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Supercritical CO, blown poly(s-caprolactone)
covalent adaptable networks towards
unprecedented low density shape memory foamsf

Maxime Houbben, Jean-Michel Thomassin and Christine Jérome (2 *

Recent studies have highlighted the efficacy and benefit of shape-memory polymer foams over bulk
materials, especially for self-deploying medical devices. In that field, poly(e-caprolactone) covalent
adaptable networks (PCL-CAN) are materials of choice since they combine biocompatibility, excellent
shape memory properties with reconfiguration ability of the network allowing the design of biomedical
devices of complex shapes. The preparation of PCL-CAN foams was here investigated by using a
solvent-free supercritical CO, foaming process. Starting from a mixture of low molar mass PCL stars
bearing furan or maleimide as end-groups, a two-step foaming process was developed that leads to
highly porous foams of unprecedented low density (0.02 g cm™3). We took advantage of the thermo-
reversible Diels—Alder addition to control the molar mass and the network crosslinking density of the
PCL throughout the foaming process. Adjusting the amount of Diels—Alder adducts at each foaming step
is key to allow foaming of the mixture and reach closed-cell foams of low density that exhibit excellent
shape memory properties. Thanks to the thermoreversibility of the Diels—Alder reaction, these foams are
also recyclable at high temperature. These innovative shape memory PCL-CAN foams are attractive
candidates as self-deploying implants for vessels occlusion, as shown by dynamic mechanical analysis
and illustrated by mechanical occlusion of a large simulated vessel.

Introduction

Polymer foams are versatile materials that allow combining the
advantageous properties offered by polymers with the remarkable
properties of their intrinsic architecture giving attractive light-
weight materials with high mechanical strength." In the past years,
the design of porous materials by environmental friendly foaming
processes provided foams of many thermoplastics covering a wide
range of applications in various fields, from materials science to
medicine."” In the latter, biodegradable foams are particularly
interesting to design implants for therapeutic purposes® ' as well
as scaffolds for tissue engineering.''™ Among the biodegradable
materials used for biomedical purposes, semi-crystalline poly
(e-caprolactone) (PCL) has been widely studied because of its
biocompatibility and remarkable mechanical properties afforded
by a low glass transition temperature (Iy ~ —60 °C) and a
melting temperature easily achieved above the body temperature
(T ~ 60 °C). Furthermore, when PCL is chemically crosslinked,
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the resulting covalent networks exhibit excellent shape memory
properties, making them particularly appealing for the develop-
ment of the mini-invasive surgery making available self-deploying
devices."* For example, easy-to-implement endovascular occlusion
systems rely on the delivery of a temporary low-volume SMP foam
to the confined space of a vessel where, when in place, an
externally triggered expansion shifts the foam to its original
expanded shape, so filling the vessel."

Therefore, many processes have been studied and developed to
get porous structures of PCL. Among the diverse foaming processes,
the solventfree supercritical CO, (scCO,) foaming received great
emphasis;*'*>* CO, being non-toxic, non-flammable, and
inexpensive. As illustrated in Table 1 that gathers some reported
foaming conditions and the corresponding PCL foams character-
istics, this scCO, process leads to PCL foams of low density (lower
limit about 0.2 ¢ cm ™2 which corresponds to 80% porosity) in mild
conditions, namely by processing the PCL at a temperature between
30 to 65 °C in a pressure range from 10 to 20 MPa with variable
depressurization rates.””** Table 1 also evidences that PCL with a
molar mass above 40 kg mol " is required in order to get enough
chain entanglement to insure an appropriate viscosity to sustain the
expansion during the depressurization. On the other hand, if the
viscosity would be too high, it would limit the material expansion
preventing to achieve low density foams. Therefore, the preparation

23-26

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://orcid.org/0000-0001-8442-5740
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ma00040g&domain=pdf&date_stamp=2022-02-25
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00040g
https://rsc.66557.net/en/journals/journal/MA
https://rsc.66557.net/en/journals/journal/MA?issueid=MA003006

Open Access Article. Published on 22 February 2022. Downloaded on 7/19/2025 10:12:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

Table 1 Summary of some reported PCL foams of low density obtained via a supercritical CO, process

Material and additives

M,, (kDa) Density (g cm ™) Porosity (%) ScCO, pressure (MPa) Foaming 7° (°C) Depressurization rate (MPa s ') Ref.

PCL 50 0.29-0.35 68-72.5 14 39 5 19
PCL 45 0.07-0.72 36.7-93.8 10-15 31.5-65 5 27
PCL 45 0.2-0.5 55-85 20 50 0.02 28
PCL 80 0.22 80 5-20 40-50 7-12 29
PCL/DXMT/glycofurol ~ 48-90  0.29-0.93 18.5-74.5 20 45 0.016-0.05 30
PCL/PEO 50-70 0.103 80-94.6 10-17 45-95 Fast 31
PCL/HA nanocomposites 65 0.2-0.5 55-85 10-20 37-40 0.02-10 32
PCL/ethanol 80 0.22-0.42 62-80 12.3-20.5 35-45 0.24-4.1 33
PCL/MWNT 50 0.18-0.31 72-84 20 60 10 34

of crosslinked PCL foams by this process is scarcely described® and
relies mostly on post-foaming crosslinking treatment. Until now,
foaming processes rather include microwave assisted solvent foam-
ing, high internal phase emulsion, particle leaching or glass micro-
sphere incorporation when the preparation of porous PCL covalent
networks is foreseen.***>%

Introducing adaptable crosslinks in polymer materials allows
today to resolve the intersection between thermoplastics and
thermosets.*>*! Advantageously, shape-memory polymers based
on covalent adaptable networks (CAN) have emerged since they
remarkably combine efficient shape memory properties with
reconfiguration and/or recycling capabilities.*” Indeed, these CANs
make possible the reprocessing of the permanent shape so as the
full recycling of cross-linked scrapes (e.g. resulting of processing).
They are thus eco-friendlier than the non-reversible covalent net-
works. In addition, they are preferred when shape memory devices
of complex design are foreseen for their reconfiguration ability
which facilitates their manufacturing.*® In that frame, some of
us***® have reported the synthesis of PCL-CANs with remarkable
shape memory properties by melt blending 4-arm PCL stars
bearing either furan or maleimide moieties at their chain-ends,
which leads to the formation of thermo-reversible network.

In this paper, we are taking advantage of the temperature-
controlled equilibrium of the Diels-Alder cycloaddition to tune
the content of Diels-Alder adducts in the furane/maleimide PCL
stars mixture. As a consequence, the mixture viscosity and the
material crosslinking degree can be adjusted in function of the
scCO, foaming step requirements. In a first step, the partial
formation of Diels-Alder adducts allows the coupling of the PCL
stars increasing their molar mass and so the viscosity of the
material. This allows scCO, blowing and the formation of PCL
foams stabilized by the PCL crystallization occurring upon
venting.””~*° Then, the stabilization of the expanded foams is
improved by increasing further the Diels-Alder adducts content
until maximum crosslinking of the foamed PCL is reached. This
crosslinking ensures the foams stability above T, providing them
shape memory properties and leading to potential biomedical
application as self-deploying implant for vessels occlusion.

Experimental section
Materials

All the PCL stars used in this work were obtained by end-groups
functionalization of commercially available star-shaped PCL

© 2022 The Author(s). Published by the Royal Society of Chemistry

samples (CAPA™ 4801, kindly offered by Perstorp® UK limited)
according to a previously reported procedure.*” All the char-
acteristics of the used PCL stars are reported in the Table 2. PCL
80 000 g mol~! (PCL,e-20H - Aldrich), CO, (Air Liquide), 4,
4’-methylenebis(cyclohexyl isocyanate) (Acros Organics) and
chloroform (VWR) were used as received.

Preparation of PCL disks

PCL-CAN disks: stoichiometric amounts in reactive groups
(furan and maleimide moieties) of PCL,c-4FUR and PCL-
4MAL (Table 2) powders were grinded together in a mortar in
order to get 4 g of mixture. This mixture was melt-blended at
125 °C in a 6 cm® co-rotating twin screw mini-extruder (Xplore,
DSM) for 10 min at 150 rpm. After extrusion, the polymer blend
was let to cool down to room temperature. Then, the blends
were displayed into a disk mold (8 mm in diameter and 0.5 mm
in thickness), heated at 105 °C and compressed under a load of
75 N for 90 seconds. They were then quickly cooled down to
room temperature, extracted from the mold and stored at
—20 °C under a dry atmosphere. Just before foaming, a 60
min. Thermal treatment at 105 °C was applied to these disks
placed back in the mold in order to adjust the cross-linking
degree of these PCL-CANs. The optimal time of 60 min was
experimentally determined.

PCL-PU disks: PCL-,,-40H was melted in a beaker at 60 °C
under stirring and then 4,4’-methylenebis(cyclohexyl isocya-
nate) (0.6 equivalent) was added. After 30 seconds of stirring,
the mixture was poured into a flat sheet mold (50 x 50 mm with
a thickness of 0.5 mm) and compressed under a load of 75 N for
90 seconds. Disks (8 mm in diameter and 0.5 mm in thickness)
were then cut from this sheet.

Table 2 Macromolecular parameters of the starting PCL stars

End-group M,“ Melting

Code function (g mol™) Funct.” (%) Cryst.° (%) point (°C)
PCL,,-4OH Hydroxyl 8800 100 55 49.59
PCL,6-4FUR Furan 9500 95 43 46.91
PCLys- Maleimide 9600 81 39 45.30
4AMAL

“ As determined from 'H NMR including chain-ends.” Degree of
functionalization of the PCL chain-ends measured by 'H NMR.
¢ Crystallization degree as determined from DSC analysis.
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PCL,0o20H (M, ~ 80.000 g mol™ ") disks: they were pre-
pared by direct hot molding of the material into a disk mold
(8 mm in diameter and 0.5 mm in thickness).

Supercritical CO, foaming process

The PCL disks were introduced in a 316 stainless steel high
pressure reactor (100 mL) from Parr Instruments, for scCO,
foaming. First, the reactor was thermostatically controlled at
65 °C in an oil bath for 30 min. Then, a CO, pressure of 25 MPa
was applied with an ISCO 260D high pressure syringe pump for
15 min. This step was followed by a rapid decompression in a
few seconds to ambient pressure. Finally, the reactor was let in
an oil bath at 40 °C for 5 minutes. The final foams were then
collected from the reactor. These foaming pressure and tem-
perature were optimized in this study.

Foams characterization

Foams density (pr) was determined as the ratio between the
mass and volume of the sample. The mass was measured by
using a high accuracy balance and the volume is measured by
pycnometry using water as liquid of known density at 25 °C.
Each foam was weighted prior and after analysis to confirm
that the closed cell porosity and water being non-wetting for
PCL were enough to ensure no penetration of the liquid inside
the foam. The porosity of the foams, expressed in %, was then
calculated by the following eqn (1):

Porosity = ( - p—F> x 100 (1)

Pp

where pr is the density of the foam, pp is the density of the bulk
PCL (i.e. 1.14). The expansion ratio of the foams was calculated
according to eqn (2).

Initial disk density

Expansion ratio = - -
p Foamed disk density

(2)

Scanning electron microscopy (SEM) was used to determine
the cells size and morphology of the produced foams using an
acceleration voltage of 20 keV. The samples were mounted on
metal holder and fixed using a double-sided adhesive tape.
Samples cross-section were vacuum-coated with a layer of gold
prior to analysis with a FEI-Phillips Quanta 600 microscope
using an acceleration voltage of 20 kV.

PCL network characterization

Swelling experiments were performed to evaluate the cross-
linking density of the PCL networks. The samples were
weighted (initial material weight) and then placed in CHCI;
for 24 h at room temperature. The swollen samples (gels) were
weighted (swollen network weight). These gels were then dried
under vacuum for 24 h and weighted (dried network weight).
From these data, the swelling ratio and the insoluble fraction of
the networks were calculated based on the eqn (3) and (4).

Swelling ratio(%) =
(swollen network weight — dried network weight) « 100 3)
dried network weight
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dried network weight
initial material weight

Insoluble fraction (%)= 100 (4)

The conversion of the furan end-groups into Diels-Alder
adducts within the cross-linked materials was evaluated by
Raman spectroscopy as already described elsewhere.*” Raman
spectra were recorded at room temperature using a Horiba-
Jobin-Yvon Labram 300 confocal spectrometer equipped with
an Olympus BX40 microscope. A Spectra Physics model 168
Krypton ion laser with a 647.1 nm line was focused on the
different samples with an Olympus_50 objective. The laser
power at the sample level was of the order of 15 mW. The
spectrum was accumulated twice for 20 s. The detector is an
Andor iDus BRDD 401 CCD. All spectra baselines were cor-
rected using a home-made software. After normalization of the
spectra on the PCL band at 1750 cm ™", the furan conversion is
estimated by measuring the intensity of the band at 1503 cm ™"
(I) typical for the furan ring and for the starting PCL,s-4FUR by
applying eqn (5). Measurements of the number average molar
mass (M,,) and polydispersity were carried out by size exclusion
chromatography (SEC) in THF (flow rate: 1 mL min ") at 45 °C
using a viscotek 305 TD liquid chromatograph equipped with
two PSS SDV linear M columns calibrated with poly(styrene)
standards.

I on PCL stars mixture spectrum

1
3 on PCL74-4FUR spectrum

x 100

Conversion (%) =

(5)

Shape memory characterization

The shape memory properties, namely, the fixity of the tem-
porary shape (i.e. the capacity of the foam to retain the
temporary shape when the stress is released below Ty,) and
the recovery of the permanent shape (i.e. the fidelity of the
recovered permanent shape after 1 SM cycle) of the PCL-CAN
foams were determined by thermo-mechanical traction analysis
using a TA Q800 DMA equipment. The foam sample was cut
(1 x 0.5 x 0.5 cm cutted foam), clamped and equilibrated at
65 °C in the DMA. Then, it was sequentially elongated up to
0.03 MPa following a controlled stress ramp (0.03 MPa min "),
then cooled down to 0 °C at 3 °C min~ " before releasing the
stress. The comparison of the strain at 0 °C before and after the
release of the stress allows measuring the sample fixity. The
fixity ratio (Ry) is given by eqn (6). Finally, the sample is heated
again to 65 °C at 3 °C min~' in order to allow the sample to
recover its permanent shape. The shape recovery is obtained by
comparing the strain at 65 °C before and after this cycle, the
recovery ratio (R.) being calculated by eqn (7). This shape
memory cycle was repeated 4 times.

strain after stress release at 0 €

_ St x 100 6
I~ Strain before stress release at 0 C ()

© 2022 The Author(s). Published by the Royal Society of Chemistry
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__ strain at 65 © without stress for cycle N at 0
¢ strain at 65 € without stress for cycle (N — 1)

x 100 (7)

Results and discussion
Foaming of PCL-CAN

As previously reported,*® PCL-CAN can be prepared by melt
blending a mixture of 4-arm PCL stars bearing maleimide or
furan moieties at the chain-ends in a stoichiometric amount. By
controlling the temperature, a thermo-reversible PCL-CAN is
obtained by the formation of Diels-Alder adducts below 125 °C
between both types of stars (Fig. 1, insert). This network can be
cleaved back to a fluid mixture of the stars by heating above
125 °C. With the goal to get foams of this material, a stoichio-
metric mixture of 4-arm PCL stars (~ 9 kDa) bearing maleimide
or furan moieties at their chain-ends was hot-melt blended,
then hot molded as a disk and kept 1 h at 105 °C before scCO,
foaming (Fig. 2a). Based on literature data (Table 1), these disks
are placed under 25 MPa of CO, at 65 °C (i.e. above the melting
temperature) in order to dissolve scCO, into the molten mate-
rial. Then, CO, gas expansion is induced by the rapid depres-
surization of the vessel, leading to the disk foaming. When
these disks are thermostatized 30 min. At 65 °C in the high
pressure reactor before pressurization, a foam exhibiting an
unprecedented low density is remarkably obtained (Fig. 2b). If
the same process is performed with PCL stars exhibiting OH

I. Disk production

A. Melt blending at 125°C

A. Thermal control at 65°C, 30min.

View Article Online
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Fig. 2 (a) PCL-CAN disk before foaming, and foams of (b) PCL-CAN disk
cured at 105 °C for 1 hour, (c) PCL-CAN disk cured at 65 °C for 72 hours,
(d) PCL-PU network, (e) linear high molar mass PCL.

groups at the chain-ends and therefore unable to react together,
no foaming is observed at the end of the process. This is
expected for low molar mass materials due to the limited chain
entanglement leading to too low melt strength to get stable
foam. When this process is applied to a disk of linear PCL of
high molar mass (80 kDa), a foam is obtained (Fig. 2e) but
exhibiting a much lower expansion as compared to the
PCL-CAN. Indeed, a density of 0.16 g cm™® is measured for
the linear PCL foam which is in line with reported literature
data, while remarkably, the volume expansion is very high for
the PCL-CAN, leading to foams with a very low density of
0.02 ¢ cm > (Table 3). This behavior originates from the
peculiar feature of the thermo-reversible Diels-Alder (DA) reac-
tion which allows tuning of the molar mass and network

Il. Disk foaming

B. Hot molding at 105°C (1h)

(o]
Furan/Maleimide
adduct

o

[Network Formation

e

PCLgy4 MAL PCLgy4 FUR

B. CO, pressurization at 25 MPa, 15 min

C. Reactor venting (2s)

Ill. Foam

e . Curing at 40°C
stabilization

Fig. 1 Sketch of the progressive network formation in function of the different steps of the PCL-CAN foaming and crosslinking starting from the PCL-

CAN precursors.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2022, 3, 2918-2926 | 2921


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00040g

Open Access Article. Published on 22 February 2022. Downloaded on 7/19/2025 10:12:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Table 3 Foams density and expansion ratio of various PCL disks

Density Porosity Expansion

Disk used for foaming (g em™?) (%) ratio
1. PCL-CAN disk before foaming 1.14 — —
2. PCL-CAN cured at 105 °C for 1 h. 0.02 98.2 58
3. PCL CAN cured at 65 °C for 72 hours 0.23 80 5

4. PCL-PU network 0.23 80 5

5. Linear PCL 80.000 g mol " 0.16 86 7

crosslinking density of the stars mixture by adjusting the
thermal treatment of the disk. As sketched in Fig. 1, the starting
stars mixture is initially not foamable due to the low melt
strength of the short-arm stars. By taking advantage of the DA
reaction, the matrix strength can be increased by formation of
Diels-Alder adducts between stars, increasing the molar mass.
Therefore, the disks are first hot molded at 105 °C for
60 minutes before placing them, at 65 °C for 30 min in the
high pressure reactor before pressurizing with scCO,. To follow
this thermal process is crucial since it forms an optimal
number of DA adducts so that the resulting molar mass is on
one side increased enough to insure a melt strength allowing
foaming but on the other side is kept low enough to reach high
foam expansion. Indeed, as evidenced on Fig. 2c, when a disk is
cured for a much longer time, e.g. 72 h, at 65 °C instead of
30 min, the material expansion remains limited during foam-
ing. This is explained by the crosslinking of the material
reached before foaming thanks to the long curing time at
65 °C. This is supported by the similar expansion observed for a
PCL-PU network crosslinked by diisocyanate before foaming
(Fig. 2d). Table 3 summarizes the foams densities and expansion
ratios of these samples and evidences the critical role of cross-
linking on the foam expansion. When the material is highly
crosslinked before foaming, whatever the used chemistry (rever-
sible vs. irreversible bonds), the foam expansion is limited.

Fig. 3 shows the expansion ratio of PCL-CAN foams obtained
for disks hot molded for various time at 105 °C. It clearly
evidences the impact of the thermal treatment of the disks
on their foaming capacity, the maximum expansion being

60 4
50 ~
40
30 ~

20~

Expansion ratio

15 30 45 60 90
Hot molding time (min)

Fig. 3 Expansion ratio of PCL foamed at 65 °C in function of hot molding
time at 105 °C.
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Fig. 4 SEC chromatograms of a PCL stars mixture before hot molding

(before step |, Fig. 1) (black) and after hot molding, reactor thermostatiza-
tion, pressurization and venting (after step II, Fig. 1) (blue).

observed for a curing time of 60 minutes. The increase of the
molar mass without reaching crosslinking of the sample has
been evidenced by swelling tests, SEC and Raman spectroscopy.

After hot molding for 1 h at 105 °C, the disk remains fully
soluble in chloroform. At that temperature a few Diels-Alder
adducts are formed leading to chain extension but a network is
not achieved. After thermostatization for 30 min in the high
pressure cell at 65 °C and impregnation for 15 min in scCO,,
the material does not dissolve anymore but highly swells in
CHCl; forming a very fragile jelly fish structure difficult to
handle, characteristic of a network of very low crosslinking
density. This sample was also analyzed by size exclusion
chromatography (SEC) after dispersion/swelling in THF. The
SEC analysis of the soluble fraction remaining after filtration
on a 2 micron filter (i.e. 26.9 wt%) confirms the increase of the
molar mass of the sample by the broad trace at low elution
volume (Fig. 4). It also reveals that some unreacted stars are
still present in the sample.

In previous work, Raman Spectroscopy demonstrated to be a
powerful tool to follow the formation of the DA adduct in this
PCL matrix.*® Typically, the three functional groups of interests
(furan, maleimide and DA adduct) can be distinguished in
the Raman spectrum and the conversions of the furan and
maleimide end-groups into corresponding DA adducts can be
quantitatively measured. Raman analyses were performed at
each step of the process and the results can be seen on Table 4.

Table 4 Raman study of the PCL-CAN foaming process

Foaming Furan conv.
step Treatment (%)
1. Disk 1 h, 105 °C 16
production
2. Disk foaming 30 min, 65 °C 24
15 min, 65 °C,
25 MPa of scCO,
Venting
3. Foam 40 °C, 7 days 62
stabilization
Disk not 40 °C, 7 days 63
foamed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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After hot molding, the conversion of both maleimide and furan
moieties into DA adducts is 16% (Fig. 1 - disk production). It
points out that after processing, a few DA adducts are formed,
which is in line with the full solubility of the processed disk. After
thermostatization in the scCO, reactor at 65 °C, and impregnation
in supercritical CO, for 15 min, the DA adduct conversion
increases to 24% (Fig. 1 - disk foaming) but remains below the
gel point of this PCL;¢-4MAL and PCL,¢-4FUR mix that is about
33% of DA conversion.*® This confirms that foaming occurs when
the molar mass of the sample is higher than the one of the starting
stars, but before the formation of the network which accounts for
the exceptionally high volume expansion. Let us mention that both
the synthesized PCL-PU as well as the PCL-CAN let 72 h at 65 °C
exhibit the same swelling ratio of 1500% in CHCl; and an
insoluble fraction of 97%. This demonstrates that a network was
formed through the whole disks before foaming, which explains
the limited foam expansion observed in these cases.

Finally, after scCO, foaming, an additional curing step is
performed at 40 °C with the purpose to increase the DA adducts
conversion and reach the network formation to stabilize the
foamed structure (Fig. 1 - foam stabilization). After 7 days of
curing at 40 °C, the DA adducts conversion levels up at 62%
which is in good agreement with the values reported under the
same conditions by previous works.*® Interestingly, a similar
conversion is achieved for a non-foamed PCL-CAN disk experi-
encing the same thermal curing which confirms that foaming
does not alter the Diels-Alder reaction.

At the term of the foaming process, the morphology of the
scaffolds was observed by scanning electron microscopy (SEM).
Fig. 5 shows the SEM micrographs of the cross-section of the

AN
lI‘V'A N \

Fig. 5 SEM analysis of foamed PCL-CAN after a hot molding of 1 hour at
105 °C and foaming at 65 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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foam revealing a porous closed cell morphology with pores of a
hundred of microns. This is in line with reported scCO, foaming
with low soaking time and high depressurization rate®® and
follows the predictions of the nucleation theory.>** If a few pores
allow some interconnexions between adjacent cells, most of them
are closed as usually observed for the scCO, foaming process.
Thanks to this closed-cell structure, good mechanical properties
are preserved for these extremely expanded foams. We observe a
young modulus of 0.04 MPa in compression at r.t. allowing the
maintain structural integrity to withstand blood pressure.

Foam thermal stability and reprocessing

The advantage of getting a covalent PCL network after the
material foaming is that crosslinking preserves the foam struc-
ture above the melting temperature. This thermal stability
was demonstrated by placing foamed samples at 80 °C for
15 minutes and determining the volume expansion retention
(VER) after thermal treatment according to eqn (8).

Expansion ratio after thermal treatment
Initial expansion ratio

VER = x 100 (8)

Fig. 6a shows the effect of the foam curing time at 40 °C on
the VER. Without a curing period at 40 °C after foaming, the
foam structure is lost as soon as the PCL is molten traducing

Q

80 4

704

60 4

f /
o/

30 &
20

Volume expansion retention (%)

01+ T T T T T T T T

0 2 4 6 8 10 12 14 16

b

15 days of curing
&
before thermal testing

15 days of curing
&
after thermal testing

Fig. 6 PCL-CAN foam thermal stability assessment: (a) VER in function of
the curing time at 40 °C after foaming and (b) SEM micrographs of the
cross-section of a foam cured for 14 days, before (top) and after (bottom)
heating at 80 °C for 15 min.
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the absence of crosslinking as evidenced in the previous
section. A curing time above 4 days allows to reach a maximum
crosslinking of the material which is then able to retain more
than 70% of its expansion. SEM micrographs of the cross-
section of the foam before and after thermal testing (Fig. 6b)
on a sample cured for 14 days show that the foam structure is
well preserved for the crosslinked PCL-CAN.

The decrease of the foam expansion at 80 °C is caused by the
disappearance of the PCL crystalline regions leading to the
softening and relaxation of the cell walls. The network relaxa-
tion has previously been described by the loss of oriented
crystallization occurring when the material crystallizes under
load. This is the case when the crystallization occurs during the
expansion of the material under foaming.>*** Thus, when such
foam is placed over Ty, the load that was induced by foaming
being no longer present, chain relaxation can occurs. Once the
sample goes back under Ty, crystallization is no more oriented
leading to a partial decrease of the foam porosity. Nevertheless,
thanks to the induced crosslinking at the foamed state, the
foam architecture is maintained. The stabilizing effect of the
network formation is well represented on Fig. 6 where low
curing times lead to low volume expansion retention. The
volume reduction is less and less significant upon curing
resulting in about 70% of the initially expanded volume after
7 days. Even with this expansion reduction, the density is still
low reaching 0.03 g cm ™2,

Besides, an additional advantage of these PCL-CAN is the
reversible thermal cleavage of the DA adducts at high tempera-
ture allowing full reprocessing of the material.** The reproces-
sability/recyclability of the foamed PCL-CAN was confirmed by
heating the sample at 125 °C for 1 hour. A fluid mixture is then
obtained that can be reprocessed as a foam by following the
developed protocol. The expansion ratio of the recycled mate-
rial reached 54 that is very close to the one to the pristine
material (i.e. 58). A VER of 73 is obtained for foams of the
recycled material and cured at 40 °C for 14 days that is also
comparable to the value of 76 obtained from a pristine stars
mixture. This is another evidence that the foaming process
based on scCO, is not altering the Diels Alder reaction so that
the PCL-CAN fully preserves its network adaptability and
reprocessability.

Shape memory properties of PCL-CAN foams

Fig. 7 shows 4 consecutive shape memory cycles of the PCL-
CAN foam crosslinked during 7 days. Upon cooling under
constant stress, the sample experiences a large increase of its
deformation between 35 °C and 15 °C resulting from the growth
of crystallites oriented along the stretching direction. This
observation is similar to the behavior of non-foamed PCL-CAN
samples.”** A very high fixity (above 99%, Table 5) is obtained
for each cycle thanks to the foam crystallinity, which is also in
line with non-foamed PCL films.

The foams shape recovery is trigger by a temperature above
45 °C. As shown in Table 5, the first cycle is characterized by a
lower shape recovery (91%), known as training phenomenon,>”
while the following cycles are characterized by excellent
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Fig. 7 Shape-memory properties evaluated by thermo-mechanical
cycling of PCL-CAN foam after 7 days of curing.

Table 5 Shape memory properties of PCL-CAN foam

Cycle 1 2 3 4
Fixity ratio, Ry (%) 99.4 99.5 99.5 99.5
Recovery ratio, R, (%) 91.18 96.78 97.5 98.18

recovery ratios close to 97%, which is very close to the already
demonstrated properties of PCL-CAN films.*® It can be
observed on Fig. 7 that, the deformation obtained at 65 °C
increases with the number of cycles. This particular phenom-
enon also observed for PCL-CAN film*® can attributed to the
occurrence of some retro-DA reactions triggered at 65 °C under
stress. In addition, some gas leaching can occurs from the foam
because of the network relaxation caused by the rupture of
some DA adducts. The material becomes more ductile and
stretches then more. Nevertheless, this phenomenon is attenu-
ated with the number of cycles and do not affect the shape
recovery.

Thanks to their demonstrated shape memory properties, the
PCL-CAN foams developed in this study can be very attractive
for various biomedical applications. As an example, the
potential of these foams for vessel occlusion applications®®
was qualitatively demonstrated (Fig. 8). For that purpose, a
cylindrical monolith of PCL-CAN foam was cut with a length
15 mm, and a diameter of 8 mm. Then, it is heated above 45 °C,
stretched and cooled down to the room temperature to fix a
temporary shape with a length about 25 mm and a diameter of
about 5 mm. This stretching is similar to the first cycle of the
thermo-mechanical cycling described earlier with an increase
of 75% of the foam’s original length. The foam in this tempor-
ary shape is now able to easily penetrate a glass tube of 6 mm in
diameter. When heated above 45 °C, by recovering its perma-
nent shape, the foam efficiently seals the glass tube and
prevents an aqueous solution to flow through the tube. This
PCL-CAN foam presents the advantage of an externally

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Qualitative demonstration of a simulated vessel occlusion thanks to the shape-memory PCL-CAN foam. Video available in ESI.¥

triggered expansion at temperatures closed to body tempera-
ture. Furthermore, thanks to the high volume expansion, the
energy required to trigger that shape memory behavior is
significantly lower as compared to less expanded devices.

Conclusions

In this work, a solvent-free scCO, batch foaming process was
developed allowing preparation of PCL-CAN foams. These
foams exhibit a remarkable low density (0.02 g cm™>) keeping
good mechanical properties thanks to the closed-cells morphol-
ogy. Their covalent crosslinking achieved by post-curing the
foam at 40 °C for a few days imparts these foams with excellent
shape memory properties (high fixity and recovery ratios).
The high temperature reversibility of the crosslinking of these
PCL-CANSs that include furane-maleimide Diels-Alder adducts
in their structure makes them fully reprocessable. Advantage
was taken from the thermal control of the furane-maleimide
Diels-Alder addition to regulate the degree of branching and
crosslinking of the starting end-functional PCL reactive mix-
ture. The success of this foaming process relies on this precise
control of crosslinking degree of the material at each step.
These PCL shape memory foams are quite attractive for biome-
dical applications such as self-deploying implants for vessels
occlusion, which was illustrated through dynamic mechanical
analysis and mechanical occlusion of a large simulated vessel.
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