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ABSTRACT: We report here the investigation by X-ray in situ tomography of the thermally induced phase separation under
cooling of two kinds of polymer solutions: a binary mixture of polylactic acid (PLA) with 1,4-dioxane and a ternary mixture with
PLA, 1,4-dioxane, and water. Under cooling, the crystallization of the solvent induces the phase separation with the polymer.
The use of PLA was guided by its interesting combination of properties: good mechanical strength, biodegradability, and
biocompatibility. Furthermore, the thermal induced phase separation of PLA and 1,4-D-dioxane is extensively used for
fabrication of biomedical scaﬀolds. The in situ synchrotron tomography is here an ideal tool to characterize both the kinetics of
formation of the phase separation and the shape of the crystals that are formed for a speciﬁc ramp of temperature. Our
experimental setup based on a cryocooling system yields a large temperature gradient of 18 °C. This gradient that is clearly a
limitation of our setup can be nonetheless useful to produce a strong anisotropy in the crystallization and thus anisotropic
scaﬀolds.

1. INTRODUCTION
Thermally induced phase separation (TIPS) invented in the
late 1970s has become a key technique for producing porous
polymer matrices after extraction of the solvent.1,2 The TIPS
process is based on the principle that a homogeneous solution
of a polymer dissolved in a good solvent can undergo a phase
separation by cooling and can consequently cause solution
saturation which leads to polymer precipitation, followed by
polymer structuration as a microcellular foam. The cooling of
the polymer solution may trigger the phase separation
depending on how the crystallization temperature of the
solvent is approached. Traditionally two kinds of phase
separation could be induced for polymer scaﬀold production
by TIPS technology. The ﬁrst one is the solid−liquid phase
separation. It requires the use of a polymer and a solvent
having close solubility parameters. Preferably, the solvent must
have a high crystallization temperature. In this case, the
separation is guided by the fact that when the solvent reaches

its freezing point, it undergoes a phase transformation from a
liquid to a solid crystalline phase. When the formed crystals are
large enough in size, they cannot be sustained anymore to
remain in contact with the polymer. A polymer-rich phase then
becomes separated from a crystallized solvent-rich phase. Thus,
the shaping of the ultimate polymer network is governed by
the growth of the solvent crystals. The second one is the
liquid−liquid phase separation: it occurs when the cloud point
temperature is superior to the temperature of freezing.
Thereby, the removal of the thermal energy from the solution
causes the separation in two liquid phases: a polymer-rich
phase and a polymer-lean phase.3
After the phase separation of the polymer and the solvent is
achieved, a porous structure can be revealed by solvent

extraction. By tuning diﬀerent parameters such as the polymer/
solvent nature, the polymer concentration, the quench
temperature, the quenching rate or the solvent, diﬀerent
pathways can be achieved. This in turn yields diﬀerent scaﬀold
morphologies. Although TIPS has been used for a long time in
industry to produce porous polymer scaﬀolds4−7 and
membranes,3,8−11 it is rather amazing that no in situ
experiment has been reported on the kinetics of formation of
such porous architectures. So far, classical investigation
techniques (like scanning electron microscopy, SEM) are
usually utilized to evidence the porous structure, but this is
done post-mortem. Another drawback of SEM is its inability to
properly characterize the overall complex porous structures.12
It is subsequently still very challenging to monitor in situ the
formation of the phase separated regions during the TIPS
process in order to unveil the role of the diﬀerent parameters
that can aﬀect the pore formation. In particular, in situ studies
oﬀer the possibility to follow the kinetics of crystal growth by
monitoring in three dimensions (3D) the evolution of the
crystal growth. It is indeed possible, with the advance of third
generation synchrotron sources, to obtain in situ images of
phase transformations by X-ray microtomography in 3D with
suﬃcient spatial and time resolution.13−16 With the use of 3D
microtomography, one can thus expect that the key parameters
inducing the pore morphology (open/closed pores) and their
anisotropy could be accessed at the early stages of the TIPS
process. So far, the only technique that can provide such
information is in situ microtomography at synchrotron
facilities. The 3D image of a relatively large volume (1−6
μm3) can be obtained within less than a second with a
resolution spanning the characteristic length scales of the
porosity that can be encountered in foams, i.e., ranging from
the sub-micrometer scale to a few microns depending on the
experimental setup. It is nondestructive and provides 3D data
on material morphology.
In this paper, we have investigated by X-ray tomography the
phase separation under cooling of two kinds of polymer
solutions: a binary mixture of polylactic acid (PLA) and 1,4dioxane and a ternary mixture of PLA, 1,4-dioxane, and water.
The use of PLA was guided by its interesting combination of
properties: good mechanical strength, biodegradability, and
biocompatibility. Furthermore, this polymer has been extensively used for fabrication of scaﬀolds for drug delivery in tissue
engineering.17−19 A speciﬁc in situ device was designed to
follow the phase separation under cooling and especially the
crystal growth. Moreover, ex-situ foams were also analyzed for
the sake of comparison.

2. EXPERIMENTAL SECTION
2.1. Materials. The PLA polymer used was a poly-D-lactic acid
(PDLA) type. It was supplied by Natureplast (PDLA001) and
contains more than 99% of D-isomer, making it particularly crystalline.
The crystallinity rate was measured by DRX at 24% on the raw
material. Its molar mass (Mw) measured by steric exclusion
chromatography was found to be 47000 g/mol−1 with an index of
polydispersity (PI) equal to 1.36. 1,4-Dioxane (ACS reagent, >99%)
was bought from Sigma-Aldrich. Milli-Q water was added to provoke
the liquid−liquid phase separation.
1,4-Dioxane was chosen as the solvent due to its aﬃnity with PLA.
Indeed, its Hansen solubility parameter (δ = 20.5 MPa1/2) is close to
the one of PLA (δ = 21.9 MPa1/2). The proximity of these two values
together with their somewhat similar contribution for the polar and
dispersion coeﬃcients and a weaker hydrogen bonding coeﬃcient
makes 1,4-dioxane a good solvent of PLA. In addition, the melting

temperature of 1,4-dioxane (Tm ≈ 11.5 °C see Table 1) is the highest
compared to other solvents, and it is thus easier to work with this

Table 1. Solubility Parameters of Diﬀerent Components
Together with Their Freezing Temperature20
component
poly(lactic acid)
chloroform
dichloromethane
dichloroethane
1,4-dioxane
water

δp
(MPa1/2)

δh
(MPa1/2)

δd
(MPa1/2)

δt
(MPa1/2)

Tm
(°C)

9.9
3.1
6.3
7.8
7.4

6
5.7
6.1
3.0
1.8

18.6
17.8
18.2
16.5
19.0

21.9
18.9
20.2
18.5
20.5
48

−64
−95
−35
11.5
0

solvent than the others when it comes to dissolving the PLA. Note
that the freezing temperature of 1,4-dioxane was also measured by
diﬀerential scanning calorimetry (DSC) and was found to be close to
Tc ≈ 0 °C at −1 °C/min cooling speed. This temperature markedly
diﬀers from the Tm, measured by DSC to 11.5 °C.
For the ternary mixture, water was chosen as the additional
nonsolvent of PLA. The main objective for adding a small amount of
water in the solution was to modify the equilibrium by lowering the
polymer/solvent interaction. In the case of the binary mixture, the
good compatibility between the two components favors during the
cooling the crystallization of the solvent that expels the polymer
chains and consequently causes the phase separation. So, the process
is a solid−liquid phase separation, whereas when water is added, a
liquid−liquid phase separation dominates the process. This point is
very important because scaﬀolds obtained by these two ways can be
drastically diﬀerent.
2.2. Solution Preparation. Solutions of PDLA in 1,4-dioxane
were prepared by dissolving PDLA pellets in 1,4-dioxane under
stirring at 300 rpm and 50 °C. The amount of PDLA could be tuned
between 5 and 10% in weight. In the case of ternary mixtures, water
was added after complete dissolution of the polymer in the 1,4dioxane. Three PDLA binary mixtures were prepared with weight
percentage concentrations of 5% w/w and 10% w/w. One ternary
mixture was prepared with weight percentage concentrations and 7.5/
80.5/12% w/w.
2.3. Experimental Set Up. To follow the phase separation under
cooling yielding the formation of a PDLA scaﬀold, a special device
was designed and mounted on the ID 19 microtomography beamline
at the European Synchrotron Radiation Facility (ESRF). The device
(shown in Figure 1) was composed of a cooling system with an
Oxford Cryostream device able to blow a nitrogen ﬂow at regulated
temperature and of an instrumented sample holder in poly ether ether
ketone (PEEK). The sample holder was equipped with two
thermocouples located at the top and bottom of the peek container,
thus enabling the temperature gradient in the sample to be measured.
Note that this setup was chosen because of its simplicity. The PEEK
cell is transparent to X-rays, and the absence of any plugging cables
ensured the free rotation of the sample during the data collection. Yet
this advantage was counterbalanced by the presence of a thermal
gradient due to the ﬂow of cold nitrogen. More fancy cooling systems
should be envisaged in the future to prevent the thermal gradient.
In order to perform the experiments, a PCO dimax detector was
used in which we selected a ROI 1008*1008 pixels for in situ
experiments and 2016*2016 pixels for ex-situ experiments. The pixel
size was 1.4 μm with an exposure time of 0.001 s. All measurements
were performed with a pink beam centered at energy of 68 keV. The
sample to detector distance was ﬁxed at 460 mm A full in situ
tomograph consisted of a 3D image of 1008*1008*1008 voxels.
2.4. Choice of the Temperature Range. At the beginning of
any tomography experiments, a small amount (0.3 mL) of the
polymer solution was poured into the PEEK container. The gun of the
cryostream regulated at 250 K was placed above the solution
immediately prompting the temperature decrease. Tomography scans
were started about 2 min later. The duration of a scan was ﬁxed to 1 s.

Figure 1. Schematic illustration of the device used to in situ experiments (left) the instrumented sample holder (right).
Scans were continuously recorded every 25 s to observe the phase
separation mechanisms caused by cooling. The choice of the
cryostream temperature was guided by trial and errors experiments
during which visible phase separation consistent with the resolution of
the instrument was tested. For instance, it was not possible to observe
any changes when the cryostream temperature was set to 220 K. We
interpreted this result as a consequence of the formation of very small
crystallites that were not measurable with a pixel size of 1.4 μm.
In order to carry out the tomographic experiment in the right range
of temperature, the freezing temperature of the PDLA/1,4-dioxane
binary mixture was analyzed by DSC and visual turbidimetry.21 By
DSC a small amount of solution was dropped, and a cooling ramp was
set from 25 °C to −20 °C at −1 °C/min speed. The onset
crystallization temperature was taken. DSC measurements were
carried out on a Q20 from TA Instruments coupled with a nitrogen
cooling system, whereas the turbidimetry measurement were carried
out in a cooling water bath. Some vessels with organic solutions were
placed into the bath, and a cooling ramp was set from 25 °C to −10
°C at −0.1 °C/min speed.
The results are shown in Figure 2. The cooling rate has a huge
inﬂuence on the value of the solution freezing point. A faster cooling

Figure 2. Crystallization temperature of the binary mixture PDLA/
1,4-dioxane as a function of PDLA concentration. The black curve
(−0.1 °C/min) was determined by turbidimetry and the red curve
(−1 °C/min) using a DSC apparatus.
speed decreases the freezing temperature. Moreover, this temperature
decreases also with the concentration of polymer. This is a wellknown eﬀect observed when impurities are added to a solvent.
To ensure the crystallization of the binary mixture, we chose to
impose a temperature around −10 °C at the top of the sample holder.
This corresponded to a regulation of about −23 °C of the nitrogen
ﬂow places at about 1 cm above the sample. Note that for a
concentration of 5% of PDLA, the crystallization is expected to start
between +4 °C and −3 °C as deduced from Figure 2. We therefore
could assume that if the top of the cell was at T = −10 °C the
crystallization should deﬁnitely occur in the top of the cell. The
proximity of this temperature with the one of the crystallization
temperature of the solution ensures that the crystals to be formed will

be large enough to be measurable with our instrumental resolution
(estimated to be of the order of 3 μm). Note that a quench at a much
lower temperature will produce much smaller crystals that will be
impossible to detect with the instrumental resolution or even no
phase separation at all.
2.5. Scaﬀolds Characterization. Some tomographs of dry
scaﬀolds have been measured. These data have been investigated in
comparison with in situ samples and with previous characterization
from SEM.
2.5.1. Scaﬀold Porosity and Density Measurements. The global
scaﬀold porosity (ε) was determined by indirect measurement of the
scaﬀold density from the following equation.
ε(%) = 1 −

ρscaffold

ρpolymer

The scaﬀold density measurement of scaﬀolds was assessed by the
water displacement method. The whole sample was ﬁrst weighed dry,
and second weighed in a 25 mL measuring cylinder ﬁlled with water.
Because of the buoyancy of the scaﬀolds, a metal cylinder with known
volume was used to maintain the scaﬀold at the bottom of the
measuring cylinder. In this method, it was assumed that the water did
not penetrate within the sample because of the small size of external
pores and the short time of immersion.
2.5.2. SEM Observations. Scaﬀolds morphology was observed by
SEM on a JEOL 6301F (JEOL Paris, France). A thin layer was cut in
the center of the scaﬀolds. This sample was coated with a thin layer of
platinum by sputtering with a high vacuum coater (Leica EM
ECA600, Leica, France). Images were captured at a 3 kV acceleration
voltage in the secondary electron mode and a working distance of 20
mm.
The pore size was determined by image analysis using ImageJ22
freeware on the SEM micrographs. The pore sizes were obtained by
measuring at least 30 pores by samples, except for the sample from
ternary mixture because it has very large pores. The measurement
took into account for pore size the small diameter.
2.5.3. 3D Analysis. From the tomographs’ pore size and of the
PDLA wall thickness was carried out using BoneJ,23 a free plugin for
the open source software ImageJ. The “Thickness” plugin was used
for these measurements. This program is based on Hildebrand and
Rüegsegger works24 about local thickness assessment and develop by
Dougherty and Kunzelman.25

3. RESULTS AND DISCUSSION
3.1. Temperature Gradient. Before discussing in detail
the results of this experiment, it is important to understand
that the cryocooling gas setup that was used did not enable an
homogeneous vertical distribution of the temperature inside
the cell to be produced even though the cell height was quite
small (h < 4 mm). Figure 3 shows the evolution of the
temperature measured with the two thermocouples at the top
and bottom of the cell as a function of time during a scan. The

Figure 3. Evolution of the temperature at the top and bottom of the
cell as a function of time during a scan (the nitrogen ﬂow was
regulated at 250 K).

steady state was reached after about 1000 s. The nitrogen ﬂow
was regulated at 250 K, and the temperature of the top part of
the cell was close to −10 °C, while the bottom one was close
to 8 °C. The temperature gradient was thus about 18 °C, the
bottom temperature being higher than the freezing point of the
solvent. As the cell height was 4 mm, the temperature gradient
was estimated to be equal to 4.5 °C/mm. Due to the presence
of a temperature gradient, the onset of crystallization and
phase separation did not occur at the same time and at
diﬀerent heights in the sample.
3.2. Solid−Liquid Phase Separation. Figure 4 that
shows 2D vertical slices extracted from the 3D tomograms
probe the progression of the crystallization front in PDLA/1,4dioxane solution at 5/95% w/w. When time passes by, dark
regions appear on the slices. At 1250 s, a large number of dark

particles are already formed at the top of the image. These
regions have grown both laterally and vertically up to this time.
After 1250 s, the growth becomes more prominent along the
vertical. These slices are obtained by phase contrast imaging as
the ones issued from absorption only were too poor to be
properly analyzed. This deﬁnitely shows the superiority of the
phase contrast imaging for such an analysis. At t = 0 s, the slice
is uniformly gray showing that PDLA is homogeneously
dissolved in the 1,4-dioxane. The darker regions correspond to
1,4-dioxane crystals, whereas the brighter ones stand for the
binary PDLA/1,4-dioxane solution. Note that the density of
PDLA is expected to be close to 1.3, while the one of liquid
1,4-dioxane is close to 1, so the darker region is attributed to
pure 1,4-dioxane crystals that should be less dense than the
PDLA/1,4-dioxane solution. It is obvious from Figure 4 that
the crystallization of 1,4-dioxane starts at the top surface and
progresses downward across the solution as a function of time.
After about 1250 s, the growth is mainly directed downward as
crystals are touching each other in-plane. The growth is thus
hampered in plane by percolation of neighboring 1,4-dioxane
crystals.
To fully appreciate the anisotropy of the growth process, we
have extracted as a function of time 2D slices at three diﬀerent
heights below the surface in order to monitor the in-plane
progression of crystallization (see Figure 5). It is obvious from
these images that the growth is quite slow and more
importantly does not occur similarly at diﬀerent heights. In
slice A of Figure 5 which the closest to the top surface, the
particles steadily grow and rapidly invade a large part of the
slice as seen at 7500 s. At a deeper altitude in the cell (see
slices B and C of Figure 5), it is clear that, even after 5000 s,

Figure 4. Vertical cuts carried out in the 3D tomograms showing the progression of crystallization front across the solution (PDLA/1,4-dioxane 5/
95% w/w) as a function of time (in seconds).

Figure 6. 3D representation of the phase separation for a PDLA/1,4dioxane solution at diﬀerent times showing the progression of the
crystalline phase along the temperature gradient. On the left, the
arrows indicate the liquid solution, while on the right, the arrow
indicates the crystalline phase.

Figure 5. Horizontal cuts at diﬀerent heights from the top of the
solution (PDLA/1,4-dioxane 5/95% w/w) at 2500, 5000, and 7500 s.

the crystallization has barely begun. Note again that the images
obtained here are limited by the resolution of the instrument
with a voxel size of 1.4 × 1.4 × 1.4 μm3. Any feature below this
threshold is therefore smeared out. This statement is valid for
both the crystals forming and even more for the PDLA
minority phase that occupies a small fraction of the ﬁnal
volume. This phase is the one that will remain after solvent
extraction. The instrumental resolution is also a limiting factor
for exploring the evolution of the size of the crystallites upon a
quench at very low temperature, as in this case the crystallites
will be too small to be detected. Here, the results correspond
to the top part of the cell being at about −10 °C in the steady
state. To conﬁrm the previous statement, all measurements
made with a top temperature of −50 °C failed as the
crystallites were likely too small. One of the striking features on
these slices is the nonergodicity of the diﬀerent regions of the
slices. Indeed, from a statistical viewpoint, some regions are
crystalline free, while others are overcrowded. It can be argued
that this could result from a temperature gradient inside the
cell and by the presence of nucleation germs close to the wall
of the cells.
More realistic views of the evolution of the crystallization are
obtained in 3D plots of the monitored zone. These 3D graphs,
shown in Figure 6, are very informative as they again evidence
that the crystals grow from the top surface toward the bottom
part of the cell due to the thermal gradient. At the very top, a
clear boundary separates some frost due to the cooling
cryostream and the crystalline phase. Below the crystalline
phase, a somewhat homogeneous medium corresponds to the
liquid solution which has not yet crystallized. Indeed,
turbidimetry measurements (Figure 2) have clearly established
that, at a concentration of 5% w/w of polymer in 1,4-dioxane,
the crystallization temperature is on the order of 3.5 °C. This
indicates that the crystallization would be extremely diﬃcult in
the bottom part of the cell as evidenced in the tomograms.
Note that this is a serious challenge in 3D tomography as the
presence of a liquid state inside the cell on top of which are
lying crystals may induce some movements of the crystalline
phase during the rotation. This is why we used the shortest
time of 1 s to carry out a full scan. Yet we found out that, even

though we took extreme care to avoid this problem, some
regions were moving. This was clearly the case after 7500 s so
that we have reported here the analysis up to this time.
A 3D view of a selected crystal inside the cell was then
isolated to explore its evolution versus time. Note that it was
diﬃcult to extract such a crystal, as in many areas the crystals
formed at the beginning of the process grew laterally and
merged with each other to produce a continuous network. As
shown in Figure 7, one can easily observe that this crystal is
mainly growing along the thermal gradient up to a certain time

Figure 7. (a) 3D representation of an isolated crystal of 1,4-dioxane as
a function of time; (b) evolution of the volume of this crystal versus
time showing a linear behavior.

where the growth is over. We can estimate in this case how the
volume of the crystal changes as a function of time.
A careful analysis of the crystalline phase showed that most
of the crystalline phase was actually constituted of a continuous
network of small crystals touching each others. However, it was
possible to isolate a few crystals that were well separated from
the remaining continuous network, and these crystals were
used to explore the evolution of their volume versus time. As
shown in the 3D view of Figure 7, 1,4-dioxane crystals are
mainly growing along the thermal gradient up to a certain time
where the growth is over. Then, the volume of the crystal can
be estimated as a function of time.
We evidence in Figure 7b that the volume increases linearly
as a function of time up to a certain time (t < 7500 s) beyond
which it remains constant. By monitoring the crystal height
versus time, a linear behavior was also observed. This clearly
shows that the surface of the selected crystal was almost
constant during the growth and that the growth was mainly
directed along the temperature gradient. Similar experiments
conducted with another concentration of 10% w/w of PDLA
in 1,4-dioxane are presented in the Supporting Information S1.
3.3. Liquid−Liquid Phase Separation. The phase
separation was also studied in situ for the ternary mixture for
which the composition PDLA/1,4-dioxane/H2O is 7.5/80.5/
12% w/w. Some selected slices of the 3D matrix are shown in
Figure 8. In comparison with the binary mixture, a radically

crystallization temperatures of the two compounds should
explain the instability of these two phases. It should be noted
that the polymer-rich phase does not appear to be aﬀected by
the phenomena of crystallization. Thus, the images obtained
allowed the ﬁrst visual evidence of the shaping of scaﬀolds by
liquid−liquid phase separation to be produced. However, it is
diﬃcult to go further in the analysis because, in the early stages
of phase separation, there is a lack of contrast and then artifacts
(characterized by white boundaries around the black regions)
appear because of density diﬀerences.
3.4. Ex Situ Scaﬀold Analysis. The results reported in the
previous section are quite interesting to in situ unveil the
progression of the phase separation. Yet the thermal gradient
was a serious handicap to fully understand how scaﬀolds could
be made when materials are made by uniform quenches. This
is why we have also performed tomography on samples for
which the quench was uniform and for which the solvent was
removed with supercritical CO2 after phase separation.
The 3D tomograms of a binary mixture (shown in Figure 9)
clearly show that the porosity was better spatially distributed.

Figure 9. 3D tomograms of the PDLA scaﬀolds after solvent
extraction for diﬀerent quenching temperatures and diﬀerent PDLA
concentrations.
Figure 8. Slices taken at z = 280 μm from the top surface of the cell
showing the phase separation mechanism of a ternary solution.

diﬀerent scenario is observed. After only 125 s of cooling, a
structure similar to a scaﬀold produced by homogeneous
quench is observed. In fact, for the same polymer
concentration, the phase separation of the ternary solution
occurred at a higher temperature than in binary solution. The
cloud point of the ternary mixture has been measured by
turbidimetry at 11 °C for a cooling speed of 1 °C/min (not
shown), whereas at the temperature at this height and time is
estimated at −1.5 °C. We here have two to three levels of gray
scale in the images: a black portion, a gray one, and a white
one. At 125 s, the dark gray, which is less dense than the light
gray portion, is likely due to a liquid phase composed of 1,4dioxane and water (density close to 1). The light gray one
would be a phase enriched in PDLA (density close to 1.3). At a
longer time, black regions evidence the appearance of an even
less dense phase that we attribute to ice formation (density
0.85). DSC measurements showed that the 1,4-dioxane/water
mixture crystallized at a lower temperature (below −12 °C)
than the pure 1,4-dioxane (below 0 °C). The hypothesis is that
the proximity of the temperature in the cell with the

Pores were smaller at a high concentration of PDLA than at a
low one, as expected from the density. The full analysis of the
pore size and of the PDLA wall thickness was carried out using
BoneJ, a free plugin for the open source software ImageJ.
Results conﬁrm this statement and show that the wall thickness
becomes a bit bigger if the concentration of the polymer
increases (see Table 2). With the exception of the sample
produced from the ternary solution, results extracted from 3D
tomograms are in agreement with the porosity measured by
water pycnometry. The diﬀerence in the porosity results could
be easily explained by the presence of pores below the
tomograph resolution about 1.4 μm in size (see Figure 10).
Furthermore, scaﬀolds obtained by a solid−liquid separation
showed a porosity decrease when the concentration of the
polymer increased. The diﬀerence between the pore size
extracted from tomograms and measured on SEM pictures has
several explanations: ﬁrst of all the analysis of 3D takes into
account a bigger number of pores in a large sample volume
compared to one or two slices in one sample. Second,
measuring the 3D element with 2D representation inevitably
induces a measurement error when the objects are not
perfectly isotropic. Then, more human action is taken for
measurements, the more the sources of errors increase.

of the crystallization front in TIPS experiments. Yet a major
drawback of our setup was the existence of a very large thermal
gradient which markedly diﬀered from the uniform quench
traditionally utilized to produce polymer scaﬀolds by TIPS.
The existence of such a gradient was nevertheless of great
interest to produce elongated 1,4-dioxane crystals in the
direction of the thermal gradient. In this sense, the method we
have used here is quite similar to the one used for producing
oriented membranes by TIPS. So far, to the best of our
knowledge, this is the ﬁrst experiment of this kind. The
method still suﬀers from a lack of spatial resolution (pixel size
> 1.4 μm) to determine in a more precise way the formation of
crystallites at lower temperatures. Nonetheless, it was possible
to show that 3D tomography could be used to measure the
crystal growth and to unravel the porosity of PDLA scaﬀolds
when the solvent was extracted.
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However, even if the 2D measurement is not accurate, the
order of magnitude is correct. Thus, we can conclude in both
cases that the increase of the polymer content in binary
solutions decreases the pore diameter. In addition, at the same
concentration the decrease of the temperature decreases the
pore size. The relation between experimental parameters and
scaﬀold properties is deeply described in our previous paper
about the development of the TIPS process.26
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4. CONCLUSION
We have shown that in situ tomography is a key technique to
understand the mechanism and kinetics of phase separation
under cooling of PDLA solutions in 1,4-dioxane. The
developed methodology is particularly eﬃcient to monitor
the solid−liquid phase separation and to follow the progression

Table 2. Evolution of the Pore Diameter, Wall Thickness, and Porosity of PDLA Samples Solutions in 1,4-Dioxane Quenched
at Diﬀerent Temperatures and in Which the Solvent Was Extracted by sc-CO2a
sample
PDLA 5%
PDLA 5%
PDLA 7.5%
PDLA 10%
PDLA 7.5% H20
12%
a

temperature
(°C)
−1
−18
−1
−1
−1

pore size (μm) from 3D
mean ± STD
67
47
46
40
71

±
±
±
±
±

37
41
19
22
40

pore size (μm) from SEM
mean ± STD
63
54
59
35
191

±
±
±
±
±

These parameters were obtained from the 3D tomograms (Figure 10).

13
15
12
11
75

wall thickness (μm)
mean ± STD

porosity (%)
from 3D

±
±
±
±
±

88.3
87.0
82.6
80.8
51.2

7.9
7.4
9.4
8.8
7.6

3.0
2.4
3.7
3.0
2.4

global porosity (%)
from pycno
87.8
87.0
84.2
84.1
91.1

±
±
±
±
±

2.9
3.0
4.7
4.7
1.8

scopique”, University of Angers) for scanning electron
microscopy images.
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