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a b s t r a c t

Cytocompatible shape memory polymers activated by thermal or photothermal triggers have been devel-
oped and established as powerful ‘‘smart material” platforms for both basic and translational research.
Shape memory polymers (SMPs) that could be triggered directly by biological activity have not, in con-
trast, been reported. The goal of this study was to develop an SMP that responds directly to enzymatic
activity and can do so under isothermal cell culture conditions. To achieve this goal, we designed an
SMP with a shape fixing component, poly(e-caprolactone) (PCL), that is vulnerable to enzymatic degra-
dation and a shape memory component, Pellethane, that is enzymatically stable – as the shape fixing
component undergoes enzymatically-catalyzed degradation, the SMP returns to its original, programmed
shape. We quantitatively and qualitatively analyzed material properties, shape memory performance,
and cytocompatibility of the enzymatically-catalyzed shape memory response. The results demonstrate
enzymatic recovery, as contraction of tensile specimens, using bulk enzymatic degradation experiments
and show that shape recovery is achieved by degradation of the PCL shape-fixing phase. The results fur-
ther showed that both the materials and the process of enzymatic shape recovery are cytocompatible.
Thus, the SMP design reported here represents both an enzyme responsive material capable of applying
a programmed shape change or direct mechanical force and an SMP that could respond directly to bio-
logical activity.

Statement of Significance

Cytocompatible shape memory polymers activated by thermal or photothermal triggers have become
powerful ‘‘smart material” platforms for basic and translational research. Shape memory polymers that
could be triggered directly by biological activity have not, in contrast, been reported. Here we report
an enzymatically triggered shape memory polymer that changes its shape isothermally in response to
enzymatic activity. We successfully demonstrate enzymatic recovery using bulk enzymatic degradation
experiments and show that shape recovery is achieved by degradation of the shape-fixing phase. We fur-
ther show that both the materials and the process of enzymatic shape recovery are cytocompatible. This
new shape memory polymer design can be anticipated to enable new applications in basic and applied
materials science as a stimulus responsive material.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Development of shape memory polymers possessing cytocom-
patible shape memory triggering mechanisms has led to increased
application of these ‘‘smart” materials in both basic and transla-
tional research. SMPs memorize a permanent shape through
chemical or physical cross-linking. Following manipulation and
fixing in a temporary shape by an immobilizing transition, such
as vitrification or crystallization, an SMP can subsequently recover
to the permanent shape by a triggering event [1–4], such as ther-
mal, electrical, or solvent activation [5–7]. Although biocompatible
SMPs initially featured recovery temperatures too high for cells to
maintain viability during the thermal trigger [8,9], in 2011 we
[10–12] and then Ashby and colleagues [13] successfully applied
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SMPs as two-dimensional cell culture substrates with triggering of
shape recovery at or near normal body temperature (37 �C). Subse-
quently, photothermally-triggered cytocompatible SMPs, activated
by near-infrared wavelengths, were developed [14]. Two-
dimensional SMP substrates and three-dimensional SMP scaffolds
employing these cytocompatible triggering mechanisms have
since been used in the study of mechanobiological aspects of cell
morphology [15–19], cell differentiation [20–22], and cell motility
[23,24], in the development of strategies for bone [25–33], carti-
lage [34] and nerve tissue engineering [35], and in the design of
approaches for control of bacterial biofilms [36].

Enzymatically triggered, cytocompatible SMPs could open new
fields of study and substantially broaden the range of existing basic
and translational applications but have not previously been
reported. If successfully achieved, enzymatic triggering of shape
memory could enable, for example: drug delivery vehicles that
affect the target cells/organs through controlled release that is
modulated by the physiological status of the cells/organs; scaffolds
that guide tissue regeneration through alterations in material and
mechanical properties modulated by properties and behavior of
the regenerating tissue; platforms for stem cell culture that pre-
sent a tailored microenvironment to maintain stem cell phenotype
or, alternatively, to differentiate cells down a specific lineage in
response to the phenotypic state of the cells; and decision-
making biosensors that use feedback systems to control patient
treatment. Moreover, achievement of enzymatic triggering of
shape memory would add to the growing field of enzyme-
responsive materials, which currently includes materials based
on material assembly or disassembly [37], coil-globule transitions
[38], or degradation [39].

The goal of this study was to develop an SMP that responds
directly to enzymatic activity and can do so under isothermal cell
culture conditions. To achieve this goal, we designed an SMP with a
shape fixing component that is vulnerable to enzymatic degrada-
tion and a shape memory component that is enzymatically
stable—as the shape fixing component undergoes enzymatically-
catalyzed degradation, the SMP returns to its original, programmed
shape. We quantitatively and qualitatively analyzed material prop-
erties, shape memory performance, and cytocompatiblity of the
enzymatically-catalyzed shape memory response.
2. Materials and methods

2.1. Study design

To develop an SMP that responds directly to enzymatic activity
and can do so under cell culture conditions, we fabricated and
characterized an SMP that combines an enzymatically labile fixing
component, poly(e-caprolactone) (PCL), with an enzymatically
stable elastomer, Pellethane 5863-80A (hereafter, ‘‘Pellethane”; a
polyether-based thermoplastic polyurethane elastomer)
(Scheme 1). These two materials were selected so that, when
heated above the Tm of PCL and then stretched and subsequently
cooled, a temporary shape in which the PCL is under compression
and the Pellethane under tension could be achieved. When later
incubated in a solution of lipase—an enzyme produced by both
eukaryotes and prokaryotes that hydrolyzes ester bonds in polye-
sters — the PCL would be degraded enyzmatically, allowing the
Pellethane to contract back to its original shape [40,41]. Fabrication
was performed via dual-jet electrospinning [42–44]. Samples of
varying %PCL content, referred to collectively hereafter as ‘‘fiber
composites,” were prepared to study the dependence of enzymatic
recovery on sample composition. Two non-composite controls
were used: samples containing only PCL (a control both for achiev-
able shape fixing and for complete degradation in enzyme); and
samples containing only Pellethane (a control both for lack of
shape recovery and for lack of degradation in enzyme). Enzymatic
shape recovery was studied using bulk degradation experiments in
a lipase solution. Enzymatic recovery was quantitatively and qual-
itatively assessed via scanning electron microscopy (SEM), length
measurements, and mass measurements. The cytocompatibility
of the fiber composites and of the process of enzymatic recovery
were assessed by respectively culturing of cells on samples with-
out and with lipase present in the medium.

2.2. Materials

Pellethane� (5863-80A) pellets were kindly supplied by the
Lubrizol Corporation. Poly(e-caprolactone) (PCL) (Mn = 80,000 g/-
mol) pellets, chloroform (CHCl3), N,N- dimethylformamide (DMF),
and lipase derived from Pseudomonas cepacia,were purchased from
Sigma-Aldrich. Tetrahydrofuran (THF) was purchased from VWR
International. All materials were used as received. C3H/10 T1/2
cells (passage 8) were obtained from the American Type Culture
Collection (ATCC) and expanded to passage 12–15 for experiments.
Basal medium Eagle, fetal bovine serum, GlutaMAX, penicillin/
streptomycin and LIVE/DEAD stain were all obtained from Invitro-
gen and used as received.

2.3. Fabrication

An 11 wt% electrospinning solution of Pellethane was prepared
by dissolving 11 g of Pellethane in a 1:1.5 by volume solution of
DMF:THF, as previously described [43]. A 15 wt% electrospinning
solution of PCL was prepared by dissolving 15 g of PCL in a 1:4
by volume solution of DMF:CHCl3. Solutions were stirred continu-
ously for at least 24 h, at which time complete dissolution of the
polymer was confirmed visually.

All samples were fabricated by dual electrospinning, in which
two materials can be spun simultaneously to create a blended fiber
mat (Schm. S1). Samples were electrospun using a custom electro-
spinning apparatus composed of a rotating cylindrical drum
collector (95.6 mm diameter, 300 mm width), Spraybase� electro-
spinning syringe pumps, and Spraybase voltage sources with a
multi-head emitter (Schm. S2). Two solution emitters, one for the
Pellethane solution and one for the PCL solution, were used for this
work. To vary the compositional ratio of the PCL to Pellethane in
fiber composites, the flow rate of PCL was set between 2.02 and
8.07 mL/h, while the Pellethane flow rate was held constant at
11 mL/h, resulting in composites ranging from 20% to 50% PCL by
mass. 22 G needles were attached to emitters and a voltage applied
to the needle tip: 9–10.5 kV for the PCL, depending on the flow
rate; and 12.5 kV for the Pellethane. The needle tip to mandrel
distance was held constant at 148 mm for both emitters. A nega-
tive voltage of �1000 V was applied to the mandrel to improve
fiber deposition. A rotational speed of 2000 rpm was used to align
the fibers during electrospinning. To ensure uniform fiber
deposition, the emitter needle tips were translated across the
width of the mandrel following a square wave velocity profile with
a peak velocity of 100 mm/s.

Non-composite PCL and Pellethane fiber mat controls were fab-
ricated similarly, but using only one emitter. A flow rate of
8.07 mL/h with 10.5 kV was used for PCL and a flow rate of
11 mL/h with 12.5 kV was used for Pellethane. All other spin con-
ditions were held constant. For enzymatic recovery experiments,
because the PCL fiber mats (containing no Pellethane) were diffi-
cult to mechanically program, PCL controls were pressed in a hot
press between two Teflon spacers at 70 �C to create a PCL film. In
addition, the PCL present in fiber composites melts during heat
treatment (Fig. S1, and described later in this section) and during
programming; the resultant PCL film morphology present in fiber



Scheme 1. The strategy used to achieve enzymatic shape memory fiber composites. Fiber composites composed of poly(e-caprolactone) (PCL) (red) and Pellethane (black) are
heated and stretched above the Tm of PCL to program the samples. The composites are then cooled to fix the temporary shape, putting the Pellethane in an entropically
unfavorable state. In this state, the Pellethane applies a compressive force to the PCL, as the Pellethane tries to recover back to its original shape but is resisted by the PCL
crystallites that hold the temporary shape. Exposure to the enzyme lipase degrades the PCL portion of the fiber composite. As the PCL degrades, the force resisting the
Pellethane is gradually removed and the Pellethane acts as an entropic spring to return back to its original conformation, recovering the permanent shape of the composite.
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composites is similar to the PCL films prepared for the enzymatic
recovery experiments. For assessment of cytocompatibility of
material prior to enzymatic recovery, non-composite PCL fiber
mats were washed in hexane and then cut in half. A portion of each
fiber mat was compression molded (as above), and cell culture
samples were cut from both the fiber mat and the film. We studied
cytocompatibility of both the PCL fiber and film morphologies in
the event that the mixed PCL fiber and film morphologies present
in fiber composites differentially affected cells. For assessment of
cytocompatibility of material during enzymatic shape recovery, of
the PCL fiber and film samples, only the PCL film samples were
studied, due to the difficulty in mechanically programming PCL
fiber mats.

Thermal analysis (Section 2.4) was performed to measure the
thermal degradation of the materials and to ensure that only fiber
composites that had calculated composition values close to the
prescribed values were used in subsequent experiments. Following
thermal analysis, samples were heat treated, by heating the sam-
ples to 70 �C, to allow any residual strain programmed during
the electrospinning process to recover [16]. Heat treatment was
performed before dynamic mechanical analysis, shape memory
testing, and enzymatic degradation experiments. For cytocompat-
ibility experiments, samples were washed with hexane, to remove
any residual toxic solvents that may have remained from electro-
spinning of the samples, and were then heat treated.

2.4. Thermal analysis

Thermal gravimetric analysis (TGA) (TA Instruments Q500) was
performed on all fiber samples to measure the thermal degradation
of the materials. To allow high-resolution analysis of thermal
degradation events, the analysis employed a protocol in which
samples are run at a variable heating rate that decreases as
detected mass loss rate increases (TA Instruments Dynamic Rate
Hi-ResTM Ramp). Briefly, and following methods we have previously
reported [45], samples were heated at a maximum rate of 50 �C/
min to 600 �C with a resolution of 4 �C and a sensitivity (instru-
ment specific) of 1. When the instrument detected a thermal
degradation, the heating rate automatically decreased (below
50 �C/min) to capture fully the degradation event, before continu-
ing with the test.

Differential scanning calorimetry (DSC) (TA Instruments Q200)
was performed on all samples using a DSC equipped with a refrig-
erated cooling system to record thermal transitions. For each test,
samples weighing 3–5 mg were loaded into a T-zero aluminum
plan and equilibrated by cooling to �60 �C. Samples were then
heated at 10 �C/min to 170 �C and then immediately cooled at
5 �C/min to �50 �C. This initial heating and cooling cycle was used
to erase any thermal history. Samples were then heated at
10 �C/min to 170 �C to measure the glass transition (Tg) and melt-
ing transition (Tm) of the fiber mats. The composition of each
sample was calculated using the heat of crystallization of the PCL
via Eq. (1) [46,47]. This equation assumes that the degree of
crystallinity of the PCL phase is the same in all samples, which is
reasonable because PCL readily crystallizes at room temperature.
Calculated values were compared to predicted values prescribed
by the flow rate of the PCL during electrospinning. Only fiber
composites that had calculated composition values close to the
prescribed values were used in subsequent experiments.

WPCL %ð Þ ¼ DHPCL�COMP

DHPCL�pure
� 100 ð1Þ

Dynamic mechanical analysis (DMA) was used to measure the
temperature dependences of the tensile storage modulus for all
materials, as the temperature dependence of the storage modulus
is a strong predictor of shape memory ability. Dog bones (ASTM
D638 type IV, scaled down by a factor of 4) with a gauge length
of 6.25 mm and width of 1.5 mm, were cut from fiber mats. Sam-
ples were then loaded into a DMA TA Q800, cooled to �70 �C,
and then heated to 200 �C at a 2 �C/min while applying a small ten-
sile deformation at a frequency of 1 Hz.

2.5. Shape memory ability

Thermal (not enzymatic) shape memory cycles were performed
on a DMA (TA Instruments Q800) operated in controlled-force
mode to quantify the shape memory ability of the fiber composites
[48]. Briefly, each sample was first heated to 60 �C (above the Tm of
PCL) and loaded at 0.03 N/min until 100% strain was reached. Sam-
ples were then cooled at 2 �C/min to 0 �C and the load released at
0.1 N/min. To complete the cycle, samples were then heated at
2 �C/min and the shape recovery recorded. This full cycle was
repeated three times. The fixing (Rf) and recovery (Rr) ratios for
each recovery event were then calculated using Eqs. (2) and (3),
where shape ‘‘x” refers to the shape or deformation being pro-
grammed into the sample in the current cycle and shape ‘‘y” is
the shape or deformation after the previous cycle [48].

Rf xð Þ ¼ ex
ex; load

ð2Þ

Rr x ! yð Þ ¼ ex� ey; rec
ex� ey

ð3Þ

In Eq. (2), ex and ex,load are, respectively, the strains measured
after cooling and unloading (thus, the strain fixed) and before
unloading (or the attempted programmed strain). ey,rec is the strain
achieved after recovery for shape y, and ey is the strain before pro-
gramming shape y.
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2.6. Enzymatic shape recovery experiments

Enzymatic shape recovery was assessed using bulk enzymatic
degradation studies under simulated cell culture conditions. Sam-
ples were cut using a dog bone punch (the same punch used for
DMA shape memory cycling), then heated and stretched to 100%
strain using a custom screw-driven manual stretcher [49]. With
samples so stretched but still in the stretching device, the stretcher
and sample were transferred to a freezer at �20 �C to quickly fix
the temporary shape (note: such fixing was stable at room temper-
ature). Samples were photographed before and after mechanical
programming (stretching and fixing) for subsequent use in
image-based calculation of programmed strain and of strain during
enzymatic shape recovery. Samples were then weighed and incu-
bated in PBS solutions containing 0, 0.05, 0.1, or 0.5 mg/mL of
lipase. The enzyme concentration range of 0.5–0.05 mg/mL was
selected based on a previous experimental and kinetic modeling
evaluation of lipase activity with respect to concentration for
degradation experiments [40] and was chosen such that the high-
est enzyme concentration would ensure degradation of the PCL in a
relatively short time frame (i.e., days) while the lower concentra-
tions would reflect more physiological enzyme concentrations,
though it is difficult to correlate in vitro concentration to activity
in vivo. Experiments were conducted over 7 d, with one sample col-
lected for analysis every 24 h. Experiments were repeated 3 times
using fiber mats independently prepared (electrospun) on different
days. Upon collection, the samples were washed using deionized
water, dried in a desiccator for 24 h, and then transferred to a vac-
uum oven at 40 �C for 48 h to ensure full drying of the samples.
Samples were then photographed and weighed. Mass loss was cal-
culated using Eq. (4):

Mrð%Þ ¼ MðtÞ
Mo

� 100 ð4Þ

where Mr is the % mass remaining, M(t) is the measured mass after
degradation, and Mo is the original mass of the sample. To calculate
programmed strain and strain during enzymatic shape recovery,
images of samples before programming, after programming, and
after sample collection were analyzed in ImageJ 1.51j8 (National
Institutes of Health, Bethesda, MD, USA). In each image, a linear
measurement of the gauge length was made along both sides of
the dog bone samples. The two measurements were averaged. The
measurements were performed independently by three separate
users and averaged across all users. The change in strain (e) over
the course of enzymatic strain recovery for each sample was calcu-
lated using Eq. (5):

Deð%Þ ¼ ðlo� lsÞ
lo

� 100 ð5Þ

where lo is the measured gauge length for the original, pre-strained
sample and ls is either the measured gauge length for the strained
sample immediately after programming or after collection. DSC
experiments were used to assess the PCL crystallinity before and
after degradation. Samples were run hydrated immediately post
degradation to better capture the crystallinity of PCL at the point
of sample recovery.

2.7. SEM imaging

Fiber mats were imaged using SEM (JEOL 5600) to assess
changes in fiber morphology during enzymatic shape recovery
experiments and, additionally, to ensure that fiber morphologies
were similar between fiber composite batches. Samples of fiber
mats were collected for SEM immediately after electrospinning,
immediately after the heat treatment used to recover residual
strain programmed during the electrospinning process, and after
days 0 through 7 of the enzymatic shape recovery experiments.
All samples were mounted on a metal plate and sputter coated
for 45 s (Denton Vacuum-Desk II). Samples were imaged with an
accelerating voltage of 10 kV and a spot size of 36.

2.8. Cell selection and expansion culture

All cell experiments were performed with the C3H/10 T1/2
mouse embryonic fibroblast line, a cell line we have frequently
used in the development and application of cytocompatible SMPs
[10,11,23]. Cells were obtained from the ATCC at passage 8, and
cells of passage number 12–15 where used for experiments, fol-
lowing the recommendations of the ATCC. Cells were cultured in
basal medium Eagle with 10% fetal bovine serum, 1% GlutaMAX,
and 1% penicillin/streptomycin and passaged once 70–80% conflu-
ence was reached.

2.8.1. Cytocompatibility of material prior to enzymatic shape recovery
Cells were directly cultured on samples to assess material cyto-

compatibility. Fiber and film PCL samples were sterilized using UV
light for 10 h, flipped over, and sterilized using UV for an additional
10 h. All materials were soaked in complete medium overnight to
allow proteins to adsorb throughout the samples and then
C3H/10 T1/2 cells were solution seeded onto the materials at
10,000 cells/cm2. Cell-seeded materials were then washed and
stained with LIVE/DEAD at 24, 48, and 72 h time points with tissue
culture polystyrene (TCPS) well plates acting as live controls for
counting and analysis. Cell viability was calculated by dividing
the total number of cells by the total number of live cells.

2.8.2. Cytocompatibility of material during enzymatic shape recovery
The cytocompatibility of enzymatic shape triggering was

assessed by culturing cells on samples as the samples were incu-
bated in lipase-containing medium over a one-week period. Sam-
ples were washed and sterilized as described in Section 2.8.2.
Cells were seeded onto the samples at 5000 cells/cm2 and allowed
to attach for 3 h. The culture mediumwas then replaced with med-
ium containing 0.5 mg/mL lipase, the highest lipase concentration
used for shape recovery experiments. The lipase-containing med-
ium was sterilized via filtration with a 0.45 mm filter prior to use.
The non-toxic control was lipase-free medium. Media were chan-
ged every 2 days to mimic conditions used in the bulk degradation
experiments. Samples were collected and cells stained with LIVE/
DEAD stain at 1, 3, and 7 day time-points to assess cell viability.
Cell viability was calculated as above (Section 2.8.2).

2.9. Statistical methods

For numerical graphs, error bars show the sample standard
deviation. Statistical analysis was performed using RStudio Version
1.1.453 (The R Foundation for Statistical Computing) and compar-
isons were made using a multiple comparison Holm t test. Signifi-
cance was set at P < 0.05. For enzymatic shape recovery
(Section 3.3), PCL samples were excluded from comparisons as
samples at some time points were completely degraded.

3. Results

3.1. Thermal analysis

As anticipated, thermal transitions quantified by TGA (Fig. S2,
Table S1), DSC (Fig. 1), and DMA (Fig. S3) showed that both PCL
and Pellethane were present in fiber composites and existed as
separate phases, as evidenced by the separate transitions recorded
in thermal analysis. TGA analysis (Fig. S2) showed that all fiber
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mats were dry before processing. PCL showed a single sharp degra-
dation event, while Pellethane showed a two-step degradation
event. Fiber composites likewise showed a two-step degradation;
however, the degradation of the PCL was occluded by the degrada-
tion of the Pellethane, making TGA analysis of the two weight %s
difficult. As a result, DSC was used to analyze the % content of
the fiber mats. For the analyzed temperature range, Pellethane
controls demonstrated only a Tg, at approximately �20 �C, while
PCL controls showed only a Tm, at approximately 56 �C
(Table S1). To ensure consistency across experimental runs, only
fiber composites that came within a ±5% predicted PCL content
were used for subsequent experiments. Analysis of post-heat treat-
ment samples confirmed that the thermal transitions quantified by
TGA and DSC were unaffected by the heat treatment used to
recover residual strain programmed during the electrospinning
process (data not shown).

DMA showed three well-separated thermal-mechanical transi-
tions at approximately �20 �C, 56 �C, and 160 �C for the Tg of the
Pellethane, the Tm of the PCL, and the Tm of the Pellethane, respec-
tively (Fig. S3). For our approach to achieving enzymatic shape
memory, the ideal point for shape memory behavior would be
above the Tg of Pellethane, so the material is within its elastic
region, with the Tm of PCL acting as the triggering temperature.
Fig. 2. Thermal shape memory cycles. A) Pure Pellethane showed a fixing ratio (Rf) of
showed an Rf of 93.5% and an Rr of 85.1%. C) The 50:50 PCL:Pellethane fiber composite
following steps: starting at the asterisk, the sample is heated to 60 �C, and then the force
sample is then heated back to 60 �C to measure recovery. This cycle was completed three
(For interpretation of the references to color in this figure legend, the reader is referred
3.2. Shape memory ability

Thermal shape memory cycles demonstrated that strong shape
fixing and recovery were achieved for fiber composite samples
(Fig. 2). The PCL control yielded during the first stretch of the first
cycle and was not included in analysis. The Pellethane control
(Fig. 2A) showed a poor fixing ratio of 53%, indicating a low ability
to fix a shape, and demonstrated a recovery ratio of 89%. We note,
for comparison, that an ideal rubber features no (0%) fixing and
complete (100%) recovery. The high recovery ratio for the Pel-
lethane control is attributed to the elasticity of the Pellethane
fibers, which is the driving force for shape recovery. This recovery
ratio indicates that some strain is lost during mechanical cycling,
which we attribute to minor plastic deformation that occurs during
the first thermo-mechanical cycle. The fixing ratio of fiber compos-
ites was 89% and 96% for the 20:80 (Fig. 2B) and 50:50 (Fig. 2C)
PCL:Pellethane, respectively (Summarized in Table S2), indicating
that increasing the PCL content increased the fixing ability of the
fibers. The recovery ratio showed weak dependence on composi-
tion, with values of 89% and 84% for the 20:80 (Fig. 2B) and
50:50 (Fig. 2C) PCL:Pellethane, respectively (Summarized in
Table S3). The 30:70 and 40:60 PCL:Pellethane compositions
showed similar results, with an increase in PCL content increasing
the fixing ability of the fibers and the recovery ratio showing weak
dependence on composition (Fig. S4). All samples showed a dimin-
ished recovery ratio for the first cycle, which we attribute to minor
plastic deformation of the Pellethane fibers, as indicated by the
strain in the samples not returning fully to zero. After a single
mechanical conditioning step, the recovery of the materials
increased. In light of the modest differences in shape memory abil-
ity observed across the four fiber composite compositions tested,
only the two most extreme compositions, 20:80 and 50:50 PCL:
Pellethane, were studied in the ensuing enzymatic shape recovery
and cytocompatibility experiments.
3.3. Enzymatic shape recovery

Enzyme-triggered shape recovery was observed in fiber com-
posites (50:50 and 20:80 PCL:Pellethane, Figs. 3 and 4 and S5), as
evidenced by decreasing strain over the 7-day experiment. How-
ever, shape recovery was only evident for the highest enzyme con-
centration studied (0.5 mg/mL). Pellethane showed no measurable
changes in strain for all conditions, as expected, while the fiber
composites decreased in length over time (Fig. 4A). Lower concen-
trations of lipase degraded the PCL film control samples but did not
54% and a recovery ratio (Rr) of 87%. B) The 20:80 PCL:Pellethane fiber composite
showed an Rf of 97.5% and an Rr of 83.2%. One shape memory cycle comprises the
is ramped to stretch the sample; the sample is then cooled to 0 �C and unloaded; the
times with cycles 1, 2, and 3 shown in black, light gray, and dark gray, respectively.
to the web version of this article.)



Fig. 3. Macroscopic view of enzymatic recovery. Pictures of samples were taken
before and after programming and after being exposed to 0.5 mg/mL lipase solution
over the course of 7 days. Pellethane controls (left) and 50:50 PCL:Pellethane fiber
composites (right) are shown. After programming, the Pellethane showed no shape
fixing and no measured change in length over the 7-day incubation. In contrast, the
50:50 PCL:Pellethane fixed a temporary shape and then contracted over the course
of 7 days. Scale bar is 1 cm. Results for 20:80 PCL:Pellethane and for the PCL
controls are available in Fig. S5.
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trigger shape recovery in the fiber composites (Fig. 4B and C). For
fiber composites, sample lengths (and associated strains) in
0.5 mg/mL lipase solutions (Fig. 4A) remained significantly greater
(P < 0.05) than the Pellethane controls until day 5, after which no
statistical difference in length was observed, consistent with sam-
ples having recovered to the preferred length of the Pellethane. In
contrast, when incubated in 0.1 (Fig. 4B) and 0.05 mg/mL (Fig. 4C)
lipase, fiber composite sample lengths remained significantly
greater than that of the Pellethane controls at all time-points
(P < 0.05), consistent with fiber composite samples having not
recovered. Further, PBS controls showed no measurable recovery
for all groups, as anticipated (Fig. 4D). In particular, those samples
incubated in only PBS exhibited no measurable change in strain
with time, remaining strained at the magnitude programmed,
which was significantly greater than that of Pellethane control
(incapable of strain-fixing), for all time points (P < 0.05). PCL con-
trol samples were not included in statistical comparisons, as sam-
ples degraded significantly for all enzyme concentrations,
including day 1.

Mass change measurements revealed significant mass loss for
the PCL film, with rate of degradation increasing with increasing
lipase concentration, while all other samples exhibited no measur-
able mass loss (Fig. 5). Control samples immersed in PBS showed
no measurable mass change for any of the samples (Fig. 5D), indi-
cating that mass loss was driven by enzymatic degradation instead
of much slower hydrolytic degradation, as expected. The lack of
observed mass change in fiber composites (Fig. 5) suggests that
the observed strain recovery (Fig. 4) occurs primarily through
reduction of PCL molecular weight, or disruption of the percolation
of the PCL phase, not through loss of PCL mass. This finding is sup-
ported by the observed decrease in PCL crystallinity as samples are
degraded (Fig S6). Upon exposure to lipase the PCL crystalline peak
diminishes supporting the degradation disrupting the PCL crys-
tallinity and thereby allowing the Pellethane to recover.
0

20

40

60

80

100

0 1 2 3 4 5 6 7

S
tra

in
 [%

]

Time [d]

0

20

40

60

80

100

0 1 2 3 4 5 6 7

S
tra

in
 [%

]

Time [d]

B) 0.1 mg/mL Lipase

D) PBS

only condition for which fiber composites showed measurable, significant sample
le recovery. The PBS control (D) showed no strain changes for any groups, including
mposites (20:80 and 50:50 PCL:Pellethane) showed a significantly different length
bar indicate the three time points for which the strain of fiber composites was no
ple recovery. For all groups, the value at day 0 is the mean programmed strain of all
is the mean of the 3 samples collected at that time point.



0
20
40
60
80

100
120
140

0 1 2 3 4 5 6 7

M
as

s 
C

ha
ng

e 
[%

]
Time [d]

0
20
40
60
80

100
120
140

0 1 2 3 4 5 6 7

M
as

s 
C

ha
ng

e 
[%

]

Time [d]

0
20
40
60
80

100
120
140

0 1 2 3 4 5 6 7

M
as

s 
C

ha
ng

e 
[%

]

Time [d]

0
20
40
60
80

100
120
140

0 1 2 3 4 5 6 7

M
as

s 
C

ha
ng

e 
[%

]

Time [d]

A) 0.5 mg/mL Lipase B) 0.1 mg/mL Lipase

C) 0.05 mg/mL Lipase D) PBS

20:80 PCL:Pellethane
50:50 PCL:Pellethane
PCL
Pellethane

Fig. 5. Mass change during degradation. Significant mass loss was observed for the PCL film in all conditions: (A) 0.5 mg/mL lipase; (B) 0.1 mg/mL lipase; (C) 0.05 mg/mL
lipase; and (D) PBS (0 mg/mL lipase)). All other samples exhibited no measurable mass loss.

94 S.L. Buffington et al. / Acta Biomaterialia 84 (2019) 88–97
Morphological analysis by SEM of samples undergoing degrada-
tion during exposure to enzyme revealed changes in sample mor-
phology indicative of PCL degradation. Surface analysis of
morphological changes in the 50:50 PCL:Pellethane fiber compos-
ite incubated in 0.5 mg/mL lipase (Fig. 6) showed an initial (pre-
degradation) morphology of fibers with a film or binder at the sur-
face (Fig. 6A). Over the course of the degradation experiment, the
morphology of the fiber composite transitioned from a mixed
film-fiber morphology (Fig. 6A–C) to a predominantly fiber mor-
phology (Fig. 6D) as PCL degraded, leaving behind primarily Pel-
lethane fibers. Analysis of cross-sections of 50:50 PCL:Pellethane
samples (Fig. 6E) showed an initial semi-continuous network of
Pellethane fibers interpenetrated incompletely by PCL binder, with
significant porosity evident. As enzymatic degradation progressed
over 7 days, the PCL binder increasingly degraded until, at day 7
(Fig. 6H), the fraction of PCL had diminished substantially. The
20:80 PCL:Pellethane samples showed similar morphological
changes when incubated in 0.5 mg/mL lipase (Fig. S9B), and both
Fig. 6. SEM micrographs of 50:50 PCL:Pellethane incubated in 0.5 mg/mL of lipase.
degradation (A–D) at the surface and (E–H) in cross-section of 50:50 PCL:Pellethane fibe
after heat treatment but before any strain programming or enzymatic recovery. Scale bar
the PCL controls under all incubation conditions (0.5 mg/mL, 0.1 mg/mL, and 0.05 mg/m
fiber composites (20:80 and 50:50) also showed similar morpho-
logical changes when incubated in the lower, 0.1 mg/mL, lipase
concentration (Fig. S8B and C). In contrast, fiber composites incu-
bated in 0.05 mg/mL lipase retained a mixed film-fiber morphol-
ogy (Fig. S7B and C). The Pellethane control showed no
morphological changes, regardless of enzyme concentration
(Figs. S7A, S8A, S9A, S10A). All fiber composites and controls
showed no morphological changes when incubated in PBS (Fig. S7).

3.4. Cytocompatiblity of materials prior to enzymatic shape recovery

When mouse fibroblasts were cultured directly on fiber com-
posites and non-composite controls in the absence of lipase, no
statistically significant differences in viability were found (Fig. 7).
Moreover, all groups had a viability of 75% or greater at all time-
points. The Pellethane control, PCL control, and fiber composites
showed an average viability not statistically different from the
TCPS control, indicative of cytocompatibility (representative cell
Morphological analysis shows changes in sample morphology indicative of PCL
r composites for day 0, 1, 3, 7, respectively. Day 0 shows the 50:50 fiber composite
is 10 mm. Results for both fiber composites (20:80 and 50:50 PCL:Pellethane) and for
L lipase and PBS) are available in Figs. S6 through S9).
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Fig. 7. Cell viability of C3H/10 T1/2 cells cultured directly on fiber composite and
non-composite control samples in the absence of lipase. No significant differences
were found between any groups (P > 0.05), and viability was >75% for all groups.
Groups are Pellethane control, PCL control, compressed PCL Film control, 20:80 PCL:
Pellethane fiber composite, 50:50 PCL:Pellethane fiber composite, and tissue
culture polystyrene control.
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images for all groups are shown in Fig. S10). Qualitatively, cells cul-
tured on the 50:50 PCL:Pellethane fibrous composite showed a
random orientation that contrasted with that of cells cultured on
the Pellethane control, which showed an oriented morphology
(Fig. S11). This difference is likely due to the morphology of the
PCL, which acts as a film (binder) in the fiber composites (Figs. 6,
S1), a morphological feature that does not exist between the
aligned fibers of the Pellethane control. Image analysis revealed a
significantly higher number of cells on TCPS compared to all mate-
rial groups (Fig. S12, P < 0.05), likely due to cells attaching to the
bottom of the well (rather than the sample) during the seeding
of material groups.
3.4.1. Cytocompatibility of material during enzymatic shape recovery
When mouse fibroblasts were cultured on fiber composites and

non-composite controls incubated with 0.5 mg/mL of lipase or a
lipase-free control medium (Fig. 8), no statistical differences in via-
bility were found. Moreover, all groups had a viability of 75% or
greater at all time-points. As had been observed in the study of
cytocompatibility prior to enzymatic shape recovery (Fig. 7), in
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Fig. 8. Cell viability of C3H/10 T1/2 cells cultured directly on fiber composite and non-com
of 0.5 mg/mL lipase. No significant differences were found between any groups (P > 0.05
PCL Film control, 20:80 PCL:Pellethane fiber composite, 50:50 PCL:Pellethane fiber com
the presence of lipase the Pellethane control, PCL control, and fiber
composites showed an average viability not statistically different
from the TCPS control, indicative of the enzymatic degradation of
PCL and, therefore, the phenomenon of enzymatic shape recovery
being cytocompatible (Fig. 8, and representative cell images for
all groups are shown in Figs. S13 and S14). Image analysis again
revealed a significantly higher number of cells on TCPS compared
to all material groups (Fig. S15, P < 0.05), which is again likely
due to cells attaching to the bottom of the well (rather than the
sample) during the seeding of material groups.
4. Discussion

Here we have introduced and studied a new SMP design that
responds directly to enzymatic activity to allow isothermal shape
change, demonstrated as contraction of tensile specimens, under
cell culture conditions. Electrospun fiber composites prepared
using this design showed good thermal shape memory ability, with
a PCL component acting as a shape fixer and a Pellethane compo-
nent acting as the memory component. When cultured in a
0.5 mg/mL lipase solution, programmed fiber composites showed
enzymatic shape recovery within a 7-day test period. Cells cultured
on enzymatic SMPs with or without 0.5 mg/mL lipase showed via-
bility comparable to non-toxic controls, indicating that both the
enzymatically-responsive SMP materials and the process of enzy-
matic shape recovery are cytocompatible.

The enzymatic shape recovery achieved in the present work is
dependent on enzyme concentration. Only samples incubated in
the highest enzyme concentration, 0.5 mg/mL lipase, showed com-
plete shape recovery, while samples incubated in lower enzyme
concentrations and in a lipase-free control showed no measurable
recovery. This enzyme concentration sensitivity is consistent with
the strategy used to achieve enzymatic recovery (Scheme 1),
wherein shape recovery is enabled by the degradation of an enzy-
matically labile fixing component and is only achieved when that
component has degraded sufficiently. It is expected that, if degra-
dation experiments were lengthened, all fiber composites would
eventually show full strain recovery for all enzyme conditions
studied.

The enzymatic SMPs did not demonstrate mass loss during
recovery. This finding suggests that the mechanism of enzyme
shape recovery is either a decrease in PCL molecular weight or
de-percolation of the fixing phase. As either of these processes
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continue, the force exerted by the Pellethane is able to overcome
the force exerted by the PCL, leading to recovery back to the sam-
ple’s original shape. Analysis of SEM micrographs suggests that the
PCL phase is in fact degrading, lending support to the hypothesized
de-percolation of PCL. This theory is supported by the observed
decrease in the heat of crystallization of PCL over time, a decrease
from 9.031 to 0 W/g over 7 days for the 50:50 PCL:Pellethane fiber
composite (Fig. S6). In addition, the PCL control samples degrade
within 2 days, compared to the 5 days required to observe sample
recovery in the programmed fiber composites. These findings sug-
gest that the presence of Pellethane in the composite samples inhi-
bits the ability of the lipase to diffuse into the fiber composites and
degrade the PCL shape fixing component and, further, that the
mechanism of degradation is not mass loss but loss of crystallinity
and concomitant softening of the PCL-based fixing phase.

A potential limitation of this first instantiation of the new SMP
design is the relatively long time and high enzyme concentration
required for enzymatic shape recovery. Few cell types may release
enzyme at concentrations necessary for enzymatic shape recovery
to occur in time-spans less than weeks or months. Because we
speculate that the present material composition would recover in
low enzyme concentrations, but over long time periods, the pre-
sent composition may be best suited for applications in which slow
response is beneficial or for applications in which cells, such as
macrophages or hepatic cells [50,51], secrete high concentrations
of enzyme. It is anticipated that the new SMP design could be
adapted for more rapid recovery and/or low enzyme concentration
triggering by increasing the enzymatic sensitivity of the labile fix-
ing component. Conversely, even more gradual recovery than that
demonstrated here could be achieved by decreasing enzymatic
sensitivity of the labile fixing component. More generally, enzy-
matically responsive SMPs could, in theory, be designed to be trig-
gered by any arbitrary enzyme by engineering the enzyme’s target
sequence into the polymer, though risk of cytotoxicity would likely
be a constraint for many candidate enzymes.

In addition to contributing to SMP science, the new design
reported here adds SMPs to the field of enzyme responsive materi-
als (ERMs) – materials that undergo a material action, such as self-
assembly/disassembly [37], transformation of surface properties,
or swelling/deswelling [38], in response to enzymatic activity.
ERMs have gained increasing attention due to the extreme speci-
ficity with which they can be designed to respond to the biological
environment. For example, Zelzer and colleagues [52] developed
an ERM that changes surface properties in response to dephospho-
rylation, with sensitivity sufficient for cells to provide the trigger.
Liu and colleagues [53] designed enzymatically stiffening hydro-
gels to study how cancer cells modify their behavior in response
to stiffening gels. Despite advances, such as these, in ERM science,
prior to the present work there was not an ERM capable of apply-
ing a programmed shape change or direct mechanical force.

In addition to bringing shape-changing functionality to the field
of ERMs, the SMP design reported here represents the first SMP
that could respond directly to biological activity. The majority of
cell culture compatible SMPs have been thermally or photother-
mally triggered. Dependence on these triggers prevents application
as stimuli responsive materials designed to respond directly to bio-
logical activity [54]. With the advent of enzymatically triggered
SMPs, SMPs can now be designed for such application.

5. Conclusion

We have developed an enzymatically triggered SMP that
changes its shape isothermally in response to enzymatic activity
under cell culture conditions. We successfully demonstrated enzy-
matic recovery using bulk enzymatic degradation experiments.
The results show that shape recovery is achieved by degradation
of the PCL shape-fixing phase, which enables one-way and one-
time shape recovery, leaving the material in a final state that, while
useful in itself, does not allow for reprogramming. We further
showed that both the materials and the process of enzymatic shape
recovery are cytocompatible. This new SMP design can be antici-
pated to enable new applications in basic and applied materials
science as a stimulus responsive material.
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