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A B S T R A C T

In this work, a relatively large scale of PLA scaffolds was produced using thermally induced phase separation
(TIPS) combined with a supercritical carbon dioxide (SC-CO2) drying step as a green alternative. For the TIPS
step, the phase separation of PLA and 1,4-dioxane solvent was controlled by adjusting the process conditions
such as the polymer concentration and molecular weight, the 1,4-dioxane solvent power and the cooling con-
ditions. The scaffolds morphology was analyzed by scanning electron microscopy. Their structural and me-
chanical properties were correlated together with the possibility to tune them by controlling the process con-
ditions. An environmental analysis using the Life Cycle Assessment (LCA) methodology confirmed a reduction of
at least 50% of the environmental impact of the whole process using the SC-CO2 drying compared to the tra-
ditional freeze-drying technology. This work is the first known attempt to conduct the LCA methodology on TIPS
process for the PLA scaffolds production.

1. Introduction

Polylactic acid (PLA) is a biodegradable aliphatic polyester derived
from renewable resources like corn starch. Since more than twenty
years, bio-based polymers, particularly PLA, are increasingly

investigated for scaffolds production [1–4]. A scaffold is a concept of
substitute material for tissue engineering applications like bone and
cartilage regeneration [5]. A scaffold must meet some requirements
such as (i) a three-dimensional porous structure inside and on its sur-
face to permit the transport of nutrients and cell adhesion, proliferation,
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and differentiation to form a mimetic host tissue and to involve its re-
generation [6], (ii) the biocompatibility because of the material de-
gradability over time [7], (iii) the sufficient mechanical properties until
the complete regeneration and reconstruction of the tissue [8], (iv) the
easy and sustainable manufacturing process for shaping the material
[9].

Many techniques have been developed for the production of this
kind of materials, such as supercritical CO2 (SC-CO2) assisted processes
[10], porogen leaching [11,12], emulsion freeze drying [13,14], 3D
printing [15], gas foaming [16–18], Thermally Induced Phase Separa-
tion (TIPS) [19,20] and any possible combination of two of these
techniques [1,21]. Among all these techniques, the ease of im-
plementation due to the absence of required specific equipment makes
TIPS one of the most effective processes to produce scaffolds with
tunable properties [22]. It shows a good control of the scaffold struc-
ture, particularly porosity, pores diameter and interconnectivity [20],
which play a significant and very often limiting role in tissue re-
generation [23]. Indeed, these scaffold characteristics have an effect on
different cell processes like adhesion, migration, proliferation and dif-
ferentiation [24]. Besides, other scaffold properties can be controlled by
TIPS such as mechanical properties [19] and biodegradability [25].
Basically, 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 the solution satura-
tion which leads to polymer precipitation, followed by polymer struc-
turation as a microcellular foam. The adjustment of the thermodynamic
parameters, e.g. polymer concentration, cooling temperature or cooling
rate, enables to promote one specific way of phase separation. As a
function of polymer-solvent affinity, the TIPS process can follow two
typical mechanisms (Fig. 1).

In case of a good compatibility of the polymer-solvent couple, such
as PLA with 1,4-dioxane (Hansen Solubilty Parameters (HSP) respec-
tively of 21.9 MPa1/2 and of 20.5 MPa1/2) [26], combined to a quite
high freezing temperature of the solvent, Solid-Liquid (S-L) phase se-
paration may occur (Fig. 1.a). The crystallization of the solvent part
governs the structuration of scaffolds [27]. On the contrary a Li-
quid–Liquid (L-L) phase separation occurs under cooling when the
polymer-solvent affinity is too weak. In this way, Schugens et al. [28]
and Nam and Park [29] showed that the addition of water to a PLA/1,4-
dioxane system can change the phase separation mechanism under
cooling. The addition of water as a poor solvent of PLA (water
HSP= 47.8Mpa1/2) lowers interactions between the polymer and the
good solvent. Therefore, a liquid–liquid demixing occurs at higher
temperature than the solvent freezing temperature. Typical diagram of
L–L phase separation for polymer solution such as Upper Critical

Solution Temperature (UCST) is introduced in Fig. 1b. According to the
thermodynamic pathway (composition, temperature, time), the phase
separation can show different behaviors [29,30]. Three scenarios can
occur: the first one is a demixing that takes place below the binodal
curve into the metastable region. The two phases separate following
nucleation and growth mechanisms. This kind of separation provides a
polymeric matrix with spherical or pseudo-spherical pores poorly in-
terconnected. The second one, called spinodal decomposition, takes
place when the spinodal curve is crossed with the formation of a 3D
polymer network. The third scenario, mostly encountered, is a combi-
nation of the two previous mechanisms by crossing both curves. After
the phase separation, when the temperature is smaller than the solution
glass transition temperature, this one is frozen in a solid state composed
of two solid phases, one rich in polymer and one rich in solvent.

After the phase separation, the obtained structure is frozen. The
next step is to remove the solvent part to obtain the polymer scaffold.
Traditionally this last step is carried out by freeze-drying. Freeze-drying
can last between 3 days [14,29,30] and 1 week [31,32] and is parti-
cularly high energy-consuming. To reduce the duration and environ-
mental cost of the whole process, SC-CO2 drying technology seems to be
an excellent alternative but rather scarcely studied until now [33]. In-
deed, its good extraction properties reduce the processing time and the
energy consumption. Furthermore Reverchon et al. [34] showed that
SC-CO2 extraction of 1,4-dioxane in PLA matrices could reduce the
residual solvent below 263 ppm after 4 h, which is respectful of the 1,4-
dioxane concentration limits (380 ppm) authorized by the Pharmaco-
peial convention. One major challenge of this study is also to guarantee
the production of eco-friendly and safe materials, respectful of limits for
residual solvents. Indeed, minimizing the energy consumption and en-
vironmental impacts is an important issue for industrial processes. Most
of environmental impacts are fixed during the conception phase [35]
thus, to be efficient, the implementation of an eco-friendly metho-
dology has to be integrated as soon as possible during the process de-
velopment. Life cycle assessment (LCA) was chosen in this work to
compare objectively the two drying technologies during the whole
process. LCA has already been used to compare the environmental costs
of the production and use of PLAs with petrochemicals equivalent
[36–38]. LCA literature is particularly well described for packaging
[39–41] and building materials [42–44]. These two sectors are large
consumers of polymer foams; nevertheless, no study concerning the
production of PLA foams has been done.

The present paper aims at showing the potential of a more sus-
tainable TIPS process assisted by the SC-CO2 drying technology for the
production of PLA scaffolds with tunable structural and mechanical
properties. To go further in the process parametric study of this work,

Fig 1. Thermally induced phase separation in polymer solutions: a) Solid-Liquid phase separation, b) Liquid–Liquid phase separation.
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an environmental analysis of the process and its alternative cooling and
drying technologies has been performed.

2. Materials and methods

2.1. Materials

PolyLactic Acid (PLA) was synthetized by the method described by
Sardo et al. [45] and characterized by the methods described below.
The PLA used in this study contains more than 99% of L-isomer, making
it particularly crystalline, and is thus called PLLA. In preliminary ex-
periments (not shown in this study), this PLLA showed a better ability
to maintain the integrity of the scaffolds structure. 1,4-dioxane (ACS
reagent> 99%) was bought from Sigma–Aldrich and its melting tem-
perature is 12 °C. CO2 (99.995 wt%, Linde, Germany) was used as the
drying agent. To date, no green alternative solvent has shown the same
properties as 1,4-dioxane, i.e. a high freezing temperature solvent with
a high affinity with PLLA.

2.2. Polymer characterization

The number average molecular weight (Mn), the weight average
molecular weight (Mw) and the dispersity (ð) of the polymers were
determined by size exclusion chromatography (SEC) using a Viscotek
GPCMax autosampler system fitted two Viscotek LT5000L mixed
medium columns (300× 7.8mm), a Viscotek VE 3580 RI detector. The
mobile phase was THF at 1mL/min flow and 30 °C. Typically, the
polymer (20mg) was dissolved in THF (2mL), and the resulting solu-
tion was filtered through a 0.45-μm Millipore filter before its injection
(20 μL). Mn was expressed according to calibration using polystyrene
standards. The Mn values were also determined by 1H NMR. 1H NMR
spectra were recorded at room temperature using an AMX300 Bruker
spectrometer operating at 300MHz. Deuterated chloroform was used as
a solvent, chemical shifts were expressed in ppm with respect to tet-
ramethylsilane (TMS).

2.3. Scaffolds formulation

The method described below enables to produce 50 scaffolds in one
batch to demonstrate the scale-up potentiality of this process. Fig. 2
illustrates the different steps of the process.

Firstly, PLLA/1,4-dioxane solutions were prepared by dissolution of
polymer in the solvent under 500 rpm stirring at 50 °C. The amount of
PLLA was comprised between 5wt% and 10 wt% to obtain high porous
scaffolds. For L–L phase separation process, water was added after
complete dissolution of the polymer in the 1,4-dioxane. A volume of
1mL of the obtained solution was poured in cylindrical aluminum
molds of 12mm diameter. The duration of this step was minimized to
avoid any phase separation before the cooling operation. For the phase

separation, three cooling conditions were applied by putting the sam-
ples in a cold storage at −20 °C or −80 °C, or by soaking them in liquid
nitrogen (–196 °C). The choice of these cooling temperatures was done
in order to impose different cooling rates and consequently different
crystallization conditions. To ensure the complete stabilization of the
temperature, samples were left 12 h in the cold storages and at least
5 min in liquid nitrogen. When samples were frozen, they were ex-
tracted from the aluminum molds and immersed in 10mL of pre-cooled
ethanol at−20 °C to extract the 1,4-dioxane during at least 2 h in a cold
storage (4 °C). This step was necessary to extract the solvents mixture
with SCeCO2. Finally, 50 samples were placed in a stainless autoclave
with a capacity of 500mL (Separex, Champigneulles, France) heated at
35.0 ± 0.1 °C and pressurized with CO2 at 150 ± 1 bar. Liquid CO2 at
4 °C was continuously pumped at a rate of 1 ± 0.1 kgh−1 by a high-
pressure membrane pump (Milton Roy Europe, Pont Saint Pierre,
France) and was preheated by a heat exchanger (Separex,
Champigneulles, France) before feeding the autoclave. The autoclave
pressure was kept constant by means of a back-pressure regulator
(Swagelok, Solon, USA) during 4 h for solvent extraction, and then the
autoclave was slowly depressurized at 2.5 barmin−1 to avoid any de-
formation of the samples.

2.4. Differential scanning calorimetry (DSC) measurements

Thermal properties and crystallinity of PLLA and scaffolds were
evaluated by DSC. Measurements were carried out under nitrogen on a
Perkin Elmer Instrument DSC 6000 Thermal Analyzer. Samples were
submitted to the following treatment: (i) Heat from 20 °C to 200 °C at
5 °Cmin−1 (Tm1/ΔHm1; Tc1/ΔHc1; Tg1), (ii) Hold for 10min at 200 °C,
(iii) Cool from 200 °C to −10 °C at 5 °Cmin−1 (Tc2/ΔHc2), (iv) Hold for
10min at −10 °C, (v) Heat from −10 °C to 200 °C at 5 °Cmin−1 (Tm2/
ΔHm2; Tg2). The crystallinity rates of polymers and scaffolds were cal-
culated by the following formula Xc= ΔHm1/ΔHmPLA with
ΔHmPLA=91 ± 3 J g−1 [46].

2.5. Phase diagram determination

Binary solutions were studied by crystallization temperature mea-
surements whereas ternary solutions were studied by cloud point
measurements. The crystallization and cloud point were determined
visually by turbidimetric measurements, following Hua et al. procedure
[47]. The different mixtures were prepared under stirring at 600 rpm at
60 °C until the complete dissolution of PLLA in 1,4-dioxane, then if
needed water was added under 600 rpm stirring during 15min. After-
wards, all the mixtures held in closed vials were placed in a water bath
at 60 °C. The temperature was then slowly decreased by steps of 1 °C
every 10min. The temperature at which the mixtures changed from
clear to cloudy corresponded to the crystallization point or to the cloud
point, respectively for the binary or ternary solutions. The precision of

Fig. 2. Scheme of the TIPS process coupled with SC-CO2 drying.
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the visually observed measurements was about 1 °C.

2.6. Scanning electron microscopy (SEM) and pictures analysis

Scaffolds morphology was observed by SEM on a JEOL 6301F (JEOL
Paris, France). A thin layer was cut in the centre 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 20mm.

The pore size and cell density of scaffolds were determined by image
analysis using imageJ [48] freeware on the SEM micrographs. The pore
size distributions were obtained by measuring at least 30 pores by
picture. Due to the pores anisotropy, the smallest diameter has been
retained for pore size measurements. The cell densities were obtained
by counting the number of pores in scaled area. For one sample, three
regions were measured.

2.7. Bulk density measurements

The bulk density ρ of scaffolds was assessed by water displacement
method. The whole sample was firstly weighted dry, and secondly
weighted in a 25mL measuring cylinder filled with water. Because of
the buoyancy of the scaffolds, a metal cylinder with a known volume
was used to maintain the scaffold at the bottom of the measuring cy-
linder. 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. This method also enabled to calculate a global
porosity ε of our samples from the following equation:

= ⎛

⎝
⎜ − ⎞

⎠
⎟ε

ρ
ρ

(%) 1 .100scaffold

poylmer

2.8. Mechanical tests

The compressive properties of the scaffolds including compressive
strength and compressive modulus were measured with an ADAMEL
LHOMARGY DY 34 B tension/compression machine with 1 kn sensor
(Adamel Lhomargy, Roissy-en-Brie, France). Each circular specimen of
11mm of diameter and 5mm of thickness was compressed at a com-
pression rate of 1mmmin−1. The compressive modulus, yield stress
and yield strain were obtained by averaging three measurements made
on three different samples.

2.9. Life cycle analysis (LCA)

Environmental assessment of processes can be performed thanks to
many different methods: qualitative or quantitative approach, mono or
multicriteria analysis, on the all life cycle or on specific steps, etc. It has
been decided here to adopt the LCA method, which is a very compre-
hensive approach used for assessing all the environmental impacts of a
process or product “from cradle to grave”, which means from the re-
source extraction to the waste management. Different tools and calcu-
lating methods exist to implement this method. The widely used
SimaPro® software v8.0.3 has been selected for the model simulation,

together with the impact calculation method ReCiPe v1.10 (http://
www.lcia-recipe.net) midpoint impact categories (H) and the database
Ecoinvent v3.01 (http://www.ecoinvent.org/). The LCA methodology
has been defined in the standard ISO 14040 [49], following four steps.
The first step was to define precisely the goal and scope of the study.
This means to define the functional unit and the system boundaries, to
highlight any assumption and limitation and to choose an allocation
method and the impact categories retained. The objective here was to
compare the environmental impacts of the different alternatives pre-
viously detailed for the production of PLA scaffolds. The management
of PLA scaffolds once a waste was not considered here, thus the LCA
was simplified as a “cradle to gate” approach. Table 1 details the goal
and scope of this study.

In a second step (Life Cycle Inventory analysis), all mass and energy
flows within the system boundary were inventoried referring to the
functional unit. Then, in a third step (Life Cycle Impact Assessment),
the environmental impacts of these mass and energy flows were as-
sessed. In the last step, all results were summed up and interpreted to
derive potential improvements or to support decisions between dif-
ferent options.

3. Results and discussion

3.1. Polymer characterization

Two different molecular weights of the PLLA were synthetized.
Their number average molecular weight (Mn), weight average mole-
cular weight (Mw), dispersity (ð) and crystallinity are introduced in
Table 2.

From now on, these two polymers will be respectively called PLLA
96 and PLLA 162, on the basis of their Mw values.

3.2. Phase equilibria of PLLA/1,4-dioxane and PLLA/1,4-dioxane/water
systems

The SC-CO2 drying step performed with our operational conditions
is not known to modify PLA scaffolds structure, either by deformation
[50] or by foaming [51]. Thus, considering that the phase separation
governed the final structure of the material, the control of this step was
the major challenge of TIPS process. In a solution composed only of
PLLA at low concentration in 1,4-dioxane, the phase separation was a
solid-liquid (S-L) type. In this case, the foam shaping was caused by the
1,4-dioxane crystallization. Fig. 3a shows the crystallization tempera-
ture of binary solutions of PLLA 96 and PLLA 162 at different con-
centrations. With a crystallization point of 4 ± 1 °C for the pure 1,4-
dioxane solvent, the effect of polymer concentration and molecular
weight could be considered as negligible with a crystallization point

Table 1
Goal and scope of LCA.

Functional unit Production of 50 units of PLA scaffolds of 1mL each

System boundaries From resource extraction to scaffolds production: management of scaffolds as waste has not been considered
Assumption and limitation No impacts have been considered for the building where the experiment have been performed or for the “big materials” (cold storage, etc.) as it has

been assumed that their impacts are negligible regarding their lifetime
Allocation method The “default system” allocation method proposed in Ecoinvent v3.0 database, based on economic or physical flows, has been retained
Impact categories The 18 impact categories of the ReCiPe v1.10 method have been conserved

Table 2
Molecular weight, dispersity and cristallinity of the two PLLA.

Designation Mn RMN
(kDa)

Mn SEC
(kDa)

Mw SEC
(kDa)

ð Crystallinity (%)

PLLA 162 96 350 101 000 162.6 1.61 66
PLLA 96 69 050 60 000 96 1.60 60
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between 2 ± 1 °C and 3 ± 1 °C for all the binary solutions with
polymer concentrations between 5% and 10%. These measurements
and observations were in good agreement with Schugens et al. [28]
results for PLLA polymers with higher molecular weight.

In ternary mixtures, L–L phase separation was promoted due to the
addition of water as a poor solvent of PLLA but miscible in 1,4-dioxane.
The cloud point measurement was a simple way to evaluate the L–L
phase separation temperature. Fig. 3b shows the effect of three different
1,4-dioxane/H2O ratios (6.7, 8.7 and 12.2) for one weight average
molecular weight of 96 kDa of the polymer (PLLA 96) and the effect of
two different molecular weights (96 and 162 kDa) for a 1,4-dioxane/
H2O ratio of 8.7. The graph shows that at fixed PLLA content, the cloud
point temperature of the solution increased with the water content.
Moreover, it highlights that the cloud point temperature increased with
the polymer concentration. This result has been previously observed by
Hua et al. [52]. Besides, a slight increase of the cloud point from 25 °C
to 27 °C with the molecular weight has been measured. According to the
literature, the polymer dissolution rate decreased with the molecular
weight [53]. Regardless of the mechanism of phase separation, S-L or L-
L, the results obtained respectively with binary PLLA/1,4-dioxane and
ternary PLLA/1,4-dioxane/water mixtures showed that the temperature
of phase separation should impact the final material.

3.3. Structural properties of PLLA scaffolds

The bulk density is often a selective criterion to characterize a
porous material because it is linked to its mechanical properties. As

expected, the bulk density of scaffolds was increased with the polymer
concentration (Fig. 4). Moreover, the density increased when the
cooling temperature decreased. This result could be due to a faster
cooling rate which involved a freezing point depression of the polymer
solution. These bulk density values between 75 and 310 kgm−3 were
correlated with porosity values between 75 and 94%, which are clas-
sically found in tissue engineering applications [54,55].

The internal pore structures were observed by SEM. Fig. 5 shows
different scaffold morphologies obtained with binary solutions from
5wt% to 10wt% of PLLA at three different cooling temperatures. All
observed scaffolds had anisotropic pores close to a parallelepiped
shape. From these observations, shapes and organizations of scaffold
pores were assumed to be due to the 1,4-dioxane crystallization and the
influence of temperature gradient. Indeed, this gradient seemed to in-
duce the orientation of the structure in a preferential direction. The
orientation was more pronounced at cooling temperature of −80 °C
and −196 °C than at −20 °C because of the higher induced gradient
between the walls and the heart of the sample. It is a well-known effect
[56] used to orientate the structure of PLLA membranes produced by
the TIPS process.

It is also clear in Fig. 5 that the cell density increased with a strong
cooling. Indeed, at −20 °C, −80 °C and −196 °C, maximum pore sizes
are respectively ranging from 15 to 55 μm, from 5 to 40 μm and from 1
to 10 μm, depending on the PLLA concentration (Fig. 6).

Regarding tissue engineering applications, the optimal pore size also
varies for different cell types, with pore sizes ranging from 50 to 70 μm

Fig. 3. S-L phase equilibrium (a) and L–L phase equilibrium (b) of PLLA/1,4-dioxane and
PLLA/1,4-dioxane/water systems, respectively.

Fig. 4. Evolution of scaffolds density with the PLLA concentration from (a) S-L phase
separation (PLLA 96) and (b) L–L phase separation (PLLA 96; 1,4-dioxane/H20= 8.7).
Filled symbols and open symbols refer to bulk density and porosity, respectively. Black
squares, red circles and blue triangles refer to −20 °C, −80 °C and −196 °C, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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suitable for microvascular and cardiac cells [57], 75–200 μm suitable
for nutrient diffusion and circulation of growth factors in trabecular
bone [55], 50–160 μm for fibroblasts [58] and nerve cells [59], and
close to 20 μm for hepatocytes [60]. This effect of the cooling tem-
perature, and thus of the cooling rate, on the pore size has already been
observed by Schugens [27]. When the cooling temperature was getting
closer to the crystallization temperature of the solution, the growth of
large crystals was favoured. On the contrary, when the cooling tem-
perature was far from the crystallization temperature of the solvent, the
nucleation was favoured. These observations have been confirmed by
the cell density calculation, which allowed to get rid of the anisotropy.
Values were obtained by counting the pores on a known area on SEM
pictures: results are introduced in Fig. 7. Scaffolds produced at −20 °C,
−80 °C and −196 °C showed a cell density between 200 nmm−2 and
500 nmm−2, between 1000 and 3500 nmm−2 and between 5800
nmm−2 and 56000 nmm−2, respectively.

Fig. 7 also attests that cell density (calculated from SEM observa-
tions) increased with PLLA concentration. This was due to the fact that
additional material constrained crystal growth and consequently in-
creased the number of small crystals. As already observed [27], no
significant effects of PLLA molecular weight on the scaffold morphol-
ogies have been noticed (results not shown). This proved that the
supposed increase of viscosity due to a higher molecular weight did not
affect the 1,4-dioxane crystallite formation. All these results confirmed
that the control of the crystallization, especially by the temperature, is
the key parameter of the scaffold production by S-L phase separation.

In ternary solutions, the thermodynamic pathway and the kinetics
impacted the obtained structure of PLLA scaffolds. Indeed, kinetics
were directly governed by the cooling temperature. However, in this
work, all scaffolds obtained by L–L phase separation led to relative
isotropic structures. Fig. 8 shows the effects of the cooling conditions
and PLLA concentrations (for 1,4-dioxane/water ratio about 8.7) on the
scaffolds structure.

Fig. 9 shows the effect of water content on scaffolds structure ob-
tained with fixed PLLA content (7.5 wt%) and cooling condition
(–20 °C).

All structures obtained at −20 °C (Figs. 8a–c and 9) were composed
of nanofibers assembled together. Liu et al. reported that nanofibers
structure was related to the L–L phase separation and subsequent nu-
cleation and crystallization growth in the polymer-rich phase [61].
Besides, similar structures to Figs. 8a and 9 have been observed by
Zhang et al. [62] in thermal phase separation of PLLA/DMF solutions.
The obtained structures seemed to form micro-sheaves around few
micrometers, attributed to a radially crystal growth of PLLA. At lower
cooling temperatures at −80 °C (Fig. 8d–f) and at −196 °C (Fig. 8g–i)
PLLA fibrous structure disappeared in favour of a denser network
confirmed by the density measurements (Fig. 4b). It seemed that when
the cooling was too slow, a self-arrangement of PLLA molecular chains
may occur in a more favourable thermodynamically state. This led to
poorly cohesive materials.

On the other hand, scaffolds obtained at lower temperature seemed
to show a more cohesive structure. The interconnected network shown
in Fig. 8d and g seemed to reveal that the solution solidified in the
unstable region. Meanwhile, spherical pores observed in Fig. 8e and f
seemed to result from a metastable region. Finally, Fig. 8d and g show
that a PLLA concentration about 5 wt% and cooling temperature below
−80 °C favoured the formation of open structures with a connection to
the outside of the scaffold’s surface. Regarding tissue engineering ap-
plications, the fibrous PLLA scaffolds would enable to improve protein
adsorption for cell attachment [63] like osteoblasts, which would pro-
liferate more effectively on rough surface. Besides, cell migration
through the scaffold surface would be possible with pore size above
3 μm [64].

Another key parameter of L–L phase separation is the water content
and consequently the Hansen solubility parameter of the solvent part
(Fig. 9). At low water content, scaffolds were composed of micro straw-

Fig. 5. SEM pictures of scaffold structures obtained with binary solutions of PLLA 96 and 1,4-dioxane for various polymer concentrations and cooling temperatures (please note that
magnifications change at −196 °C to be able to see the structure).
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sheaf structures (Fig. 9a), whereas when the water content increased,
scaffolds were composed of spherical pores with size up to 100 μm
(Fig. 9c). This spherical structure was characteristic of binodal phase
separation which was due to an important reduction of interactions
between the solvent and polymer. The increase of the water content
seemed to confine the PLLA chains and consequently prevented the
preferential rearrangement. This could explain why the structure ob-
tained with higher water content looked tougher at the macroscopic
scale as the mechanical tests confirmed.

Effects of temperature and water content have been already eval-
uated [29,30], but little is known about the effect of the PLLA mole-
cular weight. Fig. 10 shows PLLA scaffolds with a weight average mo-
lecular weight of 96–162 kDa and at fixed composition of a ternary
mixture PLLA/1,4-dioxane/H2O.

The molecular weight increase induced a significant decrease of the
pores diameter from 10 to 1 μm. It could be assumed that the length of
the polymer chains limited their arrangement and/or the higher visc-
osity limited the coalescence of the solvent part. It was difficult to ex-
plain clearly this phenomenon, but it was obvious that an increase in
molecular weight modified the structure of the obtained scaffold.

3.4. Mechanical properties of PLLA scaffolds

In the present work, compressive modulus, yield stress and yield
strain were characterized by simple compressive tests. Ten series of
samples were tested in triplicate to highlight the effects of process
parameters, PLLAs molecular weight and scaffold morphologies on the
mechanical properties. Characteristics of scaffold formulations are re-
ported in Fig. 11. The values were extracted from stress-strain curves.
The samples exhibited a well-described foam response under com-
pression with the following three regions (i) linear elastic, (ii) a plastic
plateau and (iii) densification [65].

The compressive modulus and the yield stress of PLLA scaffolds
increased linearly with the polymer content (samples A, D and E of
Fig. 11), whereas the yield strain decreased. It means that the increase
of PLLA content, and consequently of density too, led to a more rigid
material. This measured result confirmed previous results qualitatively
observed [27]. For a fixed PLLA content, the compressive modulus
decreased and the yield strain increased with the cooling temperature
(samples B and C). These results were in contradiction with the increase
of density previously measured. It could be only attributed to the
morphology and probably to the decrease of pore size. Thus, the−20 °C
temperature was the suitable cooling temperature to obtain scaffolds
with an optimal, i.e. higher, Young modulus. This temperature was also
the most sustainable cooling conditions (see the next part). In this way,
this temperature was chosen to perform the production of the scaffolds
D to I. Moreover, as it was previously observed in Fig. 5, these cooling
conditions allowed to obtain scaffolds with the larger pore size (be-
tween 40–80 μm), which were suitable to facilitate cell seeding and
migration, as well as the diffusion of the nutrients and oxygen
throughout the whole structure [66]. Besides, a significant stiffening of
scaffolds was found with the increase of molecular weight (samples A
and F) although no difference in morphology has been noticed (Fig. S1).
The crystallinity rate of samples A and F, evaluated by DSC, was re-
spectively of 51% and 48%. This crystallinity difference is relatively
low. Besides, a higher crystallinity rate of polymers should lead to
stiffer materials [67–69]. This showed that the stiffness difference be-
tween the samples A and F was rather caused by the molecular weight
difference. Thus, it would be possible to modulate the mechanical
properties of the scaffolds by adjusting the molecular weight of the
polymer.

The comparison of the samples E and F which had similar me-
chanical properties, implied that the scaffold production of F series
would be more environmentally sustainable thanks to the PLLA savings
up to 25% (polymer concentration about 10% for E and 7,5% for F)
with higher molecular weight of PLLA (96 kDa for E and 162 kDa for F).

Fig. 6. Pore size of scaffolds obtained with binary solutions of PLLA 96 and 1,4-dioxane
for three polymer concentrations and three cooling temperatures. Average pore sizes and
standard deviations are specified in the figure captions for each condition.

Fig. 7. Evolution of cell density of PLLA 96 scaffolds with concentration for various
cooling conditions of binary solutions PLLA/1,4-dioxane.
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Consequently, these optimal process conditions showed the possibility
to obtain PLLA scaffolds from S-L phase separation with tunable mi-
crostructures and mechanical properties which could be relevant for the
development of osteogenic scaffolds [5].

Scaffolds from samples G, H and I (Fig. 11) have been obtained from
L–L phase separation. Both solutions G and H with higher 1,4-dioxane/
H2O weight ratios presented a poor strength. This weakness could be
due to the poor cohesive structures observed in Fig. 9. However, the

Fig. 8. SEM pictures of scaffold structures obtained from a ternary solution of PLLA 96/1,4-dioxane/H2O with various PLLA concentrations (1,4-dioxane/H20 ratio= 8.7) and cooling
temperatures (please note that magnifications change at −196 °C to be able to visually characterize the pores structure).

Fig. 9. SEM pictures of scaffold structures obtained at −20 °C from ternary solutions PLLA 96/1,4-dioxane/H2O with a fixed PLLA content (7,5 wt%) and various weight ratios of 1,4-
dioxane/H2O.
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Fig. 10. SEM images of scaffold structures obtained from ternary solutions PLLA=7.5% and 1,4-dioxane/H2O ratio= 8.7 with PLLA 96 and PLLA 162.

Fig. 11. Effect of formulation parameters on the scaffolds mechanical properties. The table also includes the pore size and porosity results.
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samples with the high-water-content, like the I series, showed a higher
mechanical strength due to the spherical structure of scaffolds and the
PLLA chain confinement involved by the binodal phase separation.
These results were in good agreement with the SEM observations.

As a conclusion, the mechanical properties of the scaffolds obtained
by S-L and L–L phase separations make them likely to be of interest for
bone and cartilage regeneration application, for instance osteoporosis
and osteoarthritis disorders. Indeed, the Young modulus values cover
the range of values of cartilage (0.45–1MPa) [70] and cancellous bone
(40–460MPa) [71,72]. Besides, in order to sublimate these potential-
ities and to enhance their biomimetic characteristics, the scaffolds may
be modified by the blending of well controlled synthetic calcium car-
bonate particles (CaCO3) obtained by our own developed supercritical
carbonation process [73–79]. Indeed, calcium carbonate appears as an
interesting candidate for tissue engineering applications because of the
clinical use of CaCO3 derived from natural corals as a bone graft sub-
stitute [80] or use in maxillofacial surgery [81]. Recently, Gandolfi
et al. produced this kind of hybrid biomaterials for biomedical appli-
cation [82].

3.5. Life cycle assessment (LCA)

The LCA conducted here aimed at comparing the environmental
impacts of the different alternatives previously detailed for the pro-
duction of PLLA scaffolds. Life cycle inventory involved the collection
of all raw materials, energy and water flows that came inside the system
boundaries, as well as all the outputs (emissions to air, water and soil)
for each of the alternatives. All these data have been provided in
Fig. 12.

Environmental impacts of these cooling conditions have been as-
sessed and are reported in Fig. 13.

For both cold storages (−20 and −80 °C), electric consumptions
were calculated from the original equipment manufacturer data and
considering the volume occupied by 50 scaffolds. For −196 °C cooling
scenario, 300 g of liquid nitrogen was necessary to freeze the scaffolds.
Some precisions about all calculation and hypothesis have been listed in
supplementary information (Table S1). As expected, the stronger the
cooling, the higher the impact. As the parametric study showed that
cooling conditions also influenced the scaffold structure and properties,
this result was not to be used as a decisive criterion. Yet, it showed that

cooling at −196 °C with liquid nitrogen led to a high increase of all the
LCA impacts compared to a cold storage at −80 °C. The most impacting
cooling process (–196 °C) was selected for the simulation of the com-
plete process to maximize the impact of this step and see its importance
on the global life cycle.

Hence, the complete system has been modelled with the liquid ni-
trogen cooling process and the two drying alternatives: SC-CO2 drying
vs freeze-drying. As previously stated, the drying step should not affect
the scaffolds structure because the structure was fixed at the cooling
step. Therefore, the environmental impact of the whole process using
either the SC-CO2 drying or the freeze-drying could be compared.
Fig. 14 shows clearly the benefits and reasons to choose the SC-CO2

drying technology. Indeed, all environmental impacts were at least 50%
reduced in comparison with the freeze-drying technology. Regarding
freeze-drying, the high impact was particularly due to the important
duration of the drying (96 h), estimated from previous studies
[14,29,83] leading to a very high electricity consumption.

To better understand these results, a more detailed study has been

Fig. 12. Mass and energy balances for the production of 50 PLLA scaffolds according different cooling and drying scenarios.

Fig. 13. Environmental impact assessment for the cooling conditions of the TIPS process
(−20, −80 and 196 °C).
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conducted on each drying technology to see the impact repartition
depending on the process step (solution preparation, cooling, drying
and waste management). As one can see in Fig. 15, the drying step was

clearly the most damaging step in both cases with freeze-drying or SC-
CO2 drying. Considering SC-CO2 drying, the electricity consumption
(used for the production of SC-CO2) was also quite important compared
to the other steps of the process, while it represented less than 10% of
the electricity used with freeze-drying.

Moreover, for most of the impact categories and for both scenarios,
the second source was the management of generated wastes. Two main
outputs of the process have been considered as wastes: the gases (CO2

and nitrogen) and liquid chemicals (ethanol and 1,4-dioxane). As pre-
viously mentioned, the scaffolds end-of-life was not assessed here. In
this study, it was considered that the gases were simply released to the
atmosphere and liquids were sent to the French waste scenario. This
explained the importance of waste management regarding the climate
change, marine eutrophication and freshwater and marine ecotoxicity
for the CO2 drying alterative: 4 kg of CO2 were emitted into the at-
mosphere for the production of each group of 50 scaffolds. However,
other scenarios for waste management could be proposed. For example,
the recycling of gaseous and liquid solvents could be considered.
Unfortunately, a lack of data for these retreatment scenarios prevented
a simulation in the SimaPro software but, at an industrial scale, the CO2

used at the drying step would probably be recycled. In this way, an
estimation conducted at lab scale led to the conclusion that 75% of
liquid CO2 could be saved. This would increase even more the interest
of this technology against freeze-drying. These LCA results are all the
more interesting because they could be transposed to many processes
using freeze-drying that would be compatible with SC-CO2.

4. Conclusion

Firstly, this study was focused on an in-depth parametric study of
the TIPS process assisted by the SC-CO2 technology and its scale-up for
production of PLAs scaffolds. A systemic approach was deployed to
study the effects of the major process key parameters such as polymer
concentration, molecular weight, solvent miscibility, and cooling tem-
perature on the scaffold characteristics and in relation to the tissue
engineering applications. Moreover, the mechanical performances of
scaffolds have been characterized. This helped to highlight the

Fig. 14. Environmental impact assessment for the freeze-drying and SC-CO2 drying technologies involved in the TIPS process.

Fig. 15. Detailed environmental impact assessment considering the whole TIPS process
with a nitrogen cooling (–196 °C) and a freeze-drying (upper histogram) or SC-CO2 drying
(lower histogram).
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relationship between process parameters, morphology and structure of
the PLLA scaffolds and their behaviour under compressive stress.
Besides, this work was the first known attempt to conduct an en-
vironmental analysis of TIPS process and the comparison between SC-
CO2 and freeze drying technologies. The results of the LCA have shown
that the use of SC-CO2 drying process was thriftier in energy than freeze
drying process classically used, and reduced the environmental costs.
Indeed, SC-CO2 drying process made possible the reduction of between
50 and 90% of the environmental impacts of the whole process.
Moreover the production time was also drastically reduced from several
days to several hours. To conclude, this work has shown the potentiality
(i) to transfer in industrial scale an eco-friendly process like TIPS as-
sisted by supercritical CO2 and (ii) to produce polymer scaffolds with
suitable microstructures and mechanical properties for treatment of
tissue and bone chronic disorders. In this way, it will be interesting to
study the osteogenic, osteoconductive and osteoinductive potential of
these PLLA scaffolds.
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