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We describe the fabrication of porous foams with shape memory
triggering at body temperature. Employing a modiﬁed porogenleaching technique, functionalized poly(3-caprolactone) (PCL) and
poly(ethylene glycol) (PEG) macromers are crosslinked via thiol–ene
chemistry to generate highly porous foam scaﬀolds with shape
memory capacity. The temperature at which shape change of these
scaﬀolds occurs under hydrated conditions can be tuned both
through control of the chemical composition and through deformation temperature during mechanical programming of the scaffolds.

Uniquely,

the

foams

exhibit

reversible

actuation

in

compression, which has not previously been demonstrated for
foams. Our results indicate that PCL–PEG shape memory foams have
potential as programmable scaﬀolds for tissue engineering, regenerative medicine, and the study of cell mechanobiology.

There has been signicant interest and eﬀort to develop
programmable scaﬀolds capable of dynamically changing
shape, porosity, and architecture for application in tissue
engineering and regenerative medicine.1,2 Shape changing
scaﬀolds capable of undergoing large volumetric expansions
show promise for minimally invasive delivery, medical
applications requiring space-lling constructs, and preparation of tissue engineered constructs for improved cell seeding.3,4 Scaﬀolds with dynamic programmability are also
anticipated to become powerful tools for the study of cell
mechanobiology, providing new understanding of how cells
respond to biophysical stimuli. For example, scaﬀolds that
better mimic the dynamic nature of in vivo microenvironments, such as extracellular reorganization, could provide
new insights for studies of tissue development and disease
progression.5,6
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One approach to develop scaﬀolds with dynamic programmability is the use of shape memory polymers (SMPs). SMPs are
a class of smart materials capable of undergoing a programmed
change in shape upon application of an external stimulus, such
as heat. Recent studies have employed SMPs as shape changing
substrates to investigate cell response to actively changing
topographies in 2D.5,7,8 In the rst report of body temperature
triggered topography change with attached and viable cells, we
found that cells exhibited a change in alignment and
morphology due to the dynamic topography change.5 SMP
substrates are expected to be useful platforms to control cell
mechanobiological responses in tissue engineering strategies,
such as cell sheet engineering, and to study how topographic
changes inuence cell mechanobiological behaviours such as
migration, diﬀerentiation, and proliferation.
Moving beyond this work in 2D to scaﬀolds with 3D structure, Lendlein and colleagues reported an SMP scaﬀold with
programmed pore morphology change at body temperature.9
Subsequently, we reported the rst 3D SMP scaﬀold with
attached and viable cells under body temperature triggering.10
Cells seeded on an aligned ber mat showed preferential
alignment parallel to the aligned bers. Upon triggering ber
reorganization to a random orientation, cells reoriented and
lost preferential alignment. This recent advancement, accomplished in thin ber mats, suggests the potential for further
advancements in active 3D scaﬀolds for tissue engineering,
regenerative medicine, and study of cell mechanobiology.
However, improved control over scaﬀold porosity and recovery
temperature, while maintaining shape memory functionality, is
required.
We aimed to address these requirements by developing
highly porous SMP scaﬀolds capable of changing pore size and
morphology under body temperature triggering. Here, we show
the fabrication and characterization of poly(3-caprolactone)-copoly(ethylene glycol) (PCL-co-PEG) foams with excellent shape
memory behavior. Control over the recovery temperature is
achieved through scaﬀold composition and programming
conditions.
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To prepare highly porous scaﬀolds we used end-linking of
telechelic macromers with thiol–ene chemistry,11,12 combined
with a modied porogen-leaching process, similar to a method
established by Zhang and colleagues for PCL-block-polydimethylsiloxane SMP foams.13 Functionalized PCL and PEG
macromers were dissolved in dichloromethane (DCM) and
combined with tetrathiol crosslinker and 2,2-dimethoxy-2-phenylacetophenone photoinitiator (Scheme 1; detailed methods
for functionalization and synthesis are provided in the ESI†).
This solution was added to fused NaCl crystals in a 1 : 9 polymer–salt ratio by weight and UV cured. The fusion of salt
particles, prior to the addition of the macromer solution, was
performed to improve the pore interconnectivity.14 Following
curing, salt was extracted in water, yielding highly interconnected porous foams with porosities of 79  5% as determined by microtomography (ESI†).
Shape memory behavior was characterized using a one-way
shape memory compression test (Fig. 1a). Prior to testing,
samples were thermally treated by heating to 80  C for 10 min
followed by cooling to 4  C for 10 min to remove residual
stresses generated during curing. To test shape memory
behavior, circular disks of the scaﬀold were heated to 80  C and
uniaxially compressed. While maintaining the compressive
deformation, the samples were cooled to 0  C to induce crystallization, immobilizing the chains and xing the deformation.
Upon unloading, a xing ratio—how much of the programmed
deformation is maintained upon unloading—of 99  0.5% was
observed. Samples were then heated to 80  C to trigger recovery
of the scaﬀold, with a recovery ratio—how much of the programmed deformation is recovered upon heating—of 97 
1.4% observed. The programmed state remained stable at room
temperature with no observable premature recovery during 6
days of storage. Stability of temporary shapes is a desirable
characteristic both for tissue engineering scaﬀolds and for
active cell mechanobiology studies, in which cell seeding is
performed in the temporary state.

Scheme 1 SMP network formation using photo-initiated addition reactions
between oligomeric macromers and the shown tetrathiol.
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Fig. 1 Shape memory behavior of SMP scaﬀolds. (a) One-way shape memory
cycle of 80PCL–20PEG in compression reveals excellent shape ﬁxing and recovery;
(b) optical micrographs (left) and SEM images (right) of scaﬀold cross-sections
prior to compressing 50% (top), after compressing 50% (middle), and after
triggering recovery (bottom) reveals porous architecture collapses upon ﬁxing but
is subsequently restored following shape recovery. Note that in (a) samples were
ﬁxed with 78% compression but in (b) were ﬁxed with only 50% compression to
allow SEM visualization of the eﬀect of shape ﬁxing on pore structure without
pores being in a completely collapsed state.

To determine the eﬀect of shape memory on macroscopic
and microscopic scaﬀold architecture, scanning electron
microscopy (SEM) was performed. Prior to programming the
temporary shape, SEM of the scaﬀold cross-section revealed an
open pore structure with high interconnectivity (Fig. 1b). Upon
programming the compressive deformation, the porous architecture collapsed as internal walls began layering on top of one
another, signicantly reducing the porosity. The eﬀect of
compressive shape memory on SMP foams has been previously
reported by Sauter and colleagues, who reported microscale
buckling of struts for foams with monomodal pore distribution,
whereas foams with bimodal pore distributions had microscale
bending rather than buckling.15 Importantly, the porous architecture was restored upon recovery of the scaﬀold, with no
obvious compromise of the integrity of the internal foam walls,
as observed visually from SEM or mechanically from repeated
shape memory cycles where the material's modulus did not
drop aer three repeated cycles. Large compression ratios of up
to 78% (Fig. 2a) were achieved, which is desirable for tissue
engineering strategies, such as minimally invasive delivery, or
mechanobiological study of large tensile strains on cells seeded
in xed scaﬀolds. For example, in adult cardiac broblasts it
has been shown that a 10% uniaxial tensile strain can stimulate
extracellular matrix mRNA levels and transform growth factor-b
(TGF-b), whereas a 20% strain decreases extracellular matrix
mRNA expression while stimulating TGF-b to a lesser extent.16
Low porosity in the xed state may inhibit cell inltration into
the scaﬀold when seeding in the temporary state. As a result,
tissue engineering applications or cell mechanobiology studies
for which large strain triggering is desired necessitate balancing
of the desired strain with the ability to achieve cell seeding in
the xed, low porosity state. Therefore, to enable studies on
increasing levels of strain recovery, increasing porosity in the
permanent state will be required. SMP scaﬀolds fabricated via
the alternative method of gas foaming have been developed
with permanent porosities of 98%,17 but with gas foaming pore
interconnectivity is typically low,18 which would limit cell
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Fig. 2 Controlling recovery temperature of SMP scaﬀolds. (a) Melting transition
temperatures measured from DSC decrease with increasing PEG wt% in both the
dry and hydrated states. (b) Deforming at lower temperatures leads to an earlier
onset temperature of recovery. Fixed samples were heated at 3  C min 1 to 80  C.
(c) Deforming at lower temperatures leads to a decrease in stability near room
temperature. Fixed samples were heated at 3  C min 1 to 27  C and held
isothermal for 20 min to observe stability, followed by heating at 3  C min 1 to
80  C for full recovery. (d) Stability of the ﬁxed shape during the isothermal step at
27  C is reduced. For (b–d) deformation temperatures are: (i) Tm + 30, (ii) Tm + 10,
(iii) Tm, (iv) Tm 5, (v) Tm 10, (vi) Tm 15. A composition of 80PCL–20PEG was
used for the temperature deformation studies.

inltration into such scaﬀolds. For the salt leaching approach
employed in the present work, pore size, porosity and interconnectivity can be tuned by control over salt particle size,
degree of salt fusion, and macromer concentration.13 Control
over the porous structure is important for cell mechanobiology
studies, as previous studies on static scaﬀolds have shown that
cell behavior is dependent on pore morphology and size.19,20
Shape-changing scaﬀolds that can change shape under cell
compatible conditions, particularly at or near body temperature, require control over the triggering mechanism. Shape
recovery of semi-crystalline SMPs occurs at their melting transition temperature (Tm), and the Tm of PCL is 60  C, which is
much higher than body temperature. Therefore, lowering of Tm
is necessary to fabricate a shape-changing PCL-based construct.
Here we have achieved lowering of Tm via two mechanisms. The
rst mechanism utilized copolymerization of macromers of PCL
with PEG, a hydrophilic polymer. We previously reported a PCL–
PEG hydrogel with a Tm of 31  C, where tuning of the Tm was
achieved through control over the molecular weight of the
PCL.21 Here we kept the molecular weight of the macromers
constant and varied the weight ratios of each to control the Tm.
Diﬀerential scanning calorimetry (DSC) revealed that the Tm of
the scaﬀold in both the dry and wet states decreased with
increasing PEG content (Fig. 2a). DSC traces of lms revealed a
similar trend (ESI; Fig. S4†) supporting the notion of a primarily
compositional eﬀect. As a consequence of increasing PEG, the
water uptake of foams also increased (ESI; Fig. S8†). Employing
this design strategy, a range of Tms around body temperature
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was achieved, with a composition of 80 wt% PCL and 20 wt%
PEG yielding a hydrated Tm of 37  C.
In addition to copolymerizing the PCL scaﬀolds with PEG for
melting point modulation, we also varied the programming
temperature of the SMP foam to lower the apparent Tm, or onset
temperature for shape recovery. Scaﬀolds with a composition of
80PCL–20PEG were heated to diﬀerent temperatures ranging
from 25  C to 70  C then uniaxially compressed. Aer reaching
either a predetermined strain of 30% or the force limit of the
tensile testing device, the scaﬀolds were next cooled to 10  C to
x the deformation by crystallization. Following unloading,
scaﬀolds were heated at 3  C min 1 to 80  C to observe recovery.
The compressive strains xed (observed as the starting strains in
Fig. 2b) varied with the deformation temperature (ESI; Fig. S5†).
Samples compressed above Tm before cooling experience a
spontaneous additional strain during crystallization (described
further in Fig. 3), while those deformed below Tm did not.
Further, strains xed by deforming at or below Tm did so with a
diﬀerent mechanism than the conventional shape memory
eﬀect; specically plastic deformation of the crystalline phase
that is recoverable upon subsequent heating through Tm.22,23
Apparent from Fig. 2b is the fact that strains xed by this
mechanism decrease with decreasing temperature. Concerning
the strain recovery proles, it was observed that for deformations well above Tm of the construct, there was little dependence
of recovery onset temperature on deformation temperature
(Fig. 2b). However, as the deformation temperature approached
Tm from above, an associated decrease in the onset temperature
was observed. One-way shape memory testing of foams
deformed at 80  C to diﬀerent strains (and thus densities)
revealed this was not an eﬀect of heat transfer diﬀerences (ESI;
Fig. S6†), but rather an eﬀect of the deformation temperature. A
similar “temperature memory” phenomenon has previously
been reported by Xie et al. for a Naon-based SMP, where a large
alpha transition related to the ionic cluster phase is largely
responsible for this eﬀect.24 A related phenomenon has been
exploited in amorphous systems to tune the recovery temperature and recovery kinetics,9,25 where deforming at or below the
glass transition temperature led to lower recovery temperatures.
Kratz and colleagues also reported this phenomenon in semicrystalline polymers with a broad Tm where recovery

Fig. 3 Two-way reversible actuation. (a) An 80PCL–20PEG SMP foam showed
reversible two-way actuation of up to 15% when a constant load is applied
during crystallization ((i) 10%, (ii) 20%, (iii) 30%, (iv) 40%, (v) 50%, and (vi) 60%
initial applied strain); (b) a maximum actuation strain is observed with a prestrain
of 30%, and the actuation strain decreases as the prestrain deviates from 30%.
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temperatures spanning a range of 100  C were achieved.26 In
contrast, the present temperature memory is not attributed to a
broad Tm, but rather to apparently lower thermal energy
required to recover the plastic deformation of the crystalline
phase in comparison to the deformed-then-crystallized case.
The present work is the rst report of semi-crystalline SMP
foams exhibiting a temperature memory eﬀect.
Although deforming near Tm results in a lowering of the
onset temperature for strain recovery to within a physiological
range, an unintended consequence of this approach is a
reduction in the stability of the temporary shape at room
temperature. This was examined by dwelling at that temperature during the heating step of the shape memory cycle (Fig. 2c
and d). We attribute the reduction in xed strain stability at
room temperature to relaxation of internal stresses between the
high melting fraction of the material, which is elastically
deformed at the lower temperature and thus under compressive
stress, and the lower melting fraction that is subject to tensile
stress from the high-melting fraction. Despite these complexities, the temperature memory eﬀect oﬀers a useful tool to
control the recovery temperature of this SMP foam. Used in
combination with composition-variation to tune equilibrium
Tm, this approach will yield adequate design exibility for biological experiments, we anticipate.
Surprisingly, the new shape memory foams also exhibited
two-way reversible shape memory (Fig. 3) under the bias of a
compressive load, consisting of dramatic cooling-induced
compression and heating-induced expansion. By inspection,
neither eﬀect is due to ordinary thermal expansion eﬀects;
rather, crystallization of the foams under a compressive load
results in additional contraction that is reversed upon heating
through Tm, with thermal hysteresis of ca. 50  C when a heating
rate of 3  C min 1 is used. This eﬀect is repeatable through
several cool–heat cycles and represents a new example of
reversible, so actuation. For these samples, a compressive
actuation strain of ca. 15% (Fig. 3b) was achieved through
contraction upon crystallization. Interestingly, the actuation
magnitude (strain) was found to be non-monotonic in the initial
strain applied, indicating competing eﬀects of strain that drives
crystallization-induced actuation, and an upper bound of
compressive strain for the foams. The observed compressive
two-way shape memory is not explicitly due to the material’s
porous structure, as solid cylinders of the material in
compression also were found to exhibit a similar eﬀect (ESI;
Fig. S7†). However the actuation strain achieved with the porous
structure is much larger than that achieved in the solid, nonporous structure, a nding likely related to the complex distribution of stress within compressed open-cell foams.27 We have
previously reported two-way shape memory in a cross-linked
poly(cyclooctene) lm under tensile loading.28 Other studies
have also reported the use of the two-way shape memory eﬀect
in shape memory elastomers,29 glass-forming nematic
networks,30 and triple-shape SMPs,31 all of which use tensile
loading. To our knowledge, this is the rst demonstration of an
SMP scaﬀold with two-way reversible shape memory in
compression. Two-way reversible actuation has been studied in
other material systems, such as shape memory alloys, for

This journal is ª The Royal Society of Chemistry 2013

Journal of Materials Chemistry B
application in reversible actuators.32 Incorporating this functionality in a cytocompatible scaﬀold creates the possibility for
generating cyclic loading on attached cells by simply switching
the incubation temperature. This would enable studies into the
eﬀects of low frequency cyclic loading on cell behavior without
the need of complex bioreactors or specialized loading devices.
Further optimization is needed to decrease the thermal
hysteresis of actuation, aﬀording cytocompatiblity for both
compression and expansion.
The new PCL-co-PEG foam reported here shows promise as a
tool for studying cell mechanobiology in 3D, and potential to
enable minimally invasive delivery of scaﬀold constructs. As a
scaﬀold, the foams could enable lling of critical-size bone
defects. SMPs have also previously been proposed for deployable medical devices including aneurysm occlusion devices,33–35
ischemic stroke devices,36 and stents.25,37 For minimally invasive
delivery in any of these applications, SMP scaﬀolds must have
high compression ratios with high stability of the xed shape.
The foam presented here exhibited a high compression ratio of
78% and was able to recover 97% of the programmed deformation. Recovery at body temperature is also rapid, as
demonstrated by a functional recovery experiment in which the
foam is submerged in body temperature water (ESI†). Large
volume expansions suit this SMP foam well for space-lling
applications where large volume expansions are desired.
In summary, we have employed a modied porogen-leaching
technique to fabricate PCL-co-PEG scaﬀolds with shape memory
capability. We have shown that recovery at body temperature
can be achieved through control of the composition of the
scaﬀolds. This may also be achieved through control of the
deformation temperature during programming. In addition, we
have shown that these scaﬀolds possess two-way reversible
shape actuation. More generally, SMP foams may serve as
functional tissue engineering constructs that can be delivered
minimal invasively, due to high compression ratios and stable
temporary shapes, and as platforms to study cell mechanobiology in active 3D environments, where shape change under
cytocompatible conditions is required.
This work was supported by DARPA Young Faculty Award no.
D12AP00271 to JHH. Dr Taekwoong Chung is acknowledged for
preliminary studies on similar materials under the advisement
of PTM. We thank Sanjay Dialani for his work with implementing the salt fusion technique. The content of the present
study does not necessarily reect the position or the policy of
the Government, and no endorsement should be inferred.
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