymer
concentrations lower or higher than the critical point concentra-
tion,”” whereas spinodal phase separation results in a highly
interconnected structure.*'® S-L phase separation produces bun-
dles of channels or anisotropic ladderlike structures because of a
preferential orientation induced by the progress of the crystalliza-
tion front line of the solvent, for example, dioxane.'’ The resulting
morphology can be controlled by various experimental parame-
ters, including the polymer concentration, quenching temperature,
quenching rate, quenching period or aging time, solvent-to-
nonsolvent ratio, and surfactant or porogen addition.'>"?
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Figure 1. Schematic of the temperature—composition phase diagram of the
polymer solution: A, metastable region; B, unstable region; T, critical tem-
perature of L-L phase separation; T, glass-transition temperature of the
polymer solution; Tj freezing point of the solvent.

For semicrystalline polymers, phase separation is usually accom-
panied by simultaneous or subsequent polymer crystallization.
In many cases, these two processes compete with each other
because both are thermodynamically driven processes, and the
scaffold morphologies vary because of different mechanisms."*
Apart from solid-walled pores, spinodal L-L phase separation
produces nanofibers because of the consequential crystallization
of the polymer-rich phase. As a semicrystalline polymer, poly(1-
lactic acid) (PLLA) was used to prepare a three-dimensional
(3D) fibrous network with nanoscale fiber diameters by L-L
phase separation from a PLLA-tetrahydrofuran (THF) solution
at a high quenching rate. However, plateletlike structures are
usually produced because of the aggregation of single crystals
through crystal nucleation and growth with increasing quench-
ing temperature, which indicates a slow quenching rate.'> A
similar phenomenon was detected in our previous study when
we prepared PLLA nanofibrous scaffolds from a ternary poly-
mer—dioxane-water system.'® In this approach, the gelation of
the system caused by PLLA microcrystallinity crucially influ-
enced the morphology of the resulting scaffolds. Therefore, both
the phase separation and polymer crystallization should be con-
sidered in nanofibrous scaffold fabrication by TIPS. Systematic
investigations of the crystallization behaviors of PLLA scaffolds
prepared by various TIPS technologies can enable a thorough
understanding of the mechanisms of TIPS and its scaffold mor-
phology formation. However, such investigations are limited.

Meanwhile, crystallization plays an important role in the bulk
properties of semicrystalline polymers. Although PLLA crystalliza-
tion behaviors have been widely studied, most studies have
focused on solution-cast films that do not have the morphology
commonly used in tissue engineering applications. PLLA crystalli-
zation behaviors must be examined in the state of its applications.
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Thus, in this study, we aimed to investigate the crystallization of
PLLA scaffolds prepared by TIPS with PLLA-dioxane, PLLA—
dioxane—water, and PLLA-THF; these are commonly used to pre-
pare 3D scaffolds for tissue engineering. IR spectroscopy is sensi-
tive to the conformation and local molecular environment of
polymers and can provide considerable information on the chain
conformation, crystallinity, and phase transformation.'” Therefore,
in addition to differential scanning calorimetry (DSC) and X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy
was used in this study to elucidate the crystallization behaviors of
PLLA at the molecular scale.

Although many investigations have been conducted on PLLA
scaffolds prepared by TIPS for tissue engineering applications, no
systematic studies on the effects of the scaffold morphology on
the cell behavior have been conducted. Therefore, in this study,
we also investigated the effects of the four typical morphologies
of PLLA scaffolds prepared by TIPS on the cell behavior.

EXPERIMENTAL

PLLA, with a molecular weight of 300,000 Da, was purchased
from Polysciences, Inc. All reagents were used as obtained with-
out further treatment.

Four PLLA scaffolds were fabricated by a commonly used TIPS
approach from PLLA-dioxane, PLLA-THF binary systems, and a
PLLA-dioxane—water ternary system, which are listed in Table I.

For specimens A and B, certain amounts of PLLA were dis-
solved in dioxane (A) and dioxane/water (87/13 w/w; B),
respectively, at 65°C to produce a 4% w/v solution. Then, the
samples were rapidly quenched to —80°C and annealed for 2 h.
The scaffolds were finally obtained after freeze drying followed
by further vacuum drying to thoroughly remove the solvents.

For specimens C and D, a certain amount of PLLA was dis-
solved in THF at 65°C to produce a 4% w/v solution. Then, the
samples were quenched to —80°C (C) and 18°C (D), respec-
tively, and annealed for 2 h. THF was leached out by the place-
ment of the samples in deionized water at 4°C, with the water
changed three times a day. After that, the samples were frozen,
and the scaffolds were finally obtained after freeze drying.

The morphologies of various PLLA scaffolds prepared by TIPS
observed under scanning electron microscopy (SEM; JSM-
TE300, JEOL, Japan) with an accelerating voltage of 20 kV.
Before observation, the samples were coated with gold using a
sputter coater (JEOL JFC-1200 fine coater, Japan).

Table I. 4% w/v PLLA 3D Scaffolds as Prepared by TIPS from Different
Solvent Systems and Quenching Temperatures

PLLA Quenching
scaffold Solvent temperature (°C)
A Dioxane -80
B Dioxane-water -80

(87/13 wiw)
C THF -80
D THF 18
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The thermal properties of the samples were analyzed by DSC
(DSC 204 F1 Phoenix, Netzsch-Gerdtebau GmbH) in a temper-
ature range from 20 to 220°C at a heating rate of 10°C/min.
The first heating was performed for the analysis.

The crystal of the PLLA scaffold was characterized by XRD (D/
MAX 2200 VPC, Rigaku, Ltd., Japan) with a Cu Ko source. The
analysis was performed in the 20 range of 10-35° at a scanning
rate of 1.5°/min.

The FTIR spectrum was measured with a Vertex 70 spectrome-
ter (Bruker). An attenuated total reflectance module was
coupled to the FTIR spectrometer for the recording of the atte-
nuated total reflectance-FTIR absorbance spectra in the range
between 4000 and 400 cm ™ .

NIH-3T3 cells (from a mouse embryonic fibroblast cell line)
were cultured in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin—streptomycin (Gibco) at 37°C at 5% CO, unless oth-
erwise indicated. The NIH-3T3 cells were seeded on scaffolds at
a density of 1.0 X 10" cells/mL for 2 days. Then, MTS assay
(CellTiter 96® AQueous One Solution Cell Proliferation Assay)
reagent was added to the cell-seeded scaffold complex at a ratio
of 1:5 of MTS to medium; the cells were then cultured for
another 4 h. Thereafter, aliquots of 120 uL were pipetted into
the wells of a 96-well plate and placed in a spectrophotometric
plate reader (ELX800, Bio-Tek), and the absorbance at 490 nm
for each well was measured. To investigate the cell morpholo-
gies, the cells were fixed in 3.7% paraformaldehyde for 30 min
at room temperature after 2 days, rinsed three times in
phosphate-buffered saline solution (5 min each), then dehy-
drated in a graded series of ethanol, and kept in a fume hood
to air dry. The cell morphologies were observed with SEM
(JSM-TE300, JEOL, Japan).
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Statistical analysis was performed with SPSS statistical software
(SPSS 11.0). The differences between the groups were assessed
with the analysis of variance test. The results were considered
statistically significant when the p value was <0.05.

RESULTS AND DISCUSSION

PLLA is extensively used to fabricate scaffolds by TIPS for vari-
ous engineering applications in tissues such as bone, nerve, and
cartilage. According to the different mechanisms of phase sepa-
ration, scaffolds of various morphologies can be obtained. The
four most typical ones are presented in Figure 2; these include
an anisotropic ladderlike structure [Figure 2(A)], interconnected
porous structure [Figure 2(B)], nanofibrous network [Figure
2(C)], and plateletlike structure [Figure 2(D)]. Given the high
freezing point (11.8°C) of dioxane, it crystallizes during
quenching and undergoes S-L phase separation. The ultimate
scaffold structure has been determined by the forward progress
of the crystallization of the solvent.'™'® An interconnected
porous structure typical of L-L phase separation resulted from
the PLLA-dioxane—water (dioxane—water = 87/13 w/w) ternary
system even under the same fabrication conditions used for
specimen A. The gradual addition of water increased the cloud
point and decreased the freezing point of the solution and
thereby extended the time window within which the system was
located in the unstable region of L-L phase separation.'® A
nanofibrous network and plateletlike structure were obtained
from the PLLA-THF binary system at different quenching tem-
peratures. Because the quenching end temperatures (—80 and
18°C) were above the freezing point of THF (—108.5°C), THF
was a liquid throughout the entire process. Therefore, the PLLA
molecular chain had the time and freedom to arrange, becom-
ing microcrystalline and leading to the apparent gelation of the
systems. However, a higher gelation temperature produced a

Figure 2. SEM images of the 4% (w/v) PLLA 3D scaffolds prepared by TIPS from systems A to D: Scale bars: (A,B) 200 and (C,D) 5 um.
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plateletlike structure instead of nanofibers. Nanofibers were
hypothesized to be formed by the spinodal L-L phase separa-
tion of the polymer solutions and the consequential crystalliza-
tion of the polymer-rich phase, whereas the plateletlike
structure was formed by the aggregation of many single crystals
through a crystal nucleation and growth mechanism.'>'®

The thermal properties of the scaffolds prepared by the four
TIPS methods were studied with DSC thermograms, as shown
in Figure 3. Two broad exotherms ascribed to cold crystalliza-
tion with minima at 129.4 and 127.6°C were observed in the
scans of specimens A and B, respectively, whereas exotherms
were absent in the scans of specimens C and D. Therefore,
unstable and imperfect crystals were formed in specimens A
and B; these crystals further reorganized during cold recrystalli-
zation. Melting occurred between 170 and 187°C above the cold
crystallization, and single-endothermic peaks were found in
specimens A and B. However, a peak at 179.0°C, indicated by
asterisk in the curve, appeared before the final melting peak at
182.0°C in specimen C. A peak with a higher magnitude but a
lower temperature than specimen C was observed in specimen
D. The double-melting behavior of PLLA was reported previ-
ously, and different mechanisms have been proposed to explain
the multiple melting behaviors of polymers. Yasuniwa et al.'’
ascribed it to the melt-recrystallization behavior. The low-
temperature melting endotherm was attributed to the primary
crystallites formed during fabrication, whereas the high-
temperature one reflected the relatively perfect lamellar stacks
caused by recrystallization during the DSC heating scan.?

On the basis of the DSC results, the thermal parameters of the
PLLA scaffolds, including the cold-crystallization temperature
(T,), cold-crystallization enthalpy (AH,), melting temperature
(T,,), melting enthalpy (AH,,), and total enthalpy (AH = AH,,
+ AH,_), were evaluated and are summarized in Table II. The
positive values of AH for all of the samples indicated that PLLA
homocrystallites were formed in the scaffolds during fabrication
by TIPS. However, a very low AH was obtained in specimen A;
this indicated that the amorphous phase predominantly devel-
oped during scaffold fabrication and the crystallites were mainly
formed during the DSC heating scan. A much lower AH, was
obtained in specimen B; this resulted in a higher AH of the
resulting scaffold. Higher AH,, values compared to those of
specimens A and B were observed in the DSC curves of speci-
mens C and D, and no cold-crystallization thermogram was

Endo
Intensity

100 125 150 175 200 10 15 20 25 30 35
T/°C 20/°

Figure 3. DSC thermograms (left) and XRD diagrams (right) of the 4%
(w/v) PLLA 3D scaffolds prepared by TIPS from systems A to D. T is
defined as temperature and 20 is defined as diffraction angle.
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Table II. Thermal Properties of the 4% w/v PLLA 3D Scaffolds as Pre-
pared by TIPS from the Systems of A, B, C, and D Determined by DSC

PLLA

scaffold T (°C) AHee (J/g) T (°C) AH., Ulg) AH (J/g)
A 129.4 -451 182.3 53.9 8.8

B 1276 -58 181.8 43.9 38.1

C — — 179.0/182.0 53.9 53.9

D — — 173.5/182.3 70.4 70.4

AH = AHp + AHge.

identified. This finding indicated that a higher crystallinity was
created in specimens C and D. On the basis of the aforemen-
tioned analysis, S-L phase separation occurred during the fabri-
cation of specimen A, whereas L-L phase separation occurred
in the fabrication of specimens B, C, and D. Dioxane immedi-
ately froze after the binary PLLA—dioxane system was quenched
to a temperature significantly lower than the freezing point of
dioxane; this restricted the arrangement of PLLA chains and
resulted in a low crystallinity. The addition of water induced an
L-L phase separation before the solvent froze, and a time win-
dow was created for PLLA chain arrangement. The time win-
dow was extended in systems C and D. Furthermore, THF was
in liquid form throughout the entire process; thus, PLLA chain
arrangement was much easier in systems C and D than in sys-
tems A and B.

As a semicrystalline polymer, PLLA can crystallize into three
different crystal modifications, namely, «, f, and y forms,
according to the processing conditions. Recently, a new crystal
form, PLLA o/-form crystals, has been proposed to be a limit-
disordered crystal with the same 10; conformation as the o
form but a loose packing manner.”' The crystalline structure of
PLLA scaffolds prepared by different TIPS approaches was
investigated by XRD, and the results are shown in Figure 4. For
all of the scaffolds prepared by TIPS, the two strongest reflec-
tions, (200)/(100) and (203), were observed at about 16.3 and
18.7°, respectively. Several weak diffraction peaks located at 20
= 12.1, 14.4, 22.2, and 28.5°, belonging to the reflections at
004/103, 010, 015, and 300, respec‘[ively,zz’23 were detected in
the diffraction curve of specimen D but not in those of speci-
mens A, B, and C. Moreover, a characteristic peak situated at
20 ~ 24.5° (indicated by arrows) was observed in the curves of
specimens C and D but not in those of specimens A and B. The
characteristics of the XRD pattern of specimen D, which was
the scaffold fabricated from PLLA-THF at a quenching temper-
ature of 18°C, agreed well with the orthorhombic crystal struc-
ture of the o-form modification,” whereas the peak at 20 ~
24.5° was the characteristic reflection of the o form.>> There-
fore, we speculated that o- and o/ -form mixed crystals were pro-
duced in specimen D, whereas the o’ form was mainly produced
in specimen C. The size of the PLLA crystallites calculated
according to the Scherrer formula increased in the order A < B
< C < D (Figure 4). Moreover, a sudden increase in the crystal-
lite size was found in specimen D compared with the other
three specimens. Similar results were obtained in our previous
study when we prepared PLLA scaffolds by L-L phase
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Figure 4. PLLA crystallite size in the scaffold prepared by TIPS from sys-
tems A to D. Ly is defined as the size of crystallites calculated according
to Scherrer formula.'®

separation from a ternary polymer—solvent system at high gela-
tion temperatures. This similarity was attributed to lamellar
thickening and crystal perfecting.'® Therefore, apart from the
melt recrystallization revealed by DSC analysis, multiple lamel-
lae and multiple crystal structures may explain the multiple
melting behaviors of PLLA.*?

FTIR spectroscopy is widely used to analyze and identify mate-
rial structures and is being increasingly adopted to elucidate
crystalline structure and behavior. FTIR spectroscopy is sensitive
to the molecular conformation, interaction, and the local chem-
ical/physical environment of polymers and can thus provide
considerable information on semicrystalline polymers, including
chain conformations, crystallinity, and phase transformations.'”
In this study, the crystallization behaviors of PLLA scaffolds
prepared by TIPS were investigated by the identification of the
characteristic bands sensitive to the crystallization of PLLA dur-
ing TIPS. The bands assigned to the CH; asymmetric stretching
mode [v(CH3)] from 3015 to 2985 cm™ ' and the second deriva-
tive spectra are shown in Figure 5. The band at 2997 cm™'
assigned to the ¥(CH;) mode of the crystalline component was
detected in the IR spectra of specimens B, C, and D but not in
that of specimen A; this showed a band at 2995 ¢cm™'. Zhang
et al.” ascribed the band at 2995 cm ™' to the PLLA crystalline
component in one of their studies but to the PLLA amorphous
phase in another study.'” In this study, this band was ascribed
to the amorphous phase because another band assigned to the
PLLA amorphous phase appeared at 2986 cm™ ' in the spectrum
of specimen A, as indicated by the arrow. The C=O stretching
band [v(C=0)], as a localized vibrational mode, is an impor-
tant band because it is almost uncoupled from the vibrational
modes of the chain skeleton and well resolved in the IR spec-
trum. Two splitting bands at 1778 and 1749 cm™ " appeared in
the spectrum of specimen D but not in those of the other speci-
mens. According to previous studies, the IR bands at 1778,
1759, and 1749 cm™ ' are characteristic of the o-form PLLA,
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Figure 5. IR spectra (top) and second derivative spectra (bottom) of the
PLLA scaffolds prepared by TIPS from the various systems listed in Table I
from 3015 to 2985 cm™ ' and 1790 to 1735 cm™ ..

whereas the band at 1757 cm™ ' corresponds to the amorphous

phase.”"*® Our results indicate that a-form crystals were pre-
dominantly developed in specimen D by L-L phase separation
from the PLLA-THF binary system, more significantly at a gela-
tion temperature of 18°C. These results were consistent with the
XRD results. By contrast, the amorphous phase predominantly
developed in specimens A and B by S-L phase separation from
the PLLA—dioxane binary system and by L-L phase separation
from the PLLA—dioxane—water ternary system.

The FTIR spectra and corresponding second-derivative spectra
of various PLLA scaffolds from 1500 to 700 cm ™' are shown in
Figure 6. Compared with specimens A, B, and C, the splitting
bands at 1200 and 1222 cm ', assigned to v,,(C—O—C) +
r.s(CH3), and at 1053 cm ™, assigned to [v(C—CHs;)] (indicated
by arrows), were only detected in the spectrum of specimen D.
All of these bands were associated with the intermolecular and
intramolecular interactions in the crystalline phase. Notably, a
clear band assigned to the coupling of C—C stretching and CH;
rocking was present at 922 cm™ ' in the spectrum of specimen
D. According to a previous study, the 922-cm ™' peak was char-
acteristic of o-form crystals and was very sensitive to the 105
helical chain conformation of PLLA.”” Given that all of the
aforementioned bands were characteristic of «-form PLLA com-
bined with the bands of v(C=O) and v(CHs), PLLA o-form
crystals probably predominantly developed in specimen D,
which was fabricated by L-L phase separation from the PLLA—
THF binary system at a quenching temperature of 18°C. How-
ever, determining the existence of PLLA «'-form crystals in the
scaffolds was difficult because of the complexity of the finger-
print bands and the highly spectral overlapping, although the
characteristic band of the o form at 1761 ¢cm™', assigned to
¥(C=0), was absent in the spectra.
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Figure 6. IR spectra (top) and second derivative spectra (bottom) of the PLLA scaffolds prepared by TIPS from the various systems listed in Table I

from 1500 to 700 cm ™.

By contrast, the splitting bands typically ascribed to the PLLA
amorphous phase were present in the spectra of specimens A
and B but were absent in those of specimens C and D; these
included the bands at 1267, 1025, 912, 897, 860, and 846 cm™ .
Therefore, the PLLA amorphous phase dominated specimens A
and B. Sawai et al.”® and Pan et al.*® reported that the band at
912 cm ™' belonged to the CHj rocking mode for f§ crystals.”®*
However, the corresponding diffraction peak of the 003 plane of
the PLLA f-form crystals located around 20 = 30.0° was not
observed in the XRD patterns of specimens A and B. The inten-
sities of several crystalline-sensitive bands of 0,,(CH;3) at 1444
cm ! and 6(CH) + CH wagging at 1369, 1207, and 1294 cm ™!
were found to change in the sequential order D > C > B > A.
Meanwhile, the wave numbers shifted toward higher ones when
specimens A and B were compared with specimens C and D.
For example, the bands in specimens A and B appeared at 1302,
1103, and 732 cm™ ', whereas the bands in specimens C and D
were located at 1306, 1107, and 738 cm ™', respectively. These
results indicated that higher crystallinity developed in specimens
C and D than in specimens A and B; this was in agreement
with the aforementioned analysis that a significant amount of
crystallinity and more perfect crystals were produced in speci-
mens C and D than in specimens A and B. This result was
attributed to the significantly lower freezing point of THF com-
pared to those of dioxane and water, which resulted in more
time for PLLA chain arrangement and crystallization.

To examine the influence of the PLLA scaffolds with four char-
acteristic morphologies (viz., anisotropic ladderlike structures,
round pores, nanofibrous structures, and microscaled platelet-
like lamellae) on the cell adhesion and viability, NTH-3T3 cells
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were cultured in the scaffolds for 2 days. The cell morphologies
on different scaffolds were investigated by SEM. Figure 7 shows
that cells adhered well onto all of the PLLA scaffolds prepared
by TIPS from various systems, and cell spreading was observed.
However, cells adhered only to the surfaces of specimens A, B,
and D. By contrast, cells migrated into the pores of specimen C
and covered the surface of the scaffold, which was hardly distin-
guishable from the nanofibrous matrix. Cell viability on the
scaffolds was examined by MTS assay, and the results are shown
in Figure 8. Cell viability on the nanofibrous scaffold (specimen
C) was significantly better than those on the other three scaf-
folds. Given that the scaffolds were prepared with the same bio-
material, the topographical morphologies of the scaffolds played
a key role in the cell behavior. According to a higher specific
surface and structural similarity to natural extracellular matrix
(ECM), nanofibrous scaffolds provided a better microenviron-
ment for cells than the solid-walled scaffolds (specimens A and
B in this study) and plateletlike scaffold (specimen D in this
study).m’30

CONCLUSIONS

TIPS is widely used to produce 3D scaffolds for tissue engineer-
ing applications. The resulting morphology of the scaffold is
affected by various experimental parameters, including the poly-
mer concentration, quenching temperature, rate, quenching
period or aging time, solvent-to-nonsolvent ratio, and surfactant
or porogen addition. The crystallization behavior of semicrystal-
line polymers also plays an important role in scaffold morphol-
ogies but is seldom given attention. In this study, the
crystallization behavior of PLLA in the scaffolds prepared by
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Figure 7. SEM images of NIH-3T3 fibroblasts cultured for 2 days on different scaffolds. Scale bars: (A,C) 50 and (B,D) 20 um.

four typical TIPS approaches was thoroughly investigated by
DSC, XRD, and FTIR spectroscopy.

For all of the PLLA scaffolds fabricated by TIPS from different
solvent systems, the DSC, XRD, and IR data on crystallization
behavior were highly consistent with one another. The similarity
of the characteristics of the XRD patterns and IR spectra of
specimen D to those of the PLLA a-form crystal indicated that
the a-form crystal was mainly produced in the scaffold from
the PLLA-THF binary system at a quenching temperature of
18°C. By contrast, the PLLA o/-form crystal was formed with
when the quenching temperature was decreased to —80°C. The
PLLA amorphous phase dominated in the scaffolds from the
PLLA-dioxane and PLLA—-dioxane—water systems, in which the
solvent froze when the systems were quenched to a temperature

2.0
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3 I e
g 1.2+ - i
=
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S 08F
<
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Figure 8. Viability of NIH-3T3 fibroblasts cultured for 2 days on different
scaffolds. The asterisk refers to the significant difference between C and
the others.

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

39436 (7 of 8)

much lower than the freezing point of the solvent. PLLA crys-
tallization competed with phase separation; thus, the crystal
structure depended on the complex development of the two
processes. In the PLLA—dioxane binary system and the PLLA-
dioxane—water ternary system, the solvent immediately froze
after quenching to a low temperature; this restricted PLLA chain
arrangement and resulted in the amorphous phase, as indicated
in the XRD patterns and IR spectra. These amorphous phases
contained crystallizable free regions and exhibited a cold-
crystallization thermogram in the DSC curves. Porous structures
with solid walls were produced from these systems. Given that
the freezing point of THF (—80°C) was much lower than the
quenching temperature (18°C), the solvent was liquid through-
out the entire process; this resulted in more time and freedom
for PLLA chain arrangement and crystallization. Further aggre-
gation of single crystals occurred through a crystal nucleation
and growth mechanism at T, = 18°C and resulted in the most
common and stable polymorph o form of PLLA. Plateletlike
structures were also observed in the scaffold. However, o/-form
crystals, proposed to be limit-disordered crystals of o form,
were produced at a low T. (—80°C), and a scaffold with a
nanofibrous network was created.

Better cell adhesion and viability were observed in the nanofi-
brous scaffold than the other three scaffolds; this indicated the
advantage of nanofibrous scaffolds over scaffolds of other
morphologies.
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